










(a) Ap4a VRS slant column (b) Ap4b Approach-4-spectrum slant column

(c) Ap4a Offset slant column (d) Ap4b Offset slant column

(e) Ap4a Chisquare (f) ChisquareAp4a - ChisquareAp4b

Figure 7.38.: Verification of approach 4 in OMI satellite data (August 2007 average).
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Table 7.7: Parameters for the SCIA-
MACHY IO standard fit (Schönhardt
et al., 2012) and the performed test fit
using the retrieved residual water spec-
trum.

Parameter standard fit test fit

Range 416–430 nm 416–430 nm

Polynomial 2nd order 2nd order

Reference solar spectrum solar spectrum
(normally Earthshine)

Residual water no yes
spectrum

Straylight Offset and Slope Offset

Other O3, NO2, IO, O3, NO2, IO,
Ring (RRS) Ring (RRS)

This corresponds to a maximum improvement of ≈10% and is therefore comparable with the result
of approach 3. However, apart from this maximum value over the southern Pacific, the improve-
ment of approach 3 is on average larger (compare Figs. 7.38(f) and 7.36(d)). Another limitation is
that the offset straylight correction is used to compensate for both, small-band VRS structures as
well as straylight (its original purpose). As VRS and straylight do not behave linearly, this might
introduce new errors. Thus, despite of the success of approach 4, the approach 3 appears to be the
preferred alternative.

7.7.4. Application in the satellite IO window

The previous sections demonstrate the general potential of the different retrieved experimental
spectra to improve DOAS fits over water surfaces. However, these tests were performed in a large
fitting window (encompassing the IO, NO2 and CHOCHO DOAS fit ranges in the visible) in which
the liquid water absorption’s broad structures (as well as broad structures of VRS) are present.
In contrast, the IUP-Bremen SCIAMACHY satellite IO fit window is quite small. It ranges from
416-430 nm and neither VRS nor liquid water absorption is included (Schönhardt et al., 2012)
because the applied 2nd order polynomial is considered to compensate for any broad-band struc-
tures (e.g., due to liquid water) in this small window and an applied offset and first order (slope)
straylight correction is considered to account for narrow-band VRS structures.
Nevertheless, all retrieved spectra of the previous approaches were tested in the satellite IO window
but unfortunately did not lead to immediate improvements, i.e. the chisquare (resp. RMS) did
not decrease and the negative IO values over the ocean (compare to Fig. 1.1) persist. The reason
is that the retrieved spectra were designed for very different fit parameters, e.g. they correct for
VRS and liquid water absorption cross-sections that are not included in the IO fit.
However, the obtained results and conclusions of the previous sections motivated a further attempt:
Using the TransBrom water measurements, the retrieval of a residual spectrum caused by water-
related effects was repeated, but this time the exact settings of the satellite IO fit were applied
(apart from any trace gases because they are assumed to be absent in the TransBrom measurements
if using sea spray measurements as reference). The retrieval fit was performed from 416–430 nm
and a 2nd order DOAS polynomial was used. In addition, only the offset straylight correction was
applied. This is slightly different from the settings in the SCIAMACHY IO standard fit that also
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Figure 7.39: Average residual water
spectrum from MAX-DOAS measure-
ments (retrieved using the settings of
the IO standard fit) fitted in SCIA-
MACHY data (here: Over the south-
ern Pacific, 120◦ E, 27◦ S).

uses a first order (slope) straylight correction. However, this was tested in the ground-based water
viewing measurements and the slope was not reliably found. The residuals showing systematic
structures were then averaged and the resulting spectrum is considered to be a correction spectrum
describing liquid water effects (absorption, VRS and possible further unknown effects) in the IO
fit window that are not compensated by the applied 2nd order DOAS polynomial and the offset
straylight correction.
In the next step, the retrieved residual water spectrum was included in the standard SCIAMACHY
IO fit for test purpose (Tab. 7.7). In addition, the slope straylight correction was excluded be-
cause it was not used in the retrieval fit. This also keeps the number of applied cross-sections
constant which is important as the fit window is small (and therefore contains only a small number
of independent pieces of information). Also, the IO standard fit is normally performed using an
Earthshine spectrum over the southeast Pacific as reference spectrum, i.e. a reference spectrum
containing water structures. For this test, a solar spectrum was used as reference instead, because
the influence of the retrieved residual water spectrum is to be investigated. The fit settings are
summarized in Tab. 7.7.
Figure 7.39 shows the retrieved residual water spectrum which is successfully found here in SCIA-
MACHY data over the southern Pacific. In general, the retrieved spectrum consists only of a rather
smooth change with wavelength, i.e. it is a relatively broad-band structure. Of course, this has
also to do with the very small fit window encompassing only a few nanometers.
On a global scale, the fitted slant columns of the residual water spectrum are plotted in Fig. 7.40(a)
(this is a 10 days average without cloud screening). In the previous sections, if the different residual
spectra were used again in (ground-based as well as satellite) DOAS fits, they were found reliably
always with negative slant columns (for example, see the approach-3 fit and the corresponding error
in Figs. 7.36(a) and 7.36(b)). This is simply because they are interpreted as absorptions by the
fitting routine (see footnote 34 in Sect. 7.7.1). Obviously, in Fig. 7.40(a) only the slant columns
over very clear water surfaces are negative and the observed pattern is similar to the well-known
pattern of VRS or liquid water absorption (in addition, an ice-edge artifact is observed close to the
Antarctic). For better visualisation, all positive slant columns are plotted in grey in Fig. 7.40(a).
However, in practice, all grey pixels hold positive slant columns of the residual water spectrum,
which are by magnitude in the same range or even larger than the negative slant columns over clear
water surfaces. The reason is most likely the weakly structured shape of the residual water spec-
trum in the small IO fitting window. The criterion for the DOAS fit is to minimize the chisquare
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(a) SC of the retrieved water spectrum (b) SC IO(test fit) - SC IO(standard fit)

Figure 7.40.: Verification of the residual water spectrum from MAX-DOAS measurements (re-
trieved using the settings of the IO standard fit) in SCIAMACHY data (01.10.2007-10.10.2007).

(resp. RMS), i.e. all included cross-sections are scaled with certain factors (slant columns) so
that the overall residual is minimized. Because the residual water spectrum is rather smooth it
may for example (in combination with the DOAS polynomial or another broad-band cross-section)
compensate for smooth spectral surface structures. This is supported by the observation that the
residual water spectrum improves the chisquare of the satellite IO fit predominantly not over water
surfaces, but over continents or regions of unclear water, respectively. To conclude, the problem
arising from the smooth shape of the residual water structure is that it is only found correctly in
regions of specifically strong liquid water structures and - even more important - easily misfitted
in other regions without clear water surfaces.
The effect of including the residual water spectrum on the fitted IO slant columns is shown in
Fig. 7.40(b) where the difference between the IO slant columns of the test fit including the residual
water spectrum and the IO slant columns of the standard fit are plotted. Consequently, positive
numbers indicate larger IO slant columns in the fit including the residual water spectrum (and
vice versa). Obviously, in the regions of strong liquid water structures where the residual water
spectrum is found correctly, the fit using this spectrum instead of the slope yields larger IO values
than the standard fit. Therefore, using the residual water structure reduces the problem of negative
IO slant columns over the ocean (compare to Fig. 1.1). However, it has to be admitted that the
increase is in the range of 1 − 2 · 1012 molec/cm2 and does therefore not entirely compensate the
negative values over the ocean (less than −3 · 1012 molec/cm2) in the standard fit (Fig. 1.1).
The limiting factor for using the test fit is that it does not only increase the IO in regions where the
residual water spectrum is correctly found, but it also decreases the IO in regions where it is found
incorrectly (blue values in Fig. 7.40(b)), which demonstrates the interference between IO and the
retrieved structure.
The above observations support the assumption that the observed negative IO over the ocean is
caused by liquid water effects. As a result, using the residual water spectrum leads to more realistic
IO values in regions of strong liquid water structures but at the same time to possibly incorrect IO
values elsewhere.
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Therefore, at the moment the standard IO fit is recommended and the test fit including the residual
water spectrum should be only used if one is interested in IO over regions of very strong liquid
water influences (e.g. parts of the southeast Pacific). Nevertheless, if the standard IO fit may
improve in the future using a larger fit window, the retrieval of a water-related residual spectrum
could be repeated with the new parameters and possibly - as being more structured - this residual
water spectrum is then found more reliable over water surfaces only (and increasing the IO there)
and not found over other regions (i.e. not changing the IO there).

7.8. Summary

This chapter comprises the analysis of MAX-DOAS measurements during TransBrom in order to
study spectral effects of liquid water and to improve the consideration of these effects in (satellite-
borne) DOAS measurements over water surfaces.

For the inelastic VRS and Brillouin scattering in liquid water a sensitivity study was performed:
VRS optical densities were simulated using the radiative transfer model SCIATRAN for different
geometries and scenarios, e.g. chlorophyll content etc. (V. Rozanov, personal communication,
2012) and the introduced error in terms of optical depth when using a wrong VRS spectrum in a
DOAS analysis was estimated. The introduced error is only larger than residual optical depths of
5 · 10−4 (high-quality DOAS fits) if both, the geometry as well as the scenario (AOT, pollution,
chlorophyll etc.) do not match the real conditions. However, this sensitivity study was performed
for MAX-DOAS measurements pointing directly towards the water surface yielding light paths of
≈ 50 m under water. As a) the VRS optical density and therefore the introduced error scales with
the light path under water and b) MAX-DOAS measurements are normally performed in angles
above the horizon (where the contribution of water leaving radiance is smaller) and maximum
values for the underwater light path in satellite measurements is in the order of only 10 m (e.g.,
Fig. 7.33(c)), consequently, using a VRS cross-section that was calculated for parameters that do
not match entirely the real conditions will not introduce residual structures above the limit of
high-quality DOAS fits.
In addition to the VRS sensitivity study, the filling-in of narrow Fraunhofer lines due to inelastic
Brillouin scattering was evaluated and it was found that measurements which are performed with
the typical resolution of current DOAS instruments are not disturbed by them.

Four different approaches were made aiming at the retrieval of empirical spectra of liquid wa-
ter absorption and VRS, or correction spectra for currently available literature cross-sections of
these effects:

• Approach 1: The simultaneous retrieval of an empirical VRS and liquid water absorption
spectrum from DOAS fit residuals using a Principal Component Analysis was not successful
because the PCA was not able to separate the two effects. The reason is, that VRS and
liquid water absorption scale linearly and subsequently in the DOAS residuals, they produce
variance in a similar way.

• Approach 2: An empirical (differential) VRS spectrum was obtained when including the liquid
water absorption cross-section (but excluding VRS) in DOAS fits towards the water surface.
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The retrieved VRS spectrum shows strong similarity to the SCIATRAN simulated VRS cross-
section (Fig.7.23). However, some differences predominantly concerning the broad-band VRS
structures are observed, most likely because a) the DOAS fit arranged the polynomial and
the broad-band liquid water cross-section in the retrieval fit in a way to compensate partially
for the VRS broad-band structures (in order to minimize the fit residual) and b) the retrieved
VRS spectrum may compensate for uncertainties of the applied broad-banded liquid water
absorption cross-section. However, when applied in a satellite (OMI) DOAS fit which is
similar to the retrieval fit, the empirical spectrum performs up to 5% better than the simulated
spectrum over water surfaces (Fig. 7.33(d)). Thus, it can be recommended to use an empirical
VRS spectrum if a) it is used together with the liquid water cross-section that was applied
in the retrieval fit (Sect. 7.5.1) and b) it is used in DOAS fits that are similar to the retrieval
fit (same order of polynomial, similar spectral range).

• Approach 3: When including both, a SCIATRAN simulated VRS spectrum as well as the
liquid water absorption cross-section in MAX-DOAS fits towards the water surface, the re-
sulting residuals showed systematic structures and an average residual has been retrieved
(approach-3-spectrum). The structures of the approach-3-spectrum are relatively stable
against changes of the applied VRS spectrum in the retrieval fit and the solar spectrum
used as input for the SCIATRAN VRS calculation (Fig. 7.34). When fitted in OMI satellite
data, the approach-3-spectrum is successfully found over water surfaces (Fig. 7.35(a)) and the
resulting slant columns reproduce the pattern of the liquid water absorption slant columns
very well (Fig. 7.36(a)). Thus, retrieved spectrum is not an instrumental artifact of the
MAX-DOAS instrument. In addition, the chisquare of the satellite DOAS test fit decreased
by 10%–30% over regions of clear water (Fig. 7.36(d)). To conclude, the approach-3-spectrum
can be regarded as a correction spectrum for uncertainties of the cross-section of either liquid
water absorption, VRS or both.

• Approach 4: The offset straylight correction of the DOAS fit effectively compensates for small-
band structures of VRS. Thus, a residual spectrum (approach-4-spectrum) was retrieved from
MAX-DOAS fits during TransBrom that included liquid water absorption and offset straylight
correction, but no VRS cross-section. The resulting approach-4-spectrum is considered to
compensate for broad-band structures from VRS and uncertainties of the applied liquid water
absorption cross-section. In satellite data the approach-4-spectrum is successfully found when
used instead of VRS (Fig. 7.37(a)) and its slant columns reproduce the global pattern of
VRS and liquid water (Fig. 7.38(b)). The same pattern is also introduced in the fitted slant
columns of the offset straylight correction as it accounts for small-band VRS structures in this
fit (Fig. 7.38(d)). When comparing two fits, one with VRS (and offset straylight correction)
and the other with approach-4-spectrum (instead of VRS) and offset straylight correction,
the chisquare of the latter fit decreased by up to 10% over regions of clear water (Fig. 7.38(f)).
This is remarkable because no VRS cross-section is used for this fit demonstrating that the
VRS structures can be compensated very efficiently by a combination of offset straylight
correction (small-band structures) and approach-4-spectrum (broad-band structures).

To conclude, the retrieved empirical spectra in approaches 2, 3 and 4 improve DOAS test fits (large
fitting windows of 410–495 nm) over the ocean, i.e. leading to smaller chisquares: Approach 2:
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5%, Approach 3: 10%–30%, Approach 4: 10%. The retrieved spectra should be used only in
combination with the same cross-sections included in the retrieval fit. In addition, all retrieved
empirical spectra are differential and should be used only for parameters - fitting range and order
of polynomial - similar to the parameters in the retrieval fit. The fact that even these rather simple
field measurements are able to increase the satellite fit quality by ≈10% over clear water surfaces
demonstrates that (most likely) predominantly the liquid water absorption has considerable uncer-
tainties and an accurate laboratory measurement of this cross-section at a finer resolution (0.1 nm
or better) for DOAS applications is strongly recommended.

The SCIAMACHY satellite IO standard fit is substantially different from the large test fitting
windows studied before. Thus, a residual water spectrum (Fig. 7.39) was retrieved specifically for
the IO fit. The shape of the retrieved spectrum turned out to be rather smooth. As a consequence,
it is only found correctly over regions of very strong liquid water structures while it is easily mis-
fitted elsewhere. However, if the residual water spectrum is found correctly in satellite data over
clear water surfaces, the IO increases (Figs. 7.40(a) and 7.40(b)) validating the assumption that
effects of liquid water lead to the observed negative IO slant columns over the ocean (Fig. 1.1).
Unfortunately, over different regions where the residual water spectrum is misfitted, the IO de-
creases. Therefore, the potential improvement of the retrieved residual water spectrum is limited
and using the standard IO fit is recommended unless the focus is explicitly on regions of strongest
liquid water influences (e.g. parts of the tropical southeast Pacific).
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8. Summary and conclusions

This thesis is about measurements of atmospheric trace gases using the ground-based Multi-AXis
Differential Optical Absorption Spectroscopy (MAX-DOAS) technique. In particular, the initial
objectives and main results of this thesis are (see also introduction in chapter 1):

• The improvement of the existing IUP-Bremen MAX-DOAS instrument, predominantly to
avoid an internal mirror (producing artificial optical effects often disturbing the trace gas
retrieval) and to allow pointing in any viewing direction, especially towards the water surface
(measurements of water leaving radiance) which was performed during a ship-borne campaign
(TransBrom). In total, the improved instrument participated at three campaigns and is
installed at several sites within the IUP-Bremen BREDOM network of permanent MAX-
DOAS ground stations.

• The retrieval of tropospheric trace gas (profiles) in the marine boundary layer over the re-
mote ocean. Here, satellite instruments often have problems to detect trace gases because
the concentrations are small and spectral structures from liquid water disturb the measure-
ments. The MAX-DOAS instrument has a higher sensitivity for the lower atmosphere and
subsequently background concentrations in the marine troposphere are estimated with higher
accuracy and used to validate corresponding satellite measurements.

• The investigation of spectral structures from liquid water and their impact on the DOAS
analysis. It was observed that over the remote ocean trace gases are often misfitted and tend
to negative values. Correction spectra for currently available liquid water cross-sections were
retrieved from ground-based measurements during a ship campaign and it was demonstrated
that these correction spectra have the potential to improve space-borne DOAS measurements
over the ocean.

Improvement and installations of the MAX-DOAS instrument
The existing (old) IUP-Bremen MAX-DOAS instrument had the disadvantage of two different
viewing ports (including and excluding a motorised mirror) for zenith and off-axis measurements,
respectively. As a result, offsets were sometimes observed between the two types of observations,
most likely caused by a degradation effect of the mirror.
As part of this thesis, an improved MAX-DOAS telescope unit was designed. The new telescope
is smaller and lighter in weight allowing to mount it on a commercial Pan-Tilt-Head (for security
cameras) that moves the whole telescope unit in the pointing direction. Therefore, it needs only one
viewing port (and no mirror) for both, zenith as well as off-axis measurements. As a result, offsets
between the two observation types are no longer present. Furthermore, the improved instrument
is not only free in pointing in any elevation angle but also in any azimuthal direction. This allows
to use it very easily for TargetDOAS measurements.
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In addition, the new telescope was equipped with an inclinometer for quality-control of the ap-
plied elevation angle and recording of the actual viewing direction when used in ship-borne set-ups.
A video camera (pointing exactly in the viewing direction) was included in the telescope unit for
scene documentation. Using a gravity-driven shutter (pointing straight downwards), dark measure-
ments can be easily performed. Like the old telescope, it is equipped with a HgCd line lamp for
calibration measurements.
The new telescope unit was manufactured by an external workshop, the wiring and electrics are
self-made. In addition, Delphi units for the operation of the new instrument (Pan-Tilt-Head, video
camera, inclinometer) were created and included in the program code of the existing MAX-DOAS
measurement software AMAX-OMA.
In total, four instruments have been built. Three stations within the BREDOM-network have
been updated to the new system and the additional (4th) instrument participated in three field
campaigns in the context of this PhD thesis.

Instrument performance during an intercomparison campaign
The improved MAX-DOAS instrument participated in the Cabauw Intercomparison Campaign
of Nitrogen Dioxide measuring Instruments (CINDI) in Cabauw, Netherlands, in June-July 2009
where it showed excellent performance (Roscoe et al., 2010; Piters et al., 2012; Pinardi et al., 2013).
During the 15 days period of formal semi-blind intercomparison of NO2 and O4 using standardized
DOAS settings, all 22 participating DOAS instruments agreed within 15%, most within 5%. The
IUP-Bremen instrument was selected as one of the reference instruments because of its complete
time coverage of observations (good reliability) and consistent results in comparison to other refer-
ence instruments. For the intercomparison of HCHO slant columns in the UV, differences of <15%
were found between most of the 9 participating instruments and again the IUP-Bremen system was
selected as one of the reference instruments.
Apart from the intercomparison, tropospheric NO2 profiles were retrieved from the IUP-Bremen
MAX-DOAS measurements. For days with very good viewing conditions, it was demonstrated that
the MAX-DOAS measurements are capable to close the gap between satellite measurements aver-
aging over a large area on the one hand and continuous in situ observations at a specific location
on the other hand, i.e. the retrieved vertical column is consistent to the satellite observation while
at the same time the retrieved ground VMR coincides in shape and absolute value with in situ
observations.
Monthly averages of the GOME-2 satellite instrument suggest an NO2 vertical column of 1−1.5·1016

molec/cm2 for the location of the measurement site, which is in general in agreement with MAX-
DOAS observations. On days with good viewing conditions (golden days), the agreement between
satellite values and coinciding MAX-DOAS values is often almost perfect. Nevertheless, occasion-
ally differences of up to ≈50% are observed even on days with good weather and clear viewing
conditions, most likely due to pollution that is within the satellite pixel but not in the MAX-DOAS
instrument’s line of sight.

Trace gas retrieval in the tropical marine troposphere
In October 2009, the instrument participated in the ship-borne field campaign TransBrom across
the remote western Pacific ocean, where background columns and concentrations of HCHO, NO2 as
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well as IO in the marine boundary layer were retrieved and - if possible - compared to corresponding
satellite measurements (Peters et al., 2012; Großmann et al., 2013). In addition, SCIAMACHY
and GOME-2 observations of stratospheric NO2 were validated.
As expected, the satellite columns of stratospheric NO2 are on average slightly lower than MAX-
DOAS a.m. values which is a consequence of the NO2 diurnal cycle. During the day, a linear
increase of 8.7± 0.5 · 1013 molec/cm2/h was estimated at low latitudes. Both, the satellites as well
as the MAX-DOAS measurements reproduce the same characteristic latitude-dependent shape of
stratospheric NO2.
For the remote ocean, an upper limit of the tropospheric NO2 concentration of ≈50 ppt or
1.3 ·1014 molec/cm2 for the vertical column was estimated which is in agreement with the GOME-2
monthly average. Sparse NO2 enhancement events could be assigned to passing of other ships or
crossing of frequently used shipping routes.
Formaldehyde was successfully detected above the detection limit during the whole cruise and
revealed a clear diurnal cycle with maxima around noon. This is expected since the HCHO
background concentration is considered to result mainly from methane oxidation (that requires
daylight) over the remote ocean. Maximum values at best weather conditions and strong sun irra-
diance reached up to 1.1 ppb or 4 · 1015 molec/cm2 (this value is possibly influenced by additional
precursors other than methane). A transport event of formaldehyde or its precursors was found
≈150 km away from the only possible source (island with rainforest vegetation) and calculated
backward trajectories suggest that the HCHO or its precursors bridged this distance in 12–18 h
before being detected by the MAX-DOAS instrument. GOME-2 and MAX-DOAS measurements
agree on a typical vertical column of ≈ 3 · 1015 molec/cm2 for the remote ocean at the overpass
time (≈9:30 LT).
Over the tropical remote ocean - where satellites often retrieve negative IO values - the MAX-DOAS
measurements during TransBrom suggest IO concentrations of 0.5–2 ppt close to the surface or
1 − 3 · 1012 molec/cm2 for the vertical column, respectively. From comparison to complimentary
data, inorganic pathways for the iodine to reach the atmosphere are suggested, most likely the
reaction of gaseous ozone with iodide in the interfacial layer.
In addition, ship- and land-based measurements of IO in the tropical marine boundary layer have
been performed during the SHIVA campaign in November 2011. The ship-based measurements
carried out predominantly in the coastal environment around the Malaysian peninsula and Borneo
suggest IO levels of 1–3 ppt (vertical columns ≈ 1 − 4 · 1012 molec/cm2) which is slightly higher
than observed values during TransBrom. The reason is most likely the release of organoiodines (IO
precursor species) resulting from biogenic activity that is much larger in coastal waters than in the
remote tropical ocean. Land-based measurements from an island ≈ 20 km off the coast of Malaysian
Borneo yield occasionally even larger IO levels of 1–4 ppt (vertical columns ≈ 1−5·1012 molec/cm2)
due to the measurement’s site proximity to a commercial seaweed field (macro-algea are known to
produce various types of organoiodines).

Evaluation of the effects of absorption and scattering in liquid water on the DOAS
analysis
During the TransBrom cruise, MAX-DOAS measurements have been performed pointing towards
the sea surface in order to study spectral effects of liquid water and to improve the consideration of
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these effects in (space-borne) DOAS measurements over water surfaces. In addition, a sensitivity
study of VRS spectra simulated for different scenarios and their impact on the DOAS analysis
was performed. The uncertainty (error) introduced by using a VRS spectrum that is simulated for
a wrong scenario (i.e. a scenario that does not match the real conditions) is often below the typical
residual optical density of a high-quality DOAS fit even assuming the geometry of a ground-based
instrument pointing directly into the water (up to 50 m light path under water). In practice,
MAX-DOAS measurements of atmospheric trace gases are not performed into the water and the
underwater light path in satellite measurements is normally ≤ 10 m. Thus, the introduced error if
applying a wrong VRS spectrum can be neglected. In another estimation, the filling-in of narrow
Fraunhofer lines due to inelastic Brillouin scattering was found not to disturb measurements that
are performed with the typical resolution of current DOAS instruments.
Using the MAX-DOAS measurements towards the sea surface, different approaches were evaluated
aiming at the retrieval of experimental correction spectra for currently available literature cross-
sections of liquid water absorption and/or VRS. When applied in independent measurements of
the OMI satellite instrument, the retrieved spectra are successfully found reproducing the global
pattern of liquid water absorption and VRS. In addition, they improve DOAS test fits (large fit-
ting window of 410–495 nm) over the ocean by typically ≈10% (an even more in the region of the
South Atlantic Anomaly). However, the limitation for potential use in future DOAS fits is that the
experimental spectra are already differential as resulting from fit residuals.
For the IUP-Bremen standard IO fit (only 14 nm wide and neither VRS nor liquid water absorption
are included at all), a residual water spectrum had to be retrieved exclusively using the exact IO fit
parameters. The resulting spectrum is very smooth and unstructured. Consequently, it is only de-
tected correctly over regions of strongest liquid water structures where it increases the IO (and thus
reduces the problem of negative IO over the ocean) while it is misfitted elsewhere and subsequently
descreases the IO there. As a result, the potential use of the retrieved residual water spectrum is
limited. However, the interference between residual water structures and IO was demonstrated.
Furthermore, if the satellite IO fit may improve to a larger fit window in the future, the residual
water spectrum could be found more reliably thus helping the IO fit.

Conclusions

This work could contribute to recent scientific questions and improve the instrumental MAX-DOAS
capabilities of the IUP-Bremen. In particular, this work meets the three initial objectives it was
focused on:
First, the existing IUP-Bremen MAX-DOAS instrument was improved and thereby successfully
overcomes the limitations of the old instrument (only one azimuthal viewing direction, offsets in
the trace gas retrieval due to optical effects inside the telescope). This was a precondition for the
DOAS measurements on which this thesis reports. The new instrument shows excellent perfor-
mance (selected as reference instrument during an NO2 intercomparison campaign). Meanwhile,
this instrument type is also installed at several sites within the IUP-Bremen BREDOM network of
MAX-DOAS measurement sites.
Second, this thesis was successful in that it provides new information about trace gases (NO2,
HCHO and IO) in the marine boundary layer over the remote ocean where only a limited num-
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ber of observations exist so far. SCIAMACHY and GOME-2 satellite measurements of NO2 and
HCHO were validated using the MAX-DOAS observations performed in this thesis. The results
of IO contribute to an ongoing discussion about the ocean being a non-biogenic source for iodine
release, which is supported by the findings of this thesis.
Third, the impact of liquid water spectral effects on the DOAS analysis was investigated and correc-
tion spectra for currently available cross-sections of liquid water absorption and Vibrational Raman
Scattering were retrieved. It was demonstrated that the consideration of these residual correction
spectra in MAX-DOAS and satellite DOAS measurements improves the fit quality (up to 20% for
satellite measurements) over clear water surfaces. This result implies the need for better laboratory
measurements of liquid water spectra for use in DOAS applications. It could also be shown that the
negative IO slant columns over clean ocean surfaces derived from satellite measurements are caused
by insufficiently removed liquid water structures, which was expected but speculative before.

Outlook and Recommendations

The instrumental improvement is an ongoing process (e.g. sun shading plates after TransBrom
etc.). A further advantage would be a filter wheel inside the telescope unit that could be equipped
with attenuating plates or foils of different thickness allowing direct sun measurements. Also,
a synthetic (plastic) housing could be tested for the telescope unit making it lighter in weight. In
any case, the telescope housing should be stiffening (because of wind-driven movements), which
requires thicker walls and therefore a lighter, presumably also stiffer material. Also it should be
tested to arrange the components inside the telescope more compact aiming at a smaller housing
and thus reducing the wind impacted surface.
The profile retrieval BREAM running in the context of this thesis was using the SCIATRAN version
2.2 and needs to be updated to the actual SCIATRAN version. Also the retrieval of an aerosol
extinction in the first step of BREAM should be optimized. At the moment, the shape of the
aerosol profile is selected by the user (and only scaled by the program). The retrieval of an optimal
aerosol extinction profile should be automated.
The MAX-DOAS measurements of IO in the marine boundary layer are clearly at the detection
limit. Misfits of the Ring effect were observed to have the largest impact on the fit quality (and
often dominate the fit). The pseudo cross-section for the Ring effect is calculated with radiative
transfer models, in this case SCIATRAN. Thus, larger efforts on the simulation of the Ring effect
could increase the reliability of MAX-DOAS IO results.
Finally, it is strongly recommended to perform an accurate laboratory measurement of the liquid
water absorption cross-section at a fine resolution (0.1 nm or better) in the range of 400–500 nm
as the retrieved residual correction spectra demonstrate a potential improvement in terms of fit
quality in this spectral range and also the interference between incompletely removed liquid water
structures with IO structures.
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A. Appendix

Figure A.1.: Blueprint of the telescope: Entrance window’s outer cap. The actual window has a
diameter of 36 cm. The outer cap is fixed with screws to its mount (Fig. A.2). For measurements
in the tropics, a cylindrical visual cover can be fixed to the cap to avoid direct sunlight in the
telescope. Construction design drawn by A. Stachl (see footnote 6 on page 52).
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Figure A.2.: Blueprint of the telescope: Entrance window mount. The actual window has a
diameter of 36 cm. The outer cap (Fig. A.1) presses on the fused silica plate (42 mm diameter)
and two circular buffer pads, which are located in the indentation of 42 mm diameter. Construction
design drawn by A. Stachl (see footnote 6 on page 52).
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Figure A.3.: Blueprint of the telescope box and arrangement of interior components. Construction
design drawn by A. Stachl (see footnote 6 on page 52).
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List of abbreviations

AMF Air Mass Factor
AOD Aerosol Optical Depth
a.u. arbitrary units
BAMF Block Air Mass Factor
BREAM BREmian Advanced MAX-DOAS Retrieval Algorithm
BREDOM BREmian DOAS network for atmospheric Measurements
CCD Charge-Couple Device
CINDI Cabauw Intercomparison Campaign of Nitrogen Dioxide measuring Instruments
DOAS Differential Optical Absorption Spectroscopy
ENVISAT ENVIronmental SATellite
ERS-2 Second European Remote-Sensing Satellite
ESA European Space Agency
GOME-2 Global Ozone Monitoring Instrument-2
HITRAN HIgh Resolution TRANsmission
ITCZ InterTropical Convergence Zone
IUP Institut für Umweltphysik (Institute of Environmental Physics)
LIDAR LIght Detection And Ranging
LOS Line of Sight
MAX-DOAS Multi-AXis DOAS
MBL Marine Boundary Layer
NASA National Aeronautics and Space Administration
OMI Ozone Monitoring Instrument
RMS Root Mean Square
RRS Rotational Raman Scattering
RTM Radiative Transfer Model
SCIAMACHY SCanning Imaging Absorption spectroMeter for Atmospheric CHartographY
SAA Solar Azimuth Angle, also Southern Atlantic Anomaly
SC Slant Column
SCIATRAN Radiative Transfer Model for SCIAMACHY
SZA Solar Zenith Angle
UV UltraViolett
VC Vertical Column
Vis visible
VOC Volatile Organic Compound
VRS Vibrational Raman Scattering
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