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Chapter 2
The Use of UV, Visible and Near IR Solar Back
Scattered Radiation to Determine Trace Gases

Andreas Richter and Thomas Wagner

2.1 Basics and Historical Background

Satellite remote sensing in the near-IR, visible and UV spectral range makes use of
absorption and emission processes of electromagnetic radiation corresponding to
electronic transitions, combined with simultaneous rotational-vibrational molecu-
lar transitions. One important difference compared to atmospheric observations in
the microwave and thermal IR spectral range is that, usually thermal emission can
be neglected at short wavelengths (there might, however, be emissions from, for
example, excited gases in the high atmosphere). Thus the observed spectral
signatures can be directly related to absorption spectra of atmospheric constitu-
ents. The neglect of emission terms makes the spectral analysis in the UV/vis
spectral range usually reasonably straight forward. Another important and related
advantage is that from satellite observations in the UV/vis spectral region, infor-
mation from all atmospheric height layers (including the near surface layers) can
be obtained. This makes UV/vis satellite observations a powerful tool for the
monitoring of atmospheric pollution and for the characterisation and quantification
of emission sources which are usually located close to the ground. It should,
however, also be noted that, in contrast to observations in the microwave or
thermal IR, usually little or no information on the vertical distribution of a trace
gas is obtained.

The analysis procedures applied to satellite observations in the UV/vis/NIR
spectral range have evolved from those of ground-based, ship, aircraft or balloon-
borne observations, which have been successfully performed over several decades
before instruments were placed on orbiting satellites in space. A brief overview of
the major developments in this field during the last century is given below.
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In 1879, Marie Alfred Cornu proposed that the short wavelength limit of the
solar radiation on the Earth’s surface must be caused by an absorber located in the
Earth’s atmosphere. Just a year later, Sir Walther Noel Hartley described the strong
UV absorptions between 200 and 300 nm and it became obvious that the absorbing
properties of ozone, O3, fulfilled the requirements of the postulated atmospheric
absorber. Additional electronic bands of the O5 absorption spectrum were discov-
ered in the following years by J. Chappuis and Sir William Huggins (see Fig. 2.1).
In 1902 Leon Teisserenc de Bort and Richard ABmann discovered that the atmo-
spheric temperature starts to increase above about 10 km and in 1908 Teisserenc
de Bort called this layer between about 10 km and 50 km the stratosphere. This
temperature increase was consistent with the assumption that an absorbing (i.e. O3)
layer exists at these altitudes. In 1925 G. Dobson developed a new very stable
spectrophotometer (a double monochromator using quartz prisms and a photomul-
tiplier) for the quantification of the vertically integrated atmospheric concentration
or vertical column density, VCD, of O3. Today the “thickness” of the atmospheric
O3 layer is still expressed in Dobson units (DU), which are defined as the thickness
of the atmospheric O3 vertical column density under standard conditions for
temperature and pressure (STP: 293.15K, 1013.25 hPa), measured in 107 m.
Thus, 1 DU of Os is equivalent to a column density of 2.68 x 10'® molecules/
cm? Dobson spectrometers use a simple (but stable) spectroscopic method: the
direct or scattered solar intensity is measured in different narrow (~1 nm) spectral
intervals of which some are located inside and some outside the Oz (Huggins)
absorption bands (see Fig. 2.1). From the ratio of the radiation at different wave-
lengths (and a geometric correction factor accounting for the effect of varying solar
zenith angle, SZA) the thickness of the O3 layer is determined. The impact of
absorption and scattering by aerosols or SO, on the O; retrieval can be accounted
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Fig. 2.1 The O3 absorption cross-section (Bogumil et al. 2003). The highly structured O; Huggins
Bands are displayed in the panel with an expanded wavelength scale. Also shown in the panel are
the wavelength pairs used by Dobson spectrometers (see text).
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for by combining different wavelength pairs, for which the influence of O3 and such
interfering effects are different. Dobson spectrometers became widely used and, as
a result of an initiative in the international Geophysics Year in 1957 by the
International Ozone Commission, a global network of more than 100 instruments
was established (Komhyr et al. 1989): the majority still being in use. These
instruments provide data over long time, an important basis for the investigation
of the long term evolution of the atmospheric Oj layer.

In 1973 Alan Brewer used a similar method to measure the atmospheric nitrogen
dioxide, NO,, column density from the ground (Brewer et al. 1973). His instrument
observes light in different narrow wavelength intervals around 450 nm, for which
the NO, absorption varies strongly with wavelength. Although the atmospheric
NO, absorptions are by far weaker than those of O, it was possible to identify them
with this new spectrometer. It was, in particular, possible to confirm the permanent
presence of NO, in the stratosphere. One peculiarity of the Brewer spectrometers is
that they can also measure O3 using the light of a full moon when the sky is clear;
this is useful in the polar winter. Similar to the Dobson instruments, a network of
Brewer spectrometers was established which is still in operation.

Two significant advances with respect to the retrieval of “weak atmospheric
absorbers”, were introduced in 1975 by Noxon (1975). First, he measured the sky
radiances over a continuous spectral interval covering the targeted atmospheric
absorption, in this case around 440 nm for NO,. Secondly he removed the strong
structures of the solar Fraunhofer lines (Kirchhoff 1859) (see Fig. 2.3) by dividing
a spectrum taken either during sunset or sunrise by another spectrum measured
at noon for which the atmospheric light path is much shorter. The difference in
the NO, absorption of both spectra is a good approximation for the stratospheric
NO, amount.

In 1976 U. Platt and D. Perner introduced the DOAS (Differential Optical
Absorption Spectroscopy) method (Perner et al. 1976; Platt et al. 1979; Perner
and Platt 1979), which was first applied to tropospheric observations using artificial
light sources. The key concept of DOAS is the simultaneous fit of several trace gas
absorption spectra to the measured atmospheric spectrum using only the high
frequency part (Platt 1994). This concept is an elegant way to deal with possible
spectral interference between absorption structures of different trace gases (e.g.
between sulfur dioxide, SO,, and O; for Dobson measurements) and the effects of
atmospheric scattering.

After the discovery of the stratospheric O3 hole in 1985 (Farman et al. 1985),
DOAS observations of scattered solar radiation in zenith viewing direction became
very important for the monitoring of stratospheric NO, and the halogen oxides, BrO
and OCIO (Solomon et al. 1987). The weak absorption features of these species
(typically < 0.1%) could be identified during twilight, when the light paths through
the stratosphere are especially long. Today, DOAS observations of scattered sun
light are often also performed at a variety of additional viewing directions. The so
called Multi AXis (MAX) DOAS observations collect the light at slant elevation
angles making such observations especially sensitive to tropospheric trace gases
and aerosols.
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2.1.1 Satellite Observations in the UV/vis/NIR Spectral Range

Shortly after the launch of the first satellite (Sputnik in 1957), the new space borne
platforms were used for observing our planet. In 1960, the first UV/vis image of the
Earth’s surface and atmosphere was taken by TIROS-1; a few years later, composite
images of the whole Earth and the Earth seen as a blue planet from the moon enabled
a completely new view of the Earth in space. Satellite images are now widely used,
today’s instruments typically providing measurements at various spectral intervals,
thus allowing the retrieval of a variety of atmospheric and surface properties.

After early conceptual studies and prototype measurements, long-term spectro-
scopic UV/vis observations from space started in 1970 on board the US research
satellite Nimbus 4 (Heath et al. 1973). These instruments [Backscatter Ultraviolet,
BUV, later also called Solar BUV or SBUV, see (Frederick et al. 1986)] operated in
nadir geometry i.e. pointing downward to the surface and measuring the solar
light reflected from the ground or scattered from the atmosphere (Fig. 2.2). The
atmospheric penetration depth of the observed light depends on the optical thick-
ness of the atmosphere. Typically most of the observed photons have traversed the
stratosphere twice and thus the sensitivity to stratospheric absorbers is high. In the
UV, the sensitivity for trace gases close to the surface is usually much lower (except
over ice and snow) and for trace gases located below thick clouds it can become
almost zero.

In a similar way to the Dobson instruments, the BUV/SBUYV also measured the
intensity in narrow spectral intervals, for which the atmospheric O3 absorption
differs. From the BUV/SBUV data it is possible to retrieve information on the
atmospheric O3 concentration profile, because the penetration depth into the atmo-
sphere strongly depends on the absolute value of the O3 absorption cross-section
and thus on wavelength (see Fig. 2.1). Typically, the received light at the shortest
wavelengths has only “seen” the highest parts of the O; layer whereas the longest
wavelengths have seen the total column.

Like the BUV/SBUYV instruments, the TOMS instruments [Total Ozone
Mapping Spectrometer, first launched in 1979 on Nimbus 7, (Heath et al. 1975)]
observe the backscattered light in distinct wavelength intervals, but at longer
wavelengths, for which the light can penetrate the whole atmosphere. TOMS
observations thus yield the total O; VCD, constituting a major breakthrough in
UV/vis satellite remote sensing. The TOMS instrument on board Nimbus 7 has
yielded the longest continuous global data set on the O; layer (1979-1992)
(McPeters et al. 1996), covering in particular the formation and evolution of the
ozone hole. Since then, several further TOMS instruments were launched on other
satellites.

A completely new quality of the observed spectral information became available
in 1995 with the launch of the first DOAS-type instrument, the Global Ozone
Monitoring Experiment (GOME) on the European research satellite ERS-2 (ESA
1995; Burrows et al. 1999 and references therein). Similar to SBUV and TOMS,
GOME is a nadir viewing instrument, but it contiguously measures a large spectral
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Fig. 2.2 Different viewing geometries for satellite observations in the UV/vis/NIR spectral range
(thickness of the atmosphere and altitude of the satellite are not to scale). Top: in nadir mode (often
the actual viewing angles also include more slant angles) the satellite instrument measures sun
light which is reflected from the surface or scattered in the atmosphere. Such measurements are
sensitive not only for stratospheric trace gases, but also for trace gases close to the surface. Middle:
in limb mode scattered sunlight is observed at several almost horizontal viewing angles. Such
observations are very sensitive to stratospheric trace gas profiles. Bottom: in occultation geometry,
the direct light of sun, moon, or stars is observed. Occultation observations can also be performed
during night. In contrast to limb and nadir observations, the light path is well defined.

range (237-793 nm, see Fig. 2.3, having a spectral resolution between 0.2 and
0.4 nm. The spectral range is sampled at a total of 4,096 wavelengths arranged in
four “channels”. Its standard ground pixel size is 320 x 40 km? (East-West X
North-South) enabling global coverage to be achieved each 3 days.

In contrast to the few spectral intervals measured by BUV/SBUV and TOMS
instruments, GOME spectra yield a plethora of spectral information. In the reflec-
tance spectra not only are the broad band signatures of atmospheric scattering and
surface reflectivity observed, but also the detailed features of some strong atmo-
spheric absorbers (e.g. O3, H,O, and O,) can be seen directly (Fig. 2.3). By applying
the DOAS method, it has been possible to analyse the atmospheric absorptions of a
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Fig. 2.3 Top: solar spectrum (green) measured by GOME containing a variety of solar Fraunhofer
lines. For comparison, the black-body radiation for 5,800 K is also shown (note that the sun is not a
perfect black body; also the radiation in certain parts of the spectrum originates from layers at
different temperatures). Middle: ““earth shine” spectrum of solar radiation reflected and scattered
by the Earth’s surface and atmosphere (clear sky over vegetation). Bottom: the spectral reflectance
(red curve) calculated from both spectra. The broad band spectral dependence reflects the effects
of scattering on air molecules (and aerosols). Atmospheric trace gas absorptions of O3, O,, and
H,O are also evident. Enhanced values in the green and in the near IR spectral range are due to
increased reflectance over vegetation.

large variety of weak atmospheric absorbers such as NO,, BrO, chlorine dioxide,
OCIO, formaldehyde, HCHO, glyoxal, CHOCHO, iodine monoxide, 1O, the oxy-
gen dimer, O4, and SO,, many of them located close to the Earth’s surface. In
addition, other quantities like aerosol extinction, cloud properties, surface albedo,
vegetation properties, ocean colour, and indices characterising the solar cycle are
retrieved from the GOME measurements.

In March 2002 the SCanning Imaging Absorption SpectroMeter for Atmo-
spheric CHartographY (SCIAMACHY) (Burrows et al. 1988; Burrows et al.
1995; Bovensmann et al. 1999) was launched on board the European research
satellite ENVISAT. Compared to GOME, its spectra cover a wider wavelength
range (214-2380 nm), facilitating measurements of the absorption of several green-
house gases (CO,, CHy, and nitrous oxide, N,O) and the pollutant carbon monoxide,
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CO, in the Near-IR spectral region. In addition to nadir viewing, SCCAMACHY also
makes observations in limb and solar and lunar occultation geometry, which yield
profiles of stratospheric and mesospheric trace constituents (see Fig. 2.2). Another
advantage is that the ground pixel size for the nadir viewing mode is appreciably
reduced to 30 x 60 km? (and in a special mode to 15 x 30 km?). For the observation
of tropospheric trace gases this is most important, because their concentrations can
exhibit strong spatial gradients. Smaller ground pixels are also less affected by
clouds (Krijger et al. 2007).

In 2004, the Ozone Monitoring Instrument (OMI) was launched (Levelt and
Noordhoek 2002). Compared to GOME and SCIAMACHY, it has a limited spectral
range (270-500 nm), but a higher spatial resolution (up to 13 x 24 km?) in nadir
viewing mode. Together with its daily global coverage, it provides unprecedented
detail of the spatio-temporal variability of tropospheric trace gases. In October
2006, the first of three instruments of a second generation of GOME instruments
was launched on MetOp 1. The two other GOME-2 instruments are scheduled for
launch at time intervals of 5 years for the MetOp 2 and MetOp 3 platforms,
thus extending the time series of GOME, SCIAMACHY, and OMI into the next
two decades (EUMETSAT 2005). Compared to GOME-1, the GOME-2 instruments
have an almost daily global coverage and much improved spatial resolution
(80 x 40 km?).

2.1.2 Spectral Retrieval and Radiative Transfer Modelling

As mentioned above, one important advantage for the retrieval of data products
from atmospheric observations in the UV/vis/NIR spectral range is that emission
terms can usually be neglected. The measured spectral signatures can be directly
related to the absorption spectra of different atmospheric trace gases within the
chosen spectral range. In practice, the data analysis usually comprises two steps.
First, the spectra are analysed using, for example, the DOAS method: based on
Beer-Lambert’s law, the spectral analysis yields the trace gas concentration along
the atmospheric light path or more precisely the average over all contributing light
paths (see Fig. 2.5). For historical reasons the result is nevertheless called slant
column density, SCD. In the second step, by taking into account the viewing
geometry and scattering, absorption and reflection within the atmosphere and at
the Earth’s surface, the trace gas SCD is converted into a more useful quantity, that
is the VCD, or the trace gas concentration. Usually, for this conversion, numerical
atmospheric radiative transfer simulations have to be performed.

The separation of spectral retrieval and radiative transfer modelling has the
advantage that it is conceptually simple, and possible retrieval errors can be easily
identified and corrected. Nevertheless, it should be noted that this separation is
strictly valid only for cases with well-defined atmospheric light paths, such as
satellite observations in occultation viewing geometry (Fig. 2.2). For the observa-
tion of scattered and reflected light (e.g. up welling from the top of the atmosphere),
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many different atmospheric light paths contribute to the measured spectra. This
causes non-linearities between the measured absorptions and the corresponding
atmospheric column densities (Van Roozendael et al. 2006). However, except for
strong absorbers (such as O3, HO or CO,), these non-linearities are small and can
usually be neglected (see Section 2.2.4). More details on the spectral analysis and
atmospheric radiative transfer modelling are provided in the following sections.

2.2 Spectral Retrieval

The retrieval of information on atmospheric trace species from measurements in the
UV/vis/NIR utilises Beer—Lambert’s law:

dl(2) = =I(A)a(A)p(s)ds 2.1

This states that for an infinitesimally thin layer, the change in intensity at a given
wavelength A is proportional to the intensity /, the absorption cross-section a, the
absorber number density p and the light path element ds.

After reaching the atmosphere, light from the sun is either scattered by mole-
cules, particles or cloud droplets, or is reflected at the surface towards the observing
satellite instrument. Along its path through the atmosphere, part of the light is
absorbed by trace species and the resulting reduction in intensity can be used to
determine the amount of the species present in the atmosphere. In contrast to
other spectral regions, the atmosphere is nearly transparent over large parts of the
UV/visible/NIR part of the spectrum. As a result, nadir satellite measurements have
sensitivity from the top of the atmosphere down to the surface albeit with varying
efficiency. Rayleigh scattering is a strong function of wavelength, and is the
dominant extinction process in the UV outside the strong O5 absorption bands. At
short wavelengths (below about 300 nm), O; absorption in the stratosphere
becomes even stronger, eventually blocking the view from space down to the
troposphere. Particle scattering from aerosols is efficient in the UV/vis/NIR spectral
range, as is scattering from cloud droplets. For simplicity, this type of scattering is
often approximated by Mie theory, although only liquid aerosols or small cloud
droplets are strictly spherical. Any retrieval of atmospheric concentrations of a
trace species in this spectral region has therefore to account for absorption by
molecules, Rayleigh scattering, Mie scattering and surface reflection.

In the UV/vis spectral range, molecular spectra are dominated by electronic
transitions and their vibrational structures. In contrast to other wavelength regions,
the spectra are quasi-continuous, since most molecules (in particular those contain-
ing more than two atoms) have a very large number of overlapping rotational lines,
and some are also affected by pre-dissociation. Due to the resulting “band struc-
ture” of most molecular spectra, high spectral resolution is usually not required to
resolve the cross-sections. This also implies that no vertical information is available
from the shape of rotational lines, as is the case for example in the microwave
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Table 2.1 Overview of the
tropospheric trace species
retrieved from measurements

Trace species Typical spectral window used
SO, 315-327 nm

of the UV/vis/NIR radiance 3 325-335 nm

by nadir viewing satellite BrO 345-359 nm

; HCHO 334-348 nm

instruments, and the spectral

windows typically used 10 416-430 nm
NO, 425-450 nm
CHOCHO 436457 nm
H;0 610-730 nm
Co 2,324-2,335 nm
CH, 1,629-1,671 nm
CO; 1,558-1,594 nm

region (see Chapters 1 and 4). The number of species which can be observed in the
UV/vis is limited but includes a number of key players in atmospheric chemistry,
e.g. O3, NO,, HCHO and halogen oxides (see Table 2.1). Towards the IR part of the
spectrum, some line absorbers such as O,, H,O, CO,, CH4, CO have spectral
features and can also be retrieved.

In recent years satellite instruments covering the UV/vis/NIR spectral range
have evolved from having a few discrete channels with low spectral resolution, to
instruments with wide and continuous spectral coverage at moderate spectral
resolution. While the latter can usually resolve the relevant structures in the UV
and visible range, they cannot resolve the rotational line spectra, in particular in the
NIR. This leads to some complications in the data analysis which are discussed later
in this section.

Many data analysis approaches used in the UV/visible spectral range separate
the retrieval of the amounts of atmospheric constituents into two steps as mentioned
before: first, the trace gas concentration p(s) of the absorber integrated along the
light path s is determined applying Beer-Lambert’s law to the spectra. The resulting
slant column density, SCD,

SCD = Jp(s)ds (2.2)

is then converted to a vertical column density, VCD, integrated from the surface to
the top of atmosphere, TOA,

TOA
VCD = J p(2)dz 2.3)
0

by simulating the effective light paths with a radiative transfer model. This is
usually achieved by invoking airmass factors (AMFs), which are discussed in detail
in Section 2.3.2. The underlying assumption is that the light path is determined by
geometry, scattering from air molecules, aerosols and clouds, as well as surface
reflection, but is independent of the amount and vertical distribution of the absorber
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itself. This is valid for small absorptions (less than a few percent), but for strong
absorbers, the retrieval has to be modified as will be discussed in Section 2.2.4.

2.2.1 Discrete Wavelength Techniques

When applying Beer—Lambert’s law to atmospheric measurements, three problems
need to be addressed:

e What is the initial intensity /, at the top of atmosphere?

e How can the effects of different absorbers, scattering and surface reflectance be
separated?

e What is the (effective) length of the light path?

a Initial Intensity I,

Typically satellite instruments make measurements of /, by observing the sun
without the atmosphere, using a diffuser to reduce light intensity. Therefore, the
initial intensity /, can be assumed to be known. In practice, instrument degradation
related to the diffusers used can be a problem (Hilsenrath et al. 1995), but this will
not be discussed here.

A complication is introduced for measurements using scattered light. In this
case, the initial intensity does not only depend on /, but also on the scattering
efficiency in the atmosphere, and, for nadir measurements, on the surface reflectiv-
ity. Neither quantity is usually well known. As will be described later, this problem
can be solved by using several wavelengths simultaneously and assuming that the
change of scattering efficiency with wavelength is small or well known.

b Separating Different Effects

The second point for separating effects (different absorbers, scattering and surface
reflectance) can be achieved by using measurements at several wavelengths. To
illustrate this, a simplified view of radiative transfer through the atmosphere is
considered.

Assuming that the only effect of significance is the absorption by one gas, the
intensity measured at the satellite follows from the integrated form of the Beer—
Lambert’s law (Eq. 2.1):

1) = ety exp{ - [oti1pts)as 2.4)
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where c is an efficiency factor accounting for the fact that scattered light is being
measured. This factor ¢ depends not only on the surface reflectance but also on the
scattering in the atmosphere and the presence of clouds. If in addition, extinction by
Rayleigh and Mie scattering is considered and the absorption cross-section is
assumed not to vary along the light path, we obtain:

1) = ety exp{ =012 [ (51 — 0108 [ 105 — ) [ 615
(2.5)

where G,y is the Rayleigh extinction cross-section, Gy is the Mie extinction
cross-section and pgr,y and pyie are the number densities of Rayleigh and Mie
scatterers, respectively.

Substituting the definition of the slant column density SCD (Eq. 2.2), the
expression for the received intensity (Eq. 2.5) reads:

I()v) = CI()(},) CXp{—O’()V)SCD — O'Ray(/l)SCDRay — O'M,'g(/l)SCDM,‘g}. (26)

We now assume that measurements are made at two selected wavelengths: one,
where the absorber of interest has a strong absorption, and the other where the
absorber has no absorption or only weak absorption. If one can model the wave-
length dependence of scattering with reasonable accuracy, then these two measure-
ments can be used to determine the SCD for the absorber of interest. This is
basically the approach used for the retrieval of the total column density of O3
from the measurements by the TOMS instrument.

When several absorbers are present, we have to extend formula in Eq. 2.6 to:

I(i) = Clo(i) CXp{— Z U,(i)SCDl — GRay(;v)SCDRay — O Mie (i)SCDMIe} (27)

i

where i is the index of the different absorbers. Measurements at more wavelengths
are needed to separate the signals. With this technique, not only O5 but also SO,
column densities can be retrieved from measurements of the TOMS instrument,
provided the loading of SO, is large enough, for example in volcanic plumes.

¢ The Light Path

The third aspect, the length of the light path, or more precisely the average length of
the ensemble of all possible light paths, is determined by using radiative transfer
calculations which are discussed in Section 2.3.
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The use of discrete wavelengths for measurements of atmospheric O3 column
densities has been applied successfully since the launch of the BUV satellite and
extensively using the data from the TOMS instruments (Heath et al. 1978). This
technique has the advantage of a relatively simple instrument with good signal to
noise ratio, and builds on the heritage of the ground-based Dobson spectrophoto-
meter and its network. As the number of discrete wavelengths used is small, the
retrieval algorithms are fast and relatively simple, in particular if pre-calculated
values are used for the weighting factors accounting for different atmospheric
scenarios and the treatment of surface effects and clouds. By refining these lookup
tables based on extensive validation, excellent agreement with ground-based mea-
surements was achieved for the total column densities of Oz. The approaches used
to derive the tropospheric O; column density from the TOMS measurements is
described in Section 2.4. The disadvantage of these measurements is the small
number of spectral measurement points. If another signal interferes, there is simply
not enough information to separate the effects. This limits the application to strong
absorbers with little interference from other effects. Also, for trace gases other than
O3 and SO,, the exact wavelength positions of the TOMS spectral channels are not
suitable. As a result, the method cannot be applied to other trace gases with smaller
absorption such as BrO, NO, or HCHO.

2.2.2 DOAS Type Retrievals

In order to extend the measurements to weaker signals and more species, instru-
ments have been developed, which cover a large and quasi-continuous spectral
range at moderate resolution, e.g. GOME and SCIAMACHY. Such measurements
are usually analysed using the Differential Optical Absorption Method (DOAS)
which was initially developed for ground-based measurements (Noxon 1975; Platt
et al. 1979; Solomon et al. 1987). The basic idea of DOAS is to separate the
wavelength dependent absorption signal into two components, the low frequency
part and the high frequency part. The high frequency part of the spectrum is used for
the retrieval of atmospheric absorptions, while the low frequency part is treated as a
closure term and is approximated by a low order polynomial or other smooth
function.

In practice, the absorption cross-sections of the absorbers are separated into the
slowly varying part o*(\) and the differential part 6'(A): c(A) = o*(X) + ¢’(\):

1(2) = clo() exp {— > _oASCD; = o} (A)SCD;

i

—O’Ray(),)SCDRay - O'M,'g()»)SCDM,'e}. (28)
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Both the Rayleigh and Mie scattering cross-sections can be approximated by a
polynomial in wavelength so that the three slowly varying contributions to the
signal are combined into one closure polynomial, which in addition can compen-
sate, in part, for any wavelength dependent changes in the throughput of the
instrument:

i

1(2) = clo(2) exp{ > 6i(2)SCD; — Z a, } (2.9)

This equation is often written as a function of optical depth In (/y/])

Io(A
In 10((2)) = Z /(A)SCD; + ; 2P (2.10)

This links the measurement signal (the optical depth) in a linear equation with
the quantities of interest (the slant column densities SCD;) and a closure polyno-
mial, which also accounts for the factor ¢, assuming that the logarithm of the
scattering efficiency can be approximated by a polynomial. One such equation
can be written for each measurement wavelength, and by solving the resulting
system of linear equations in a least squares procedure, the best set of slant column
densities and polynomial coefficients result. In addition to its simplicity, the DOAS
retrieval has the benefit of cancelling all multiplicative effects in [ and /,, which are
measured by the same instrument in a short period of time using near identical
experimental configuration. This relaxes the requirements for the absolute radio-
metric calibration of the measured intensities. Other remaining instrumental issues
(e.g. the etalon resulting from multi-beam interference in optical components or ice
layers on the detectors) and effects such as spectral changes in surface reflectance
are at least partly compensated for by the closure polynomial, making this tech-
nique very valuable for the detection of small signals.

In some applications, a second closure polynomial is added to the measured
intensities to account for instrumental stray light and the effect of inelastic scatter-
ing. This correction is non-linear in the optical densities. If only a constant offset ¢
is used, it can be approximated by including another spectrum c¢/I in the spectral
fitting process (Noxon et al. 1979).

One complication arises from the fact that the measured values of the intensity /
and I, are usually not fully resolved spectrally but are taken at instrument resolu-
tion. Therefore, the quantity measured is the intensity convoluted with the instru-
ment slit function. If this is accounted for in Eq. 2.9, the logarithm can no longer
simply be taken on both sides of the equation as it cannot be exchanged with the
convolution. For most practical applications it is sufficient to apply the convolution
with the instrument function to the cross-sections and then to proceed to (Eq. 2.10).
However, for strong and structured absorption, a correction has to be applied which
is called /y-correction (Aliwell et al. 2002). For line absorbers the problem is more
complex and will be discussed in Section 2.2.4.
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DOAS retrievals using data from GOME, SCIAMACHY, OMI, and GOME-2
have been used to determine tropospheric column densities of many trace species,
including SO,, BrO, 10, HCHO, glyoxal, NO,, and H,O. The advantage of using
continuous spectra is the higher sensitivity that can be achieved, the ability to
separate different absorbers, the intrinsic wavelength calibration on the well known
Fraunhofer lines in the solar spectrum and the flexibility in the choice of wave-
length regions. The disadvantages are the more complex instrumentation, higher
data rates resulting in slower retrievals, the need for input data at high spectral
resolution and some complicating effects which become more relevant at higher
spectral resolution as discussed below. An overview over more effects relevant for
the accuracy of scattered light DOAS measurements can be found in Platt et al.
(1997) and Platt and Stutz (2008).

2.2.3 Some Considerations for DOAS Retrievals

a Fraunhofer Spectrum

An ideal light source for an atmospheric DOAS measurement would be bright,
constant, continuous and without spectral features. While the sun provides suffi-
cient intensity at visible wavelengths and at least over a day can be considered to
be a constant light source, it does have many spectral features. These so called
Fraunhofer lines are created by absorption by molecules and ions in the solar
atmosphere and result in three important demands on the retrievals from space-
borne observations: the need for accurate wavelength alignment or spectral calibra-
tion, the need for spectral oversampling and the need to correct for the so called
Ring effect which is discussed in the next section. In addition the requirements on
instrument stability (e.g. with respect to the spectral resolution) are especially high.
As shown previously in Fig. 2.3, the depth of the Fraunhofer lines is of the order of
10-50%, much larger than most absorptions in the Earth’s atmosphere, which are
often on the per mill level. As a result, even a very small wavelength shift between
I and I, will result in large structures when the ratio is taken in the DOAS equation,
rendering the retrievals of small absorptions impossible. To reduce this effect,
two approaches are taken. Firstly, instruments are temperature stabilised as far as
possible to reduce spectral shifts induced by temperature changes of the spectrometer.
Secondly, the spectra I and [, are numerically aligned and interpolated, prior to the fit
or, iteratively as part of the retrieval, to minimize any spectral misalignment.
Although satellite instruments are usually well stabilised, the need for spectral
alignment arises in some instruments from a difference in observation mode between
solar irradiance measurement and nadir observations. For GOME and SCIAMACHY
solar observations, the measurements are taken in the flight direction. This results in
a small Doppler shift of the spectrum, which has to be compensated for. While the
exact magnitude of the effect can be calculated, a full correction is only possible if
the sampling of the measurements is several times as good as the spectral resolution
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of the instrument (Chance et al. 2005; Roscoe et al. 1996). If that is not the case (as
for example in the GOME instrument), the spectra are “under-sampled”, and artifi-
cial structures are introduced in the interpolated spectra.

b The Ring Effect

The combination of the highly structured solar spectrum and inelastic scattering
processes can lead to an additional effect which is named the Ring effect after one
of its discoverers (Grainger and Ring 1962). Elastic scattering (Rayleigh scattering,
Mie scattering) does not change the high frequency spectral shape (i.e. intensity
variations over wavelength regions of a few nanometres), which is used by the
DOAS approach. Therefore, the Fraunhofer lines in / and / are expected to have the
same depth and to cancel when the ratio is taken in the DOAS equation. However,
observations have shown that the depth of Fraunhofer lines in scattered light is
smaller than that in direct solar light, resulting in a highly structured signal in the
ratio (Grainger and Ring 1962). The explanation for this effect is inelastic rotational
Raman scattering, which distributes the intensity of the scattered photons over
several nanometres (Joiner et al. 1995; Kattawar et al. 1981). As the loss of intensity
through Raman scattering is proportional to the local intensity, while the gain in
intensity is proportional to the intensity at neighbouring wavelengths, the effect is a
filling-in of deep Fraunhofer lines in the scattered light spectrum as illustrated in
Fig. 2.4. The amount of filling-in depends on the relative amounts of inelastic and
elastic scattering and can be simulated with radiative transfer models (RTMs). In
the retrieval, it is accounted for by inclusion of a pseudo-absorber (usually referred
to as Ring spectrum) computed by an RTM. It should be noted that the spectral

Rayleigh scattered light
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Fig. 2.4 Illustration of the Ring effect. The upper panel shows a modelled spectrum of elastically
scattered sun light (single Rayleigh scattering) at a spectral resolution of about 0.2 nm. The lower
panel shows the modelled spectrum of Raman scattered light. Note that the vertical scales differ:
the intensity of the Raman scattered light is only about 4% of that for the elastically scattered light.
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shape of inelastically scattered light is relatively smooth and the high frequency
component is only introduced by taking the ratio of / and I,. The strong dependence
of the Ring effect on the light path can actually be used to derive information on
cloud cover and cloud top height (Park et al. 1986; Joiner and Bhartia 1995; Joiner
et al. 1995; deBeek et al. 2001; Joiner and Vasilkov 2006).

A more subtle effect of inelastic scattering is the filling-in of absorption lines of
structured absorbers (if the absorption has occurred before the Raman scattering
event) (Fish and Jones 1995; Vountas et al. 1998). The effect is similar to that
for Fraunhofer lines and can be interpreted as a loss of absorption signal if a photon
is scattered inelastically. Therefore, absorption signatures in atmospheric mea-
surements are slightly smaller than expected for an atmosphere without inelastic
scattering.

In contrast to rotational Raman scattering, vibrational Raman scattering is a
small and negligible effect in the atmosphere. However, in water it can be signifi-
cant if the light path is long enough. As the energy changes are much larger for
vibrational than for rotational transitions, the spectral signature of the two effects
is slightly different (Vountas et al. 2003).

¢ Choice of Fitting Window

When selecting an appropriate spectral region for the retrieval of a specific trace
gas, several considerations have to be taken into account. At first glance, one would
assume that the optimum retrieval would use all available information and thus all
the spectral points. However, in practice, smaller fitting windows are used for
several reasons. The most fundamental argument is that the separation of spectral
retrieval and radiative transfer calculation is not valid over large spectral ranges. As
result of increasing Rayleigh scattering, light paths change towards the UV and
therefore the slant column densities at, for example, 350 nm are not identical to
those at 450 nm. This effect leads to a mismatch of measured absorption and fitted
absorption cross-sections, resulting in poor fits if not accounted for, as discussed in
Section 2.2.4 for strong absorbers. Experience also shows that small inaccuracies in
cross-sections of interfering species can lead to large errors for weak absorbers, and
by using smaller wavelength regions, such errors can partly be compensated for by
the scaling factors and the closure polynomial. Moreover, extending the spectral
range always increases the noise, if only relatively weak spectral structures of the
desired species are added. Therefore the signal to noise ratio might actually deteri-
orate upon extending the spectral range. Further considerations sometimes suggest
the exclusion of spectral regions where spectra of different trace gases or strong
Fraunhofer lines overlap.

Appropriate fitting windows are therefore selected by trying to maximise
the differential absorption structures of the molecule of interest and, at the same
time, minimizing the impact from interfering signals. This can often be done on
simulated data, although the results might not be fully representative for real
measurements if absorption cross-sections are inaccurate or not all atmospheric
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effects are included in the model. Some examples for fitting windows used in the
literature are given in the Table 2.1.

d Effects of Spectral Surface Reflectivity

In recent years, it became evident that, in addition to trace gas absorptions, the
Earth’s reflectivity for certain surface types exhibits narrow spectral variations.
Examples are absorption features over vegetation in the blue and red spectral range,
as well as water absorption structures in the blue spectral range. As mentioned in
the previous section, spectral features are caused by vibrational Raman scattering in
water (mainly in the UV) and biological activity in the oceans (in the blue and red
spectral range) (Vasilkov et al. 2002; Vountas et al. 2003; Vountas et al. 2007;
Wagner et al. 2007a; Bracher et al. 2008). Although the amplitude of these spectral
structures is usually rather small (in the range of a few percent), they can interfere
with trace gas absorption features in the same spectral windows and, if not
accounted for, result in large errors in the trace gas results (Vountas et al. 2003;
Wagner et al. 2007a). Including the relevant surface spectral features as reference
spectra minimizes the interferences. In this way, DOAS analyses of satellite
observations can also yield important information on surface properties such as,
for example, the primary productivity in sea water (Vountas et al. 2007; Bracher
et al. 2008).

2.2.4 Advanced DOAS Concepts

While the DOAS retrieval concept described above is fast and has successfully been
used for the analysis of many trace gases, there are situations where the assumptions
made are not fulfilled. Modifications to the approach are then needed to achieve
accurate results. This is particularly the case in situations where absorption
becomes large or the spectral resolution of the instrument is not high enough to
resolve the spectrum of line absorbers.

If absorption by a molecule becomes larger than a few percent, as is the case
for atmospheric absorption by O3 in the Huggins bands, or by SO, during volcanic
eruptions, the average light path is no longer independent of the absorber amount
and its vertical distribution. As a result, the separation of spectral retrieval and
light path determination, used in standard DOAS retrieval is no longer applicable.
One way of visualising the effect is to compare average light paths at two selected
wavelengths, one having strong O; absorption and one having weak absorption.
Photons experiencing weaker absorption will, on average, penetrate deeper into
the atmosphere before they are scattered back to the satellite and therefore have a
longer light path than photons at O3 absorption peaks. This leads to a distortion of
the absorption structure observed in the measured optical depth as compared to
the simple absorption cross-section, which needs to be taken into account. On the
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other hand, this distortion also provides information on the vertical distribution of
the observer and is used for example in the BUV retrievals of O3 and SO, profiles
(Bhartia et al. 1996; Hoogen et al. 1999; Liu et al. 2005; Yang et al. 2009).

For line absorbers, especially in the NIR, the spectral resolution of the instru-
ments used is often not sufficient to resolve fully the line structure. The measured
signal 1,,.,,(4) then depends strongly on the instrument transfer function or slit
function F(4) of the instrument:

Lneas(2) = F(2)"1(2) (2.11)

Here, * denotes the convolution of the true intensity with the instrument slit
function.

This has implications for the dependence of the measured optical depth on the
absorber amount. While for each monochromatic wavelength the Beer—Lambert
law applies, the convoluted intensity will no longer be a simple exponential
function of the atmospheric trace gas amount in the presence of non-resolved line
absorbers. This is the result of the non-interchangeability of exponential function
and convolution. As an additional complication, the spectral shape of the measured
optical depth changes with light path, absorber amount and temperature.

One solution to these problems is to replace the slant column density SCD
by the slant optical depth SOD (Noé€l et al. 2004; Richter et al. 1999). Starting
from Eq. 2.5:

102) = o) exp{ = [ (2100615 = 0 (1) | (515 — w4 [ ) |
one can replace the first term by the slant optical depth:
SOD(A) = Ja(/l)p(s)ds (2.12)

and following the same derivation as for the standard DOAS equation, one obtains:

In I;)((;i)) = SODi(A) + > . (2.13)
. i p

The SOD;(\) have to be computed using a radiative transfer model for an a priori
atmosphere and subsequently be convoluted with the instrument’s slit function. To
a first order approximation, a simple linear scaling of the a priori SOD° can be used
in place of the exact SOD:
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Z SODY (1) + Zc P (2.14)

where SODY; is the slant optical depth for absorber i computed for the a priori
atmosphere and r; are the fit parameters and give the ratio of the absorber amount in
the measurement relative to the amount in the a priori atmosphere.

This approach yields accurate results for Oz, SO, and H,O even at large
absorption if the a priori assumptions are sufficiently close to the real atmospheric
situation. The effect of line absorbers is properly taken into account by the forward
calculations at high spectral resolution which are then convoluted to the resolution
of the instrument. The requirement is to select appropriate a priori assumptions
using climatologies or alternatively to iterate those using the column densities
retrieved in the first retrieval step and the residuals obtained from the fit.

Another, in some aspects similar but more general, formulation is obtained by
introducing weighting functions WF (Buchwitz et al. 2000; Rozanov et al. 1998).
The weighting function is here defined as the change in the logarithm of the
intensity for a change in one of the parameters d; from their value in the a priori
assumptions, d":

dni(2)

i 4°

(2.15)

The d; can be the column density of absorbers but also other parameters such as
surface albedo, temperature or aerosols. The logarithm of the intensity can then be
developed in a first order Taylor expansion around a modelled intensity /7"°for the
a priori atmosphere

Inf(Z) = InIr(J +ZWF (d; — d°) +Zcp/&’ (2.16)

The fit parameters are (d; — d?) and the polynomial coefficients for the broadband
structures. As for the SODs, the weighting functions are calculated using radiative
transfer models and a priori assumptions on the atmosphere, surface albedo etc.
They can account for the effects of spectral averaging on line absorbers, for strong
absorptions and for other parameters such as surface albedo. Weighting functions
have been used for the retrieval of O3, CO, CO,, and CH,. As already mentioned for
SODs, the main difficulty lies with the choice of proper a priori assumptions as the
accuracy of the retrieval is best for small values of (d; — d”). A further alternative
was introduced by Frankenberg et al. (2005) who developed a weighting function
algorithm (Iterative Maximum a priori, IMAP), which adjusts the a priori assump-
tions iteratively during the analysis.
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2.3 Interpretation of the Observations Using Radiative
Transfer Modelling

The sensitivity of UV/vis/NIR satellite observations depends on the distribution
of the paths of the observed radiation through the atmosphere. Since it is only in
nadir viewing geometry that a significant fraction of the observed UV, visible
and NIR light penetrates into the lowest atmospheric layers, only nadir observa-
tions provide sufficient sensitivity for the observation of tropospheric species. This
section therefore concentrates on satellite observations in nadir viewing geometry.
In the following, the term nadir viewing geometry is defined to also include viewing
directions approximately £60° around nadir. In contrast, observations in limb or
occultation viewing geometry provide information from the upper troposphere and
above (see Fig. 2.2). The concepts and methods introduced in this section are not
restricted to nadir data but can be and are applied to satellite observations in limb
and occultation geometry as well.

2.3.1 Relevant Interaction Processes Between Radiation
and Matter

A nadir looking satellite instrument in the UV/vis/NIR spectral range measures sun
light backscattered or reflected to the instrument by the Earth’s atmosphere or
the surface. On its way between entering and leaving the top of the atmosphere,
the observed light has been subject to various interactions between radiation and
matter. The most relevant processes include scattering on air molecules and parti-
cles (aerosols or cloud particles), reflection at the Earth’s surface or interaction
with the upper layer of the ocean (see Fig. 2.5). In contrast to limb or occultation
observations, atmospheric refraction can often be neglected for nadir viewing
geometry.

a Molecular Scattering

The most important molecular scattering process is elastic scattering, usually
referred to as Rayleigh scattering. Rayleigh scattering is strongly wavelength
dependent. The probability that a photon is scattered by a molecule increases as a
function of the fourth power of its frequency. This results in the blue colour of the
cloud-free sky. For this Rayleigh scattering, the probability distribution of the new
directions of the scattered photons (defined as the phase function) depends on the
degree of polarisation of the incident light as shown in Fig. 2.6. For unpolarised
light such as that from the sun, scattering in forward or backward direction is twice
as probable as scattering at 90°. For linearly polarised electromagnetic radiation the
probability of being scattered in directions parallel to the electric field vector is zero
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Fig. 2.5 The light received by a satellite instrument has undergone different interactions. In
cloud-free scenes it is scattered by air molecules or reflected at the surface (/eft). In the presence of
clouds (or aerosols) the light paths become further modified: scattering at high clouds can reduce
the light paths, multiple scattering inside thick clouds can even enhance the light paths. Over bright
surfaces, multiple scattering in the boundary layer can also be relevant under cloud free conditions
(see Fig. 2.10).
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Incident photon

Fig. 2.6 Phase function for Rayleigh scattering. The vector of the electric field indicates the
polarisation of the incident photon (blue: e-vector in the image plane; red: e-vector perpendicular
to the image plane). The polar diagram indicates the probability distribution of the new photon
direction after the Rayleigh scattering event (the angle 0 describes scattering in the image plane).
The length of the arrow indicates the scattering probability. For electromagnetic radiation with the
e-vector perpendicular to the paper plane the scattering probability is independent of the scattering
angle 0.

(see Fig. 2.6). Thus Rayleigh scattered light which is scattered at 90° is completely
(linearly) polarised; this effect can be observed on clear days during sunset or
sunrise, when looking at the zenith through a polariser. The phase function P(6) for
Rayleigh scattering of unpolarised light is described by:

P(0) == [1 + cos*(0)]. (2.17)

W

A small fraction (a few percent) of molecular scattering processes takes place as
inelastic rotational Raman scattering. The associated wavelength shifts are in the
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order of only a few nm, causing the Ring effect (see Section 2.2.3). Also the effect
of vibrational Raman scattering on air molecules has been considered, but was
found to be negligible at the accuracy level of current measurements. In contrast to
Rayleigh scattering, the phase function for rotational Raman scattering depends
only weakly on the scattering angle and the state of polarisation (Kattawar et al.
1981).

b Particle Scattering

How atmospheric particles (aerosols or clouds) scatter electromagnetic radiation
depends on their size, shape and composition. For spherical particles (e.g. liquid
cloud droplets), their scattering properties are well described by Mie theory
(Mie 1908; van de Hulst 1981). The scattering properties depend on the real and
imaginary parts of the refractive index and on the particle size. With increasing
particle size (usually expressed as size parameter o = 27r/1), the asymmetry
between the probability for backward and forward scattering increases (see
Fig. 2.7). The bulk scattering properties of typical size distributions of aerosol
and cloud droplets can be approximated by simplified functions, for example, the
Henyey-Greenstein function (Henyey and Greenstein 1941). In contrast to spherical
particles, the scattering properties of non-spherical particles (e.g. soot or dust
particles or crystals in ice clouds) and particles having complex composition cannot
be described by a comprehensive theory based on just a few input parameters as is
the case for Mie theory. However, in many cases, the bulk scattering properties of
such particle populations can be approximated by Mie theory.

150 : 'x_ 150
o 180fin

180

210\ ™ w0 3300 210N

270 270

Fig. 2.7 Phase functions for Mie scattering (for refractive index of pure water). Left: for small
droplet size (o = 1); right for large droplet size (o = 5). [adapted from (Sanghavi 2003)].
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¢ Reflection and Absorption at the Surface

In addition to scattering from atmospheric constituents, reflection and absorption
processes at the Earth’s surface play an important role for satellite observations in
nadir viewing geometry. The ratio of the reflected diffuse light to the incident
irradiance defines the albedo, which usually depends on wavelength. The albedo
depends on the characteristic of the incident light: the so called white and black sky
albedo is defined for diffuse or directional incident light, respectively. The albedo
ranges from zero (all photons are absorbed) to unity (all photons are reflected).
The wavelength dependence of the surface albedo differs strongly over the globe
(see Fig. 2.8). For most surface types (except snow or ice), the Earth’s albedo in the
UV/vis spectral range is quite low (between 2 and 30%). Towards the NIR the
albedo over the continents increases for most surface types, whereas it decreases to
very low values over the oceans. The highest surface albedo is found over snow and
ice covered areas; increased reflectivity is also found in the case of sun glint over
the ocean. The directional characteristic of surface reflection is described by the bi-
directional reflection distribution function (BRDF); the reflected intensity depends
on both the angles of the incident and reflected light. Often the BRDF is approx-
imated by a Lambertian reflection characteristic (isotropic distribution of the
reflected light, independent of the direction of the incident light). While some
surface types (e.g. sand, snow, ice) are well described by this approximation, for
many others (e.g. over vegetation, or for sun glint conditions over the ocean) more
complex reflection functions are needed (see Fig. 2.9).
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Fig. 2.8 Albedo of the Earth’s surface at two wavelengths (left 335 nm, right 670 nm) [from
Koelemeijer et al. (2003)].

d Interactions at the Ocean Surface

Part of the incident light is reflected directly at the ocean surface (by Fresnel
reflection) causing sun glint, the intensity of which depends mainly on wind speed
(surface roughness) and observation geometry (Cox and Munk 1954; 1956). The
remaining part of the incident light can penetrate deeper into the water body. The
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Fig. 2.9 Two examples for the angular dependency of the surface reflection. Left: for Lambertian
reflection the probability of scattered light in any direction is constant (and independent on the angle
of the incident light). Right: especially over the ocean, part of the light is reflected under the same
angle as the incident ray (specular reflection). This effect is referred to as sun glitter or sun glint.

penetration depth depends strongly on the concentration of particles, in particular of
phytoplankton which absorbs and scatters the light. In the presence of high phyto-
plankton concentrations (e.g. during algae blooms), the ocean albedo can be
strongly enhanced in parts of the spectrum. Towards the near IR spectral range,
the water absorption increases strongly and the penetration depth into the water
body decreases; in these spectral regions the albedo of the oceans is especially low
and strongly angle and surface state dependent, being 1% and less.

The incident photons are also scattered by water molecules. Besides elastic
scattering, inelastic scattering, mainly due to vibrational Raman scattering, can
also occur (see Section 2.2.3). The strongest signal of vibrational Raman scattering
is typically found for oceanic regions with the lowest concentrations of particles,
for which the penetration depth of the incident sun light is largest.

e Molecular Absorption Processes

Satellite observations of atmospheric trace gases in the UV/vis and NIR spectral
range are based on the spectral signatures of the absorption of molecules. Molecular
absorption typically contains both broad and narrow spectral structures (within the
sub-nm range, see Section 2.1.2). The latter can be easily identified and analysed in
spectral retrieval processes (see Section 2.2.2).

For the correct interpretation of satellite observations, all the relevant processes
discussed above have to be considered and included in the radiative transfer
simulations.

Depending on wavelength, measurement conditions, and targeted quantity, the
radiative transfer simulations might be simplified by omitting some of the processes
discussed. For example, Raman scattering processes can often be neglected because
of their small contribution to the total received light. In the NIR, the probability for
Rayleigh scattering becomes so low that it can often be neglected.
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2.3.2 Quantities Used for the Characterisation of the
Measurement Sensitivity

a The Total AMF

For most UV/vis/NIR retrievals, the basic result of the spectral analysis is the slant
column density (SCD) (Eq. 2.2), the trace gas concentration integrated along the
atmospheric light paths. Typically the SCD is converted into more universal
quantities like the vertical trace gas column density, which is defined as the
vertically integrated trace gas concentration (Eq. 2.3). The ratio between the SCD
and VCD is referred to as the air mass factor (AMF):

SCD
AMF = ——. 2.1
VCD (2.18)

Only for a few viewing geometries, the AMF can be simply determined by
geometric considerations. This is possible, for example, for nadir satellite observa-
tions made in the near IR where the probability of Rayleigh scattering is very small.
For cloud free conditions, the observed light is then almost exclusively reflected by
the surface and the elongation of the light path (with respect to the vertical path) can
be approximated by:

1 1
~ cos(LOS) * cos(SZA)

AMF (2.19)

Here LOS denotes the line of sight angle of the instrument (defined with respect
to the nadir direction), and SZA the solar zenith angle (defined with respect to the
zenith direction). At solar zenith angles smaller than 70°, the geometric approx-
imation can also be applied for nadir observations of stratospheric trace gases, even
if they are made at visible and UV wavelengths. Since the air density in the
stratosphere is low, almost all scattering events take place below the stratosphere,
and the light paths through the stratospheric trace gas layers can be adequately
described by simple geometry until the curvature of the atmosphere becomes
relevant at low sun.

In contrast, for nadir satellite observations of tropospheric trace gases made at
visible or UV wavelengths, due to Rayleigh scattering on air molecules the light
paths in the tropospheric trace gas layers can become very complex. In such cases
numerical radiative transfer simulations have to be performed for determining the
AMF. The most complex light paths occur in the presence of clouds or strong
aerosol loads. In such cases, even for observations in the near IR, radiative transfer
simulations have to be performed.

Besides the dependence of the AMF on the SZA and LOS (see Eq. 2.19) the AMF
usually depends on various other parameters, like the surface albedo, the wavelength,
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the properties of aerosols and clouds, and the vertical distribution of the trace gas.
For optically thick absorbers (the vertical optical thickness t >> 0) they also
become dependent on the trace gas VCD itself.

The AMF can be derived from radiative transfer simulations in various ways.
One universal and often used procedure is based on the simulation of the radiance
observed by the detector with or without the atmospheric trace gas of interest.
According to the Beer-Lambert law the SCD can be expressed as:

1 I'(4)

SCD:@In[(A)

(2.20)

here, I and I' denote the modelled radiances with and without the trace gas,
respectively and () is the absorption cross-section. Using the definition of the
AMF, Eq. 2.20 becomes:

In(7") — In(7)

AMF =
a(A) - VCD

2.21)

VCD is the vertically integrated concentration of the trace gas as it was used as input
of the radiative transfer simulations.

It is interesting to note that for weak absorbers the total AMF can be approx-
imated by the “intensity weighted approximation” (Solomon et al. 1987; Slusser
et al. 1996):

ST AMF; - 1;

AMF =+ 222
2o 2:22)

Here the sum is taken over all light paths contributing to the measured signal. The
AMF,; denote the geometrical path length weighted by the vertical profile of the
trace gas, and [; the radiance observed from light path i, respectively. The AMF
determined using the intensity weighted approximation does not depend on the
absorption of the target trace gas, but can depend on other atmospheric absorbers
(e.g. an AMF determined for a NO, profile can depend on the optical depth of the
atmospheric O3 absorption).

The AMF as defined in Egs. 2.18, 2.21, and 2.22, is usually referred to as “total”
AMF, since it describes the sensitivity of the measurement for the complete
atmospheric column density of the trace gas.

b Box-AMF and Weighting Functions

In order to quantify the vertical dependence of the measurement sensitivity, it is
useful to define a height-resolved partial AMF for specific atmospheric layers, the
so called Box-AMF (or Block-AMF):
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aSCD
BAMF; = —— 2.23
oVCD; 2.23)
Here BAMF'; denotes the Box-AMF for the atmospheric layer i, and VCD; the partial
vertical column density for layer i. If the absorber concentration p; in layer i is
assumed to be constant with altitude, Eq. 2.23 can be rewritten as:

BAMF; = ——— (2.24)

where /; denotes the vertical extension of layer i.
The Box-AMF definition can also be related to the measured radiance. Using the
relations of Eq. 2.20, it follows:

1 9nI/r)
g - hl' 8p

1

BAMF; =

(2.25)

Note that in some retrieval algorithms also the derivative of the intensity is
calculated (see also Section 2.2.4). The weighting functions, WF, are defined as:
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WE =%
G~h,--5p,-

(2.26)

As can be seen, it is closely related to the Box-AMF in that it only describes changes
in intensity and not in slant column density.

An example for the vertical variation of Box-AMF's for satellite observations in
nadir viewing geometry is shown in Fig. 2.10. For long wavelengths the height
dependence is weak, because most photons are reflected at the surface. For shorter
wavelengths the influence of Rayleigh scattering becomes more important; for the
troposphere, this leads to a decreased sensitivity at low albedo and increased
sensitivity for high albedo (due to multiple scattering).

In Fig. 2.11 Box-AMFs for satellite nadir observations are shown for situations
when clouds and aerosols are present.

Eqgs. 2.23-2.25 are valid for all atmospheric situations, also including observa-
tions of optically thick absorbers (t >> 0) like Oz in the UV spectral range.
However, with increasing optical thickness, the respective Box-AMF's also become
dependent on the absolute value of the trace gas concentration in the different
layers. In general, with increasing optical thickness, the Box-AMF's become smal-
ler, indicating decreasing measurement sensitivity.

Fortunately, for most atmospheric species the optical density in the UV/vis/NIR
spectral range is small (t << 1). For these weak absorbers the Box-AMF's become
essentially independent of the absolute value of the trace gas concentration, and
several simplifications can be made.
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Fig. 2.10 Height-dependence of the sensitivity of satellite observations in nadir viewing geome-
try, expressed as Box-AMFs. For large wavelengths, only a weak height dependence is found. For
shorter wavelengths, the Box-AMFs decrease towards the surface for low albedo (left panel) and
increase for high albedo (right panel). SZA was chosen as 0°.
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Fig. 2.11 Height-dependence of the sensitivity of satellite observations in nadir viewing geome-
try in the presence of clouds and aerosols (expressed as Box-AMFs). High, thin clouds mainly
shield trace gases below the cloud (/eft). Thick clouds increase the sensitivity in the upper layers of
the clouds and decrease the sensitivity towards the surface (centre). The effect of near surface
aerosols depends on their optical thickness, phase function, and their single scattering albedo.
Non-absorbing aerosols can substantially increase the sensitivity (right). Surface albedo and SZA
were chosen to be 5% and 0°, respectively.

First, the Box-AMF can be simply determined by averaging the geometrical path
lengths of the individual light paths through layer i, weighted by their intensities
(similar to Eq. 2.22 for the total AMF):

D01
BAMF; = 1 —— (2.27)
J
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Here /; ; and I; ; describe the length and intensity of light path j through layer i, and
h the vertical extension of the layer. In addition, for optically thin absorbers for
which the light path does not depend on absorber concentration, the Box-AMF can
simply be expressed as the ratio of the partial SCD; and the partial VCD; of an
atmospheric layer i:

SCD;
VCD,;

BAMF; = (2.28)

From this follows the most important simplification, which is that the total AMF (as
defined in Egs. 2.28, 2.21 and 2.22) can be directly determined by combining the
height profiles of Box-AMF's and the (relative) trace gas concentration:

TOA 7%4
SCD[ BAMFI * VCDI TOA
D & . D;
amp = 3€D _ %0 _ =0 — > BAMF; - V€D 5 29y
VCD _ VCD VCD 2 VCD

Here VCD,;/VCD describes the relative trace gas concentration profile. Sometimes it
is also referred to as shape factor (Palmer et al. 2001).

With this formulation, it becomes possible to separate completely the radiative
transfer modelling from the assumptions made for the vertical trace gas distribu-
tion. Accordingly, different sets of Box-AMF's (e.g. for various aerosol and cloud
profiles) can be pre-calculated and stored in look-up tables. By applying Eq. 2.29,
the total AMF for arbitrary profile shapes can be easily calculated. This procedure is
particularly convenient if the assumptions on the relative profile shape change (e.g.
after new measurements or model results on the vertical trace gas distributions have
become available) or if a large number of different airmass factors have to be
calculated as is the case for satellite observations.

Eq. 2.29 is strictly valid only for weak absorbers. Nevertheless, if it is applied for
moderate absorbers, the resulting errors are usually small, and can in most cases be
neglected compared to other uncertainties (see Section 2.5).

¢ Averaging Kernels

The knowledge of the height dependence of the measurement sensitivity is crucial
for the correct interpretation of individual satellite measurements. In extreme cases,
for example, in the presence of thick clouds, the satellite becomes almost blind for
trace gases located below the cloud (see Figs. 2.5 and 2.11), and a low value of the
retrieved trace gas SCD does not necessarily indicate a low trace gas concentration
in the atmosphere. The height dependent measurement sensitivity has in particular
to be considered if satellite observations are compared to other data sets (e.g. other
measurements or model results, in the following referred to as “collocated data
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sets”). There are two basic ways to consider the height dependent sensitivity in such
comparisons.

(a) The first possibility is to simulate the trace gas SCD as measured by the
satellite based on the collocated data set. This can be achieved by calculating the
AMF according to the trace gas profile of the collocated data set. Applying Eq. 2.18
then yields the SCD which can be compared to the SCD retrieved from the satellite
measurement. For weak absorbers, instead of Eq. 2.28, the Box-AMF concept can
be applied (Eq. 2.29):

TOA TOA
SCD =" SCD; = > BAMF; - VCD; (2.30)
i=0 i=0

l 1

The advantage of this procedure is that the Box-AMF can be calculated completely
independently from the collocated data set.

(b) The second possibility for the comparison to a collocated data set is to
convert the SCD obtained from the satellite observation first into a trace gas VCD
using an (total) AMF (according to Eq. 2.18). For the simulation of the AMF a
(relative) vertical profile shape of the absorber has to be assumed.

By dividing the Box-AMFs by the total AMF, so called column averaging
kernels are determined (Eskes and Boersma 2003) (see Fig. 2.12):

BAMF;
AK; = 2.31
= IR (2.31)
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Fig. 2.12 Column averaging kernels (right) can be easily derived by dividing the box-AMFs (left)
by the total AMF for an assumed profile. In this case the total AMF is 1.9 according to a trace gas
layer located between 8 and 9 km altitude. Surface albedo and SZA were chosen to be 5% and 0°.
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The column averaging kernels provide information about how the retrieved VCD
changes for a given change of the absorber concentration at a certain altitude range.
It can be used to convert the trace gas profile of a collocated data set to the VCD™"
defined as the vertical column density which the retrieval should have produced for
the collocated profile:

TOA
VCDinstr — AK,‘ . VCD,‘ (232)
i=0

This quantity VCD™" can be directly compared to that determined from the
satellite observation. Here it is interesting to note that the VCD (both measured
and simulated) might differ from the true atmospheric VCD, if the assumed
(relative) profile differs from the true profile. Nevertheless, the comparison between
measured and simulated trace gas VCD is not affected by this because for both
quantities the same (potentially wrong) assumptions are made.

Mathematically, both ways to compare the satellite data to collocated data sets
are equivalent. The choice between the two possibilities depends on the technical
capabilities for the processing of the involved data sets and the objectives of the
study. The comparison of VCDs (instead of SCDs) has the advantage that the trace
gas fields are expressed in a more unified and intuitive way. Thus errors might be
more easily identified.

In general, it should be noted that if disagreement between the simulated quantity
(either SCD or VCD) and measured quantity is found, a straight forward interpreta-
tion is possible: one can then simply conclude that the data sets do not agree. In the
case of agreement (at least within certain limits), the actual agreement of both data
sets is only one (usually very probable) possibility. However, since various trace gas
profiles can result in the same SCD (or VCD), also a wrong profile of the collocated
data set might yield the same SCD (or VCD) as measured by the satellite.

d 2-D and 3-D Box-AMF

The Box-AMF concept introduced in Eq. 2.23 can be directly extended to two or
three dimensions. For that purpose, Eq. 2.25 has to be modified:

1 o(nI/l')  9SCD
BAMF; ; , = - — 2.33
ST Op . OVCDi (2.33)

Here, like Eq. 2.25, the index i describes the vertical dimension. In addition, the
height layers are also separated in distinct boxes in the two horizontal dimensions;
they are described by the indices j and k. The three-dimensional Box-AMF's
describe the dependence of the measured total SCD on changes in the concentration
(or partial VCD) of box i, j, k.
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Like the one-dimensional Box-AMF concept, also the multi-dimensional Box-
AMFs can be used for the comparison of the satellite observations to collocated data
sets.

The SCD measured by the satellite can be expressed by a collocated 3-dimen-
sional data set:

SCD = BAMF; j - VCD; j = Y BAMF; ;- hi-p; (2.34)
ij, k i,k

In this way, the effect of 3-dimensional gradients of trace gases (and aerosols or
clouds) inside a satellite ground pixel can also be investigated. This could be relevant
around pollution hot-spots or in coastal regions with large spatial variability.

2.3.3 Important Input Data

Depending on the trace gas of interest, information about the various input data is
required for the radiative transfer simulations in addition to the settings on viewing
geometry and solar position. In contrast to stratospheric absorbers, the radiative
transfer simulations for tropospheric trace gases are especially sensitive to the
influence of the surface albedo, surface elevation, tropospheric aerosols, clouds,
and the vertical trace gas profile. Furthermore, information on the profiles of
temperature and pressure is required, but their influence on the radiative transfer
simulations is quite weak.

Because of the large ground pixel size of many satellite instruments, horizontal
gradients of trace gases, aerosols, clouds and the surface properties can also become
important.

Information on several of these parameters is in general difficult to obtain, in
particular at the high spatial resolution needed for recent satellite sensors. Most
critical are input data on the vertical profiles of the trace gas concentration as well
as the aerosol and cloud properties. As input data, independent information, e.g.
from simultaneous observations of the cloud and aerosol properties, is often used.
Information on the trace gas vertical profile can be obtained from collocated
measurements (e.g. from aircraft) or model simulations of the atmospheric chemis-
try and transport. Also, standardised average profiles or proxy-information, such as
the boundary layer height are sometimes used.

Considering their high relevance and limited availability, the largest sources of
uncertainty for tropospheric radiative transfer simulations are caused by the influ-
ence of the vertical profiles of the trace gas concentration as well as cloud and
aerosol properties.

Information on the various input data is summarised in Table 2.2.

As mentioned above, the impact of the a priori data on the derived quantities is
sometimes large.
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Table 2.2 Input information used for radiative transfer simulations of tropospheric trace gases

Input data Importance Typically Source of information
used
Trace gas profile High Yes Independent information, e.g.,

from atmospheric models or
general assumptions

Cloud properties High Yes Simultaneous measurements, e.g.,
cloud fraction and cloud top
height

Aerosol properties High No General assumptions, atmospheric

models, potentially also
simultaneous measurements

Surface albedo High Yes Climatologies, e.g., created from
the same satellite instrument,
sometimes also retrieved from
the measurements

Surface elevation Medium No Databases

Pressure and temperature profile Low Yes Standard profiles

Solar zenith angle Medium Yes Measurement description

Line of sight angle Medium No Measurement description

Relative azimuth angle Medium No Measurement description

Horizontal gradients of clouds, Potentially No Data bases, atmospheric models,
aerosols, trace gases, surface high general assumptions

albedo and elevation

As discussed in Section 2.3.2, in comparisons with model data, this problem of
dependence on a priori data can be addressed by either applying the averaging
kernels of the measurements to the model data or by converting model profiles to
slant column densities.

2.3.4 Overview of Existing Radiative Transfer Models

The direct output of radiative transfer models is usually the radiance measured by a
specified detector under defined atmospheric properties and for a given solar
position. From the modelled radiance, also other quantities, e.g. air mass factors,
can be obtained subsequently (see Egs. 2.20-2.22, 2.25, 2.26 and 2.33). To describe
the observed radiance at a detector, the radiative transfer equation (see also
Chapter 1) has to be solved.

dl(2, 0,0 )
% = —os(2) + 0a(D)] - p - 1(2,0,0) + 64(2) - p - B(2,T)
dos !9 1 gl
+ | og e @) - p 14, 0)dQ (2.35)
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Here I(4,p,1) describes the intensity along the line of sight (denoted by the
two angles ¢,1); og and G denote the scattering and absorption cross-section,
respectively. p is the number density of the molecule and B(/, T) describes the
black body radiation. The last term contains the light which is scattered from any
direction into the line of sight. The probability for scattering from the original
direction ¢’, 9 into the line of sight is described by the differential scattering
cross-section day/dQ (4,¢,0,¢',9'), also referred to as a phase function, see
Section 2.3.1. In the real atmosphere, this equation has to be expanded to include
all species present with their respective densities and absorption and scattering
cross-sections. For observations in the UV, visible and near-IR spectral range, the
thermal emission term can usually be neglected as it is very small at atmospheric
temperatures.

For the purposes of UV/vis/NIR retrievals, the radiative transfer equation can be
solved using different methods with specific advantages and disadvantages. Early
models often used so called two stream approaches, which assume horizontally
homogenous conditions and simulate the integrated upward and downward radia-
tion fluxes (Meador and Weaver 1980). However, such models are usually applied
to plane parallel atmospheres and are not able to reproduce the angular dependence
of the radiation field. Today, usually more sophisticated models are used, which
overcome these limitations (Wendisch and Yang 2010; Perliski and Solomon 1993;
Sarkissian et al. 1995; Hendrick et al. 2006; Wagner et al. 2007b).

Analytical models usually describe the direct, single scattered and multiply
scattered contributions separately. Such models are in general very fast, but analyt-
ical solutions can only be found for single scattering or for plane parallel geometry.
To describe adequately measurements at large solar zenith angles, or almost
horizontal viewing directions, full multiple scattering, approximations and iterative
approaches have to be applied.

Another widely used method is based on the Monte-Carlo technique, which
simulates individual photon paths contributing to the measured signal at the detec-
tor. From a modelled photon path ensemble, the observed radiance, and also
statistical quantities (like the average scattering frequency, etc.) can be determined.
To achieve high accuracy, however, a large number of photon paths have to be
modelled, which can become very time-consuming. Monte-Carlo models offer the
most realistic description of the relevant processes and the boundary conditions like
the Earth’s curvature and topography. An overview on various methods to simulate
the atmospheric radiative transfer can be found in Wendisch and Yang (2010).

Depending on the complexity of the considered situation and on the required
accuracy, several simplifications with respect to the full range of interaction
processes can be made. These simplifications usually lead to higher computational
speed. They include the following aspects.

(a) Most radiative transfer models do not include a correct treatment of polarisa-
tion. While the incoming solar light is unpolarised, scattering and reflection
processes can cause the observed light to be polarised (depending on the
viewing geometry). For most atmospheric applications, only linear polarisation
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has to be considered. If the atmospheric radiative transfer is described by scalar
models, in specific cases, systematic errors can occur. For most situations, these
errors are below a few percent (Mishchenko et al. 1994).

(b) Many models only describe first order scattering processes especially in strato-
spheric applications. Since the air density in the stratosphere is low, the
probability for multiple scattering is usually rather small and neglecting higher
scattering orders leads to small errors (up to a few percent). Single scattering
models are very efficient and were mainly used in early studies (Solomon et al.
1987; Perliski and Solomon 1993). Today, due to the increased computer
power, for stratospheric applications, multiple scattering models are usually
also used. For the simulation of satellite observations of tropospheric trace
gases, multiple scattering has to be included due to the increased air density and
the effects of clouds and aerosols.

(c) For many applications, the Earth’s curvature (and also refraction) is neglected,
since plane parallel models can be operated much more efficiently. However for
situations with large SZA (>85°) and/or almost horizontal viewing direction
(e.g. in limb viewing geometry) neglecting the Earth’s curvature leads to
considerable errors (Wagner et al. 2007b).

(d) Most models do not consider Raman scattering. Since the probability for
Raman scattering is low (e.g. a few percent of molecular scattering is rotational
Raman scattering), the resulting error for the modelled radiance is usually
negligible. However, if the atmospheric Ring effect is simulated explicitly,
Raman scattering has to be included. Such model simulations are usually very
time-consuming because the scattering contributions from many wavelengths
have to be considered simultaneously (Joiner et al. 1995; Joiner and Bhartia
1995).

2.4 Separation of Tropospheric and Stratospheric Signals

Measurements in the UV/visible spectral range usually do not contain intrinsic
information on the vertical distribution of the absorber of interest. This is in contrast
to data taken in the IR and microwave regions (see Chapters 3 and 4), where line
broadening and temperature dependence can be used to invert vertical atmospheric
profiles. While some absorbers have the potential for direct retrieval of altitude
information, as will be discussed at the end of this section, current algorithms do not
use these possibilities. Instead, they rely on the use of assumptions and external
information to extract the tropospheric part of the measured signal.

The signal received at the satellite results from scattering in the atmosphere by
molecules, cloud and aerosol particles, and reflection on the surface. Therefore, both
absorptions in the troposphere and in the stratosphere contribute to the slant column
density SCD derived from the measurements. For some species such as HCHO the
stratospheric concentrations are so small, that one can safely assume that the
observed signal is purely tropospheric. However, for most other species, notably
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O3, NO,, and BrO, the stratospheric column densities are appreciable and in many
cases larger than the tropospheric column densities. This is further aggravated by the
fact that the light path and thus the total absorption usually are larger in the
stratosphere than in the troposphere. Therefore, an accurate method is needed
to estimate the stratospheric column density before the tropospheric part can be
determined (Fig. 2.13).

Reference Sector Limb Stratosphere Maodel Stratosphere Cloud [ no cloud Penatration depth

g

Fig. 2.13 Schematic overview over some methods to separate tropospheric and stratospheric
signals. From /eft to right: using a measurement over clean regions, independent measurements of
the stratospheric column density, (assimilated) model values for the stratosphere, cloud slicing or
measurements at different wavelengths having different penetration depths.

2.4.1 Stratospheric Measurement Methods

For O3, this problem has been addressed by using measurements from two different
instruments — TOMS, from which total atmospheric column densities of O; can be
retrieved, and SAGE and SBUV, which provide stratospheric profiles (Fishman
and Larsen 1987). By subtracting the stratospheric column density derived from
the profile measurements from the total column density, the tropospheric part can
be obtained. If this method is applied to long-term averages, climatological tropo-
spheric O; fields can be determined which are in good agreement with independent
measurements. The approach relies on several assumptions, in particular that
temporal variations in the tropospheric and stratospheric fields are not correlated
and therefore independent averaging can be applied. Also, the weighting of the
tropospheric signals in the total column densities has to be considered as the
sensitivity of the measurements decreases towards the surface (see Section 2.3.2).
The method also requires very accurate measurements as only about 10% of the
total O5 column density is located in the troposphere, and therefore a 5% error on
the stratospheric column density will result in an error of approximately 45% on the
tropospheric amount. The method has been extended to other instruments, e.g. OMI
and the Microwave Limb Sounder (MLS) on Aura (Schoeberl et al. 2007), which
have nearly coincident measurements and therefore, in combination with trajectory
calculations, can be used to retrieve daily tropospheric Oz maps.
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Another variant of the idea to use integrated stratospheric profiles to extract the
tropospheric amount from total column information is the limb-nadir matching
which can be applied with SCTAMACHY measurements (Bovensmann et al. 1999;
Sierk et al. 2006; Sioris et al. 2004; Beirle et al. 2010). The latter instrument is
unique in that it takes two measurements of the same air mass within several
minutes — first a limb scan providing the stratospheric profile and 7 min later a
nadir measurement of the total column density. These data provide optimum
coincidence in space and time and, in principle, can be used not only for O; but
also BrO and NO,. A complication of the limb-nadir measurements is the reduced
sensitivity of limb observations to the lower stratosphere, in particular in mid and
high latitudes which results in larger uncertainties of the stratospheric column
densities.

2.4.2 Residual Methods

Another approach often used to estimate the stratospheric contribution to the
measurements is based on assumptions on the spatial distribution of the strato-
spheric species. Stratospheric O; in the tropics, for example, can be assumed to vary
mainly with latitude and much less with longitude. Assuming that the tropospheric
ozone burden in a clean region, e.g. over the Pacific, is small, then one can compute
the tropospheric excess column density as a function of latitude for all longitudes
relative to the “clean air sector”. For Os, this is only applicable in the tropics and
has to be refined further by accounting for stratospheric wave patterns (Hudson and
Thompson 1998). For NO,, the method can even be extended to mid-latitudes with
good results, at least for instruments in sun-synchronous orbits where the diurnal
photochemistry does not come into play (Richter and Burrows 2002; Martin et al.
2002). Because of the short lifetime of NO,, the assumption of low tropospheric
column densities over the Pacific is usually fulfilled but some errors are introduced
from dynamical variations in NO,, in particular those linked to the polar vortex.

An extension of the residual method for NO, has been developed for the GOME
and OMI instruments, where a 2-dimensional smooth field is fitted through the
global total column density measurements after masking out regions with known
tropospheric sources (Leue et al. 2001; Bucsela et al. 2006). With this approach,
dynamical features are also compensated for, but some large scale tropospheric
signals could be potentially removed.

2.4.3 Model Method

As global 3D-CTMs simulate stratospheric fields of many absorbers with good
accuracy, one can also use model results to remove the stratospheric component of
the signal. To compensate biases in both model and measurements, the model



104 A. Richter and T. Wagner

results are usually scaled to the measurements over the reference region (Richter
et al. 2005) or assimilation techniques are applied (Boersma et al. 2007). For
example, the satellite-derived total column densities can be assimilated directly
applying specific weighting to reduce the impact of tropospheric contamination
(Boersma et al. 2007). These methods further improve the accuracy of the strato-
spheric correction in particular in the vicinity of the polar vortex. However, as one
cannot separate model measurement offsets resulting from inaccuracies in model or
measurement, and those resulting from true tropospheric signals, this approach also
runs the risk of removing large scale tropospheric signals in the assimilation
process.

2.4.4 Cloud Slicing method

In regions where clouds have varying cloud top altitudes sometimes reaching the
tropopause, a method called cloud slicing can be used to separate troposphere and
stratosphere and in addition to derive vertical profiles within the troposphere
(Ziemke et al. 1998; 2001). The method relies on the shielding effect of optically
thick clouds (see Section 2.3.2) and assumes that the trace gas is distributed
homogeneously, either within a scene with different cloud top heights or over
time if measurements from different days are combined. This approach has been
used for O3 data mainly limited to the tropics. Radiative transfer effects within the
clouds can have an impact on the results, as well as changes in absorber concentra-
tion by vertical redistribution in updrafts, changes in photolysis frequencies, wet
scavenging or lightning production introducing uncertainty in the retrieved tropo-
spheric column densities. A method based on a similar idea compares measure-
ments over high mountains with those from low altitude areas in the vicinity (Jiang
and Yung 1996).

2.4.5 Other Possible Approaches

Ideally, the stratospheric and tropospheric contributions should be separated solely
by using information from the individual measurements. For O; in the stratosphere,
combination of measurements at different wavelengths provides information on
the vertical distribution as the penetration depth of photons into the atmosphere
decreases with increasing O3 absorption towards shorter wavelengths. In principle,
use of the Chappuis bands for a total column density with good weighting of the
tropospheric contribution in combination with a UV retrieval should provide some
information on the tropospheric part (Chance et al. 1997). However, this has not so
far been realised, mainly because of interference of chlorophyll and surface absorp-
tions in the Chappuis window (see Section 2.5.3). Using UV measurements only, a
separation of troposphere and stratosphere has been achieved for O3 (Hoogen et al.
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1999; Liu et al. 2005) and even more vertical information could be retrieved for
strong volcanic SO, signals (Yang et al. 2009).

A similar approach can be applied to NO, using the variation of vertical
sensitivity from 360 to 500 nm which is mainly determined by Rayleigh scattering
and surface albedo changes. While this approach has been demonstrated in princi-
ple (Richter and Burrows 2000) it has relatively large uncertainties from surface
albedo and aerosol and cloud effects. Another source of information on the vertical
distribution could be polarisation (Hasekamp and Landgraf 2002) but this needs
polarised measurements with high spectral resolution which are not available so far.
Potentially, the temperature dependence of absorption cross-sections can also be
used to derive vertical information by taking advantage of the temperature contrast
between troposphere and stratosphere. The temperature dependence of the absorp-
tion is already used in stratospheric O3 profile retrieval but the resulting signal is
small for the troposphere and has not yet been used.

A completely different approach relies on the use of neural networks which are
trained on large sets of satellite data in combination with independent measure-
ments. Besides their high efficiency in processing large amounts of data, the main
advantages of neural networks are that they can be applied even in cases with
insufficient knowledge or too high complexity of the measurement process or
instrument performance. However, it should be noted that neural networks usually
fail if the measurement conditions (or instrument performance) are outside the
range which was used for the training (e.g. due to instrument degradation). For Os,
good consistency of the tropospheric column densities extracted with this method
has been demonstrated (Miller et al. 2003).

2.5 Uncertainties in UV/vis/NIR Satellite Measurements

There are several sources of error which need to be taken into account when
interpreting satellite measurements of tropospheric composition. Some of the errors
are random and can be reduced by averaging, while others are systematic and more
difficult to quantify.

The fundamental uncertainty of any remote sensing measurement is linked to the
signal strength or the number of photons collected in a single measurement and the
associated probability distribution. For the ideal situation where there is no instru-
ment noise, the photon shot noise is the ultimate limit for the noise of the radiance
signal. The ratio of this noise to the signal determines the minimum observable
optical thickness and thus the minimum detectable SCD. For real data, retrievals
have to deal with additional error sources, including instrument noise, uncertainties
in spectroscopic parameters, imperfect knowledge of the atmospheric light path and
errors in the a priori assumptions used. Many of the uncertainties have been
discussed in the literature (for NO, in (Boersma et al. 2004; Martin et al. 2002;
van Noije et al. 2006) and references therein). The most relevant are summarised in
Table 2.3 and will be briefly discussed below.
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Table 2.3 Error sources in some quantities in UV/vis retrievals of tropospheric species

Radiance Slant column Tropospheric slant Tropospheric vertical
density column density column density
Photon shot noise Cross-sections Stratospheric Surface albedo
correction

Detector noise Temperature Cloud height and
dependence fraction

Stray-light Spectral Vertical absorber
interference distribution

Instrument throughput Aecrosol loading

Polarisation sensitivity

2.5.1 Instrument Noise and Stray Light

The noise of the measured radiance for real instruments comprises the photon shot
noise, the noise from the detector dark signal and the readout noise. For measure-
ments over bright scenes, e.g. clouds, ice, or desert, the signal detected by a nadir
looking instrument like GOME or SCIAMACHY is usually large and the total
noise is dominated by photon shot noise for cooled detectors. However, over dark
surfaces, or at short integration times (good spatial resolution), the instrument
noise can become a significant contribution to the total noise. This is particularly
true in the NIR part of the spectrum, where molecular scattering is less efficient
and very low signals are measured, for example, over the ocean. In addition,
detectors still suffer from much larger dark signals than in the UV/vis. For most
instruments, measurement noise is strongly enhanced in the region of the South-
ern Atlantic Anomaly where an anomaly in the Earth’s magnetic field leads to
increased influx of radiation and particles on the instrument detectors and their
electronics.

At very short integration times, the sequential readout of the detectors can no
longer be neglected causing the spatial footprint of the measurements to vary with
wavelength. Over strongly inhomogeneous scenes, e.g. broken clouds, this can lead
to aliasing noise in the spectra as changes in intensity related to spatial patterns are
misinterpreted as changes in intensity with wavelength. Future instruments could
remove this source of error by using improved readout electronics.

In particular for the UV part of the spectrum, stray light generated within the
instrument is a potential problem because the light intensity reaching the instrument
is many orders of magnitude higher at longer wavelengths than in the UV. Even a
small fraction of visible photons scattered to the UV part of the detector can be
significant at the low signals found there, leading to distortion of the spectra and
underestimation of absorption. Similarly, fluctuations in the dark signal of the
detector or the electronic offset added prior to readout can be relevant at low signals
if not accounted for. For this reason all instruments measuring in the UV attempt to
minimize the stray-light within the instrument.
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Photon noise, instrument noise and aliasing noise are statistical error sources
which are reduced by averaging of measurements in space or time and therefore
affect the precision but not the accuracy of the measurements. Instrumental stray-
light in contrast is a systematic error, which reduces the absorption signals and
cannot be offset by averaging.

2.5.2 Spectroscopic Uncertainties and Instrument Slit Width

The retrieval of the amounts and distributions of atmospheric trace gases in the UV/
visible spectral range is based on molecular absorption spectroscopy. The uncer-
tainty on the absorption cross-section of the trace gas of interest therefore directly
translates to an uncertainty of the tropospheric amounts retrieved for the species:
this is usually in the range of several percent. In addition to the knowledge of the
absolute trace-gas cross section, any uncertainty in the knowledge of the detailed
wavelength dependence of the absorption cross-section is relevant for DOAS or
equivalent retrieval algorithms. As typical satellite instruments observing in the UV
do not resolve the full spectral details caused by atomic and molecular absorption
within the sun and the Earth’s atmosphere, the slit function of the instrument must
be well characterised as the reference spectra must be convolved to the instrument
resolution. Any inaccuracy in this convolution results in additional error sources.
Similarly for measurements by instruments at discrete wavelengths, the exact band
pass of each measurement point and its stability over time are key aspects.

Many of the absorption cross-sections exhibit a temperature dependence which
has to be characterised in the laboratory. However, even if the temperature depen-
dence of the cross-section is perfectly known, the atmospheric temperature of the
absorbing species is often not known to sufficiently high accuracy, introducing a
further potential source of systematic error.

Spectroscopic errors are non-random relative errors and cannot be reduced by
averaging. They are best assessed by validation of retrieval results with independent
measurements.

2.5.3 Spectral Interference

Arguably the most complex source of uncertainties for the DOAS and related
retrieval techniques arises from spectral interference. This is where spectral struc-
tures are erroneously attributed to absorption of one absorber although they origi-
nate with another absorber, with the instrumental features or with the wavelength
dependence of surface reflectance. Ideally in a given spectral window the spectra of
the absorbing and scattering features are all orthogonal to one another and have no
correlation. However, as result of the spectral correlation between the signatures of
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different effects, spectral interference occurs. This is observed even for synthetic
data with perfect spectra, but is obviously a larger source of uncertainty in real
measurements. This increased sensitivity to correlation is the result of errors in the
absorption cross-sections used, the slit function and the limited spectral resolution.

In most spectral windows used for retrieval, more than one species contribute
to the observed absorption signal and, for weak absorbers, the interfering signals
are often more than an order of magnitude larger than the quantity of interest. In
addition to other atmospheric absorbers, inelastic scattering in the atmosphere
(Ring effect), surface spectral reflectance, and wavelength dependent instrument
transmission changes can also interfere with the retrieval of absorption signals. The
usual approach, taken to minimise the false identification of molecular absorption,
is to select spectral regions where the correlation between the absorption cross-
section of the target molecule and that of other molecules is a minimum and the
absorptions of the interfering species are small. The remaining impact is then
accounted for by including the absorbers in the least squares fit. The same approach
is taken for instrumental effects, which are not fully compensated through calibra-
tion by introducing appropriate pseudo absorbers in the retrieval.

For instruments observing light at discrete wavelengths, the problem of spectral
interference is more severe as usually insufficient information is retrieved from the
measurements to separate the effect of different absorbers.

The effect of spectral interference on the retrieved tropospheric products must be
quantified for each spectral window selected and the particular instrument, having
its unique instrumental characteristics. The best way to assess the impact of spectral
interferences is to perform sensitivity studies by varying the analysis properties
such as the wavelength range. In most cases, the errors are systematic and cannot be
fully removed by averaging.

2.5.4 Light Path Uncertainties

Besides errors associated with the spectroscopic part of the retrieval, the imperfect
knowledge of the light path through the atmosphere also introduces uncertainties in
the determination of total VCDs, tropospheric VCDs or vertical profiles of trace
gases. Radiative transfer models, when provided with accurate input for the atmo-
spheric and surface conditions, can simulate the radiation field and the AMF with
high accuracy. However, some of the important input parameters are usually not
known perfectly (see Section 2.3.3). This can lead to large uncertainties in individ-
ual measurements.

As the measurements of UV/vis radiance beyond ~320 nm contain little or no
information on the vertical distribution of the absorbers, this information has to be
taken from other measurements, climatologies or atmospheric models. In combina-
tion with the altitude dependence of the measurement sensitivity, this is an intrinsic
uncertainty for the determination of VCDs and tropospheric VCDs. All the para-
meters influencing the altitude dependence of the sensitivity have to be accounted
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for in the radiative transfer model, including surface spectral reflectance, aerosol
load and distribution and clouds. All of these parameters vary in space and time, for
example as vegetation changes, ice melts or sand storms develop and terminate.

The presence of clouds has a particularly important potential to reduce the
sensitivity of space-borne UV/vis measurements to absorptions in the boundary
layer to very low values by their shielding properties. As they are bright compared
to the surface, even relatively small cloud fractions within a ground scene can
have a significant impact on the measurements. This is because the absorption is
weighted by the photon flux from the different parts of the scene.

Current approaches to account for cloud effects rely mostly on the retrieval of
cloud properties from the measurements themselves by analysing the signals of
absorbers with well known vertical distributions such as O, (Kuze and Chance
1994; Koelemeijer et al. 2001; Rozanov and Kokhanovsky 2004) or O4 (Acarreta
et al. 2004) or by using the inelastic scattering signature (Joiner and Bhartia 1995).
Measurements which have more than a certain amount of cloud are rejected and the
others are corrected using the assumed vertical distribution of the absorber and
modelled light path distribution.

The large area observed by current space-borne instruments in each individual
measurement adds to the uncertainties in light path. Usually, a ground scene
covered by one measurement is not homogeneous but varies in surface altitude,
aerosol loading, surface albedo, absorber profile and concentration and, in particu-
lar, cloud cover. As a result, the a priori assumptions made cannot be correct for all
parts of the scene and the retrieval results are a weighted average of the true
absorber column density.

As the uncertainties in the light path are mainly the result of insufficient know-
ledge of the input parameters, they have both a systematic and a random component.
Systematic errors are introduced for example by the use of the wrong vertical profile
over an industrial area where emissions in the model are not up to date or if the albedo
data base is incorrect. Random errors result from statistical variations in aerosol
loading or cloud distributions. Consequently, averaging will reduce the effect of light
path uncertainties but systematic errors will remain. It must also be realised that the
use of a priori information from atmospheric models introduces a dependency of the
retrieved data products on the model assumptions which is often undesirable.

2.5.5 Uncertainty of Separation Between Stratosphere
and Troposphere

As discussed in Section 2.4, the separation of the tropospheric and stratospheric
contributions to the atmospheric VCD utilizes external information or assumptions,
which therefore introduce their associated uncertainty into the results. For example,
how well the residual methods work depends on how homogeneous the strato-
spheric field is as a function of longitude. Overall in the stratosphere constituents
are relatively homogeneously distributed in the tropics as a result of the stable
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tropopause and strong winds, disturbed in mid-latitudes from tropospheric frontal
systems, and strongly inhomogeneous in high latitudes in spring in the presence of
the polar vortex. Systematic errors in the tropospheric VCDs are reduced by using
model results or data assimilation to simulate the longitudinal dependence of the
stratospheric column density but a residual source of uncertainty remains. Data
smoothing and assimilation techniques run the risk of including large scale tropo-
spheric pollution in the stratospheric field and so underestimate the tropospheric
column densities for these situations. In general, it is difficult, if not impossible, to
separate signals from the lower stratosphere and upper troposphere as one needs
very good vertical resolution and accurate knowledge of the tropopause to do so.
This is of significance for the retrieval of O3 and BrO which have relatively large
concentrations in the lower stratosphere.

Errors introduced from incomplete separation of stratospheric and tropospheric
signals are systematic where they are linked to large scale dynamical structures but
more random where they are linked to high and low pressure systems. The resulting
errors are mainly additive and impact most strongly on retrievals for the remote
unpolluted tropospheric conditions, and are less significant for regions with large
tropospheric column densities.

2.6 Synopsis of the Historic, and Existing, Instruments
and Data Products

In this section, a brief review of the most significant past and present generations of
satellite instruments for tropospheric observations in the UV/vis/NIR is given. The
objective of the first generation of satellite instruments for atmospheric sounding
was the retrieval of stratospheric constituents and thus only a few representative
missions are included here. Data from some of these instruments were, however,
used in combination with information from other instruments to extract the tropo-
spheric VCDs from total VCD observations. An overview of the satellite instru-
ments is given in Appendix A; for a more detailed discussion see Burrows (1999).

During the last 30 years, the satellite-borne instrumentation has evolved with
improvements of basic components: for example the collection/entrance optics, the
dispersive element and the detector. Early instruments either had a static field of view
(SBUV) or used a scanning mirror (TOMS) which moved orthogonally to the flight
direction (the “whiskbroom” configuration). The light was dispersed by a prism and/
or a diffractive grating and detected in distinct wavelength intervals by photo multi-
plier tubes or photodiode detectors (the slit position being moved to measure at
different wavelengths). GOME, SCIAMACHY and GOME-2 all use a similar
arrangement of the components on the optical bench with the dispersive element
comprising a more complex configuration including a pre-dispersing prism building
an intermediate spectrum within the instrument and splitting the wavelength range
first into distinct parts. The spectral sub-windows are individually dispersed by
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diffractive gratings coupled with focusing optics forming an image on one-dimen-
sional photodiode arrays (Burrows et al. 1995; Burrows et al. 1999). For the SCIA-
MACHY instrument, photodiode arrays for the near-IR spectral range between 1.0 and
2.4 pm were developed and used in space for the first time. A different instrumental
design was used for the OMI instrument: instead of employing a scanning mirror to
cover a swath perpendicular to the flight direction, a two-dimensional CCD detector is
used (Levelt and Noordhoek 2002). One dimension of the detector covers the spectral
information, while the other dimension covers the viewing direction perpendicular to
the flight direction. This so called “pushbroom” configuration yields two-dimensional
horizontal information without the necessity of having moving parts, but results in
non-homogenous ground pixel sizes, which depend on the viewing angle.

2.7 Example of the Retrieval Process

In the following section, the retrieval process from UV/visible/NIR nadir measure-
ments is illustrated with an example of tropospheric NO, derived from GOME-2
measurements made in March 2008. While details of the analysis vary for other
trace gases, the overall approach is similar.

The tropospheric trace gas analysis for an individual satellite ground pixel starts
with the measured intensities from the nadir observation and the direct sun mea-
surement (Fig. 2.14a). First, the logarithm of the ratio is taken to determine the
optical thickness (Fig. 2.14b) which is then converted into a differential optical
thickness by subtraction of a suitable polynomial (Fig. 2.14b—c). In the next step, all
known absorbers as well as a correction for the Ring effect are fitted to the optical
depth to determine the slant column density of NO, (Fig. 2.14d—g). The remaining
unexplained part of the signal, the residual, (Fig. 2.14h) is a measure of the quality
of the fit. When this process is repeated for all measurements for a day or a month, a
global map of NO, slant column densities is created (Fig. 2.15a). The slant column
densities comprise the absorptions of stratospheric and tropospheric NO,, and the
effects of different light paths at different solar position and viewing geometry are
not yet corrected. The slant column density over the Pacific region is assumed to
represent the stratospheric column density and is subtracted at all longitudes from
the total SCD (see box in Fig. 2.15a) yielding the tropospheric slant column density
(Fig. 2.15b). As discussed in the previous sections, this is the simplest approach to
stratospheric correction and more sophisticated methods can be used to reduce
uncertainties. In this step, simultaneously a cloud filter of 0.2 (i.e. maximum cloud
coverage of 20%) has been applied to remove those pixels which are strongly
influenced by clouds. In the last step of the analysis, the height dependence of the
measurement sensitivity needs to be accounted for by applying appropriate tropo-
spheric AMF. As these depend on factors such as surface albedo, NO, profile and
aerosol load, they are a function of time and location (see Fig. 2.15¢). The final
results of the analysis are the vertical tropospheric NO, column densities which are
shown in Fig. 2.15d.
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Fig. 2.14 Example of the spectral retrieval of NO, from a GOME-2 spectrum. See text for details.

In Fig. 2.15d, a number of interesting features can be discerned. High NO,
column densities are observed over the industrialised parts of the world, in particu-
lar over China where rapid economic development has led to a strong recent
increase in NO, emissions. Enhanced tropospheric NO, is also observed over
regions of intense biomass burning in Africa and parts of South America.
The effect of lightning produced NOy is not directly discernable but contributes
to the high values in Africa. Another striking example of anthropogenic emissions
is the thin line of NO, visible east of the tip of India, which is the result of ship
emissions. There also are some regions with very low or even negative NO, column
densities indicating that the assumptions made in the reference sector method for
stratospheric correction are not adequate. For these regions more sophisticated
analyses are necessary. A more detailed discussion of measurement results of
tropospheric composition from space can be found in Chapter 8.
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Fig. 2.15 Example of the NO, data analysis steps from the initial slant column density to the
tropospheric vertical column density. The initial quantities are slant column densities (a) which are
converted to tropospheric slant column densities (b) by subtracting the values over the reference
sector (blue box in a). Application of the tropospheric AMF (c) yields the tropospheric vertical
column densities (d). See text for details.

2.8 Future Developments

Although today’s UV/vis/NIR satellite instruments already provide a wealth of
useful data for atmospheric chemistry, numerical weather prediction and climate
applications, it is interesting to consider, which components of the measurement
and analysis system require further development to meet the growing needs of the
scientific and operational communities. These are achieved by technical innovation
with respect to optical design of the satellite instruments, innovative approaches for
the retrieval algorithms and the data analysis and by the synergistic combination of
data from complementary sensors.

2.8.1 Technical Design

In general it would be desirable to increase further the spatial and temporal
resolution as well as the coverage of the measurements. For polar orbiting satellites,
however, these properties are eventually limited by the available flux of reflected
and backscattered solar photons. To achieve a sufficient signal to noise ratio, a
compromise between global coverage and spatial resolution has to be made.
Current UV/vis instruments like OMI and GOME-2 are close to the achievable
limits: combining (almost) daily global coverage with spatial resolution (ground
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pixel size) of the order of several hundred square kilometres. Some improvements
can still be expected if larger detector areas and/or reduced spectral resolution are
used, which would improve the signal to noise ratio. In contrast to the detectors
used in the UV and visible spectral range, the quantum efficiency in the near IR
might still be substantially improved, leading to improved signals facilitating
higher spatial resolution (Fig. 2.16).

= GOME-2 backward scan: 320 x 40 km* GOME-2 forward scan: 80 x 40 km? OMI: 20 x 24 km? VE NO;

Imalec cm?]

6010
5.0 10"
4010
3.0 10"
2010
1010
0.0 1%

Fig. 2.16 Example of the effect of improved spatial resolution on the observed tropospheric NO,
field over Europe. From left to right, spatial resolution is 320 x 40 km? (GOME-2 data, only back-
scan is used), 80 x 40 km? (GOME-2 data, only forward scans are used), and 20 x 40 km? (OMI
data, only inner part of scan is used). With improving spatial resolution, more and more local hot-
spots can be identified while background values are slightly reduced. Note that OMI measurements
are taken around noon while GOME-2 data are at 9:30 LT which introduces additional differences
in the data, which do not result from spatial resolution.

In addition to polar orbiting satellites, it would be very desirable to operate
geostationary satellites. These will allow much improved temporal resolution
capturing, for example, the whole diurnal cycle (as long as daylight is available).
Improvements in the spatial resolution using larger detectors and longer integration
times than for low earth orbit instruments would be important for air quality
applications, as well as improving the number of cloud free scenes. However, it
should be realised that such satellites could only observe part of the globe and again
a compromise between the spatial and temporal resolution and the spatial coverage
has to be made.

Additional technical modifications might include the construction of instruments
with well defined polarisation sensitivities. Such observations could yield improved
information on the atmospheric radiative transfer and potentially add tropospheric
profile information for O; (Hasekamp and Landgraf 2002). Also, the same ground
scene could be observed under a variety of viewing angles. Such observations
would allow an improved discrimination of aerosol scattering and surface reflection
(Delderfield et al. 1986). In addition, for specific cases (with strong gradients and
strong signals) tomographic inversion techniques could be applied. Such techniques
have already been used for aerosol retrievals (Diner et al. 1998) but could be
extended to trace gas observations. Finally, since the effect of aerosol scattering
varies with viewing angle, additional profile information for trace gases might be
extracted from the combined analysis of multiple-viewing observations.

Besides passive satellite instruments, active instruments might also be con-
structed. The extension of a lidar instrument (like CALIOP on CALIPSO) to
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multi-wavelength observations (DIAL) might allow tropospheric trace gas observa-
tions with unprecedented vertical resolution albeit with reduced spatial coverage.

2.8.2 Data Analysis

Improvements of the data analysis might be achieved both for the spectral retrieval
and the radiative transfer simulations. For the spectral retrieval, the available
absorption cross-sections are still not of sufficient quality in many cases. Further
laboratory measurements would lead to improved fitting results. Also the treatment
of the effects of spectral surface reflectance and of Raman scattering (in the
atmosphere and in the ocean) in the spectral fitting process still has limitations
and should be improved.

For the radiative transfer simulations, improvements can be expected in the
treatment of Raman scattering and polarisation. Improved input data should be
sought, especially for the treatment of surface effects (albedo, topography, bi-
directional reflection function) and information on aerosol and cloud properties.
Also, the consideration of three dimensional gradients of trace gas concentrations,
as well as better cloud and aerosol properties, will improve the interpretation of the
satellite observations.

Finally, new methods could be used for the comparison between satellite
observations and model results. Usually the retrieved trace gas results (or aerosol
and cloud properties) are compared to corresponding data from atmospheric model
simulations. Instead, the observational quantities (e.g. the spectral radiance or trace
gas optical depths measured from satellite) could be calculated directly from the
atmospheric model and then compared to the satellite observation. Such methods
are especially interesting for data assimilation techniques.

2.8.3 Synergistic Use of Complementary Satellite Observations

From the combined use of information from different observations, many tropo-
spheric data products could be improved substantially. Several combinations are
possible: information from different wavelength ranges could yield improved
information on the vertical profile. From the combination of observations at differ-
ent overpass times, information on the diurnal cycle can be obtained as has been
already demonstrated for OMI and SCTAMACHY (Boersma et al. 2008). Synergis-
tic use of simultaneous measurements, for example with aerosols and NO, from the
same platform, could improve the accuracy of the retrieved column densities.
Another possible direction is the combination of instruments with high spatial
resolution and low spectral resolution, with instruments optimised for trace gas
observations. Such synergistic use would combine the benefits of both instruments.
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