Author reply to Referee #1

Lisa K. Behrens et al.
June 6, 2019

We thank Referee #1 for carefully reading our manuscript and for the helpful comments which will
improve the quality of our manuscript. We will reply to the comments point by point.

Furthermore, we noticed a small mistake in the discussion manuscript. For the AMF calculation in
the HCHO satellite retrieval, we accidentally used data from a different CTM (TM4-ECPL). However, for
consistency, all retrievals in the manuscript should use the same CTM data as a-priori. Therefore, we have
replaced the use of TM4-ECPL by the same MOZART-4 data as was also used in the MAX-DOAS and
CHOCHO satellite retrievals. This introduces only small changes compared to the dataset shown in the
discussion manuscript. In the revised manuscript, all HCHO and CHOCHO retrievals will use the same
MOZART-4 data set.

Legend:

- referee comments

- authors comments

- text in manuscript

- changed text in manuscript

This study presents first MAX-DOAS observations of formaldehyde and glyoxal in the Atlantic Ocean caused
by transport of air masses coming from Africa. The paper is well written and the results appropriately dis-
cussed, with sufficient evidence to demonstrate that the observed signals of HCHO and CHOCHO are real
and that their origin is relatively well understood. This is a valuable contribution to the understanding of
VOC concentration levels that can be observed remotely from their known sources. A mechanism explaining
how the HCHO/CHOCHO precursors could be transported so far away from their sources is proposed in
the discussion, which would require further investigation but is beyond the scope of this work. This work
is well suited for publication in ACP. I have only a few comments, which I ask to be considered before the
publication.

Thank you very much for the positive comments.

Comments:

Page 15;line 29: The MAX-DOAS measurements do not show strongly enhanced values on 14th October,
on contrary to MOZART-4 data. Please clarify and discuss this. It is also interesting to see that MOZART
shows elevated values for that day for HCHO but not for glyoxal. Do you have any explanation for this?

We clarified in the discussion that the MAX-DOAS measurements are not strongly enhanced on 14th Oc-
tober, in contrast to MOZART-4 data. We agree with the referee that the difference between HCHO and
CHOCHO is interesting, but unfortunately we have no explanation for this difference. We will change the
manuscript as follows:

[...] When converting the measured HCHO dSCD to VCDs (using the 30° elevation angle and HCHO pro-
files from the MOZART-4 model), the values on 13 October, 14 October, and 17 October remain clearly
enhanced (see Fig. 10a). At least the first region sampled on 13/14 October (~10°N) indeed
coincides with the area for which satellite observations regularly show enhanced HCHO values
(compare Fig. 1a and Fig. 2). On these days, also MOZART-4 data are enhanced in the re-
gion. However, differences between the datasets are visible. On 13 October, MAX-DOAS and



MOZART-4 data are higher than the satellite data. While on 14 October, MAX-DOAS and
satellite data are slightly smaller than on 13 October, MOZART-4 data are further increased.
On 17 October (5°S), there is no clear sign of a HCHO enhancement in the satellite and model
data in contrast to MAX-DOAS measurements. These differences could be related to several
reasons. The MAX-DOAS data are measured on single days, whereas the satellite datasets
are monthly means and MOZART-4 time series are interpolated on the cruise track. Thus,
the differences between MAX-DOAS and satellite data could be explained by single, isolated
outflow events on that particular days, which are not distinguishable from background values
in the monthly averaged satellite data. The interpolation of the model data could lead to
differences between model and MAX-DOAS data as for example isolated events might not be
represented in the model data. Furthermore, the satellite and model data are averages over
larger areas which could also influence the magnitude of the measured or simulated values.
Thus, comparing HCHO columns retrieved from OMI and GOME-2B radiances (Sect. 3.2) and integrated
columns from simulated MOZART-4 profiles (Sect. 3.4; interpolated on the cruise track) to our MAX-DOAS
VCDs, the results generally confirm the finding of enhanced HCHO satellite and model columns. The
datasets show good agreements with correlation coefficients larger than 0.70 (Table 2). [...]

Page 16; lines 17-19: T don’t find the explanation to rule out the AMF as potential source of the differ-
ences very convincing. If T understood well, profile shapes from MOZART are used for the slant to vertical
column conversion in the MAX-DOAS analysis. Are those profiles also used for the satellite retrievals? Please
mention which a priori profiles are used in the satellite retrievals. Because of the different observation geome-
tries, an error in the a priori profile shape would impact differently the satellite and MAX-DOAS retrievals.
Also, from Figs. 13 and 14, one can clearly see that the MOZART profile shapes change in time/latitude.
So the argument that an error caused by the AMF would be constant in time doesn’t seem valid to me.
Could you add a figure showing the MAX-DOAS and satellite AMFs as a function of time/latitude so that
we can better see what are their respective time/latitude variability’s?

We agree and therefore have used the same profiles for the AMF calculations for satellite and MAX-DOAS
data for CHOCHO. In the revised version of the manuscript, we will also use MOZART-4 for the AMF
calculation of HCHO for the satellite data. Unfortunately, we used TM4 in the manuscript for the AMF of
satellite HCHO which should not have been the case. However, this change introduces only small changes
for the comparison of the datasets. We will add a comment on this in Sect. 3.4:

The 4-D fields of HCHO and CHOCHO concentrations are needed as a priori information for
the calculation of VCDs for both MAX-DOAS and satellite data (Sect. 3.7).
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Figure 1: Daily mean HCHO AMF for ship-based (30° VZA) and satellite data.

Figure 1 shows a time series of the AMFs which show only small changes in the AMFs of MAX-DOAS and
satellite data especially for the days of interest. A similar comment was made by Referee#2. Thus, we will
change the discussion in Sect. 4.2 as follows:

[...] The MAX-DOAS measurements are mostly higher than the satellite observations (Fig. 10a) which re-



sults in a slope larger than one (1.57, OMI and 1.10, GOME-2B) and a large offset (0.86 x 10'® molec cm ™2,
OMI and 3.81 x 10'® molec cm™2, GOME-2B) of the regression line (Table 2). These differences are clearly
visible between 20° N and 32° N (09 October — 11 October) and between 10° S and 22°S (18 October — 21
October; Fig. 10a), which have been measured in clean remote ocean areas with low pollution.

Compared to the MOZART-4 model values, the MAX-DOAS observations are often higher
which can also be observed in a low slope of 0.68. Close to the Equator, the values show
good agreement in the area of expected pollution outflow which leads to a high correlation
coefficient between the two datasets of 0.72. However, the offset is also high between the two
datasets (4.82 x 10'° molec cm™2).

Several reasons can contribute to an enhancement in MAX-DOAS data. Large differences
between the MAX-DOAS and the satellite or model data are found over regions with low air
pollution north and south of the Equator. In these areas, high measurement uncertainties
can be found in the satellite data due to the low columns which might influence the retrieved
satellite values. It is also possible that the model and satellite results underestimate the VCDs,
because of the potentially localised nature of the enhancements (see also Sect. 5). Increased
uncertainties in the MAX-DOAS data in this region can be excluded as the DOAS fit RMS
is nearly constant during the whole cruise (see Sect. 3.8.3). Furthermore, H,O interferences
might contribute to the differences. Then, the differences should be reduced/increased for
higher/lower elevation angles, respectively. However, this does not seem to be the case, as
a similar behaviour is visible for all viewing directions. Additionally, bad weather conditions
can be excluded, because the affected days of the MAX-DOAS measurements had different
weather conditions (see Table 1) and an intensity filter was used to exclude poor viewing
conditions (see Sect. 3.1). Similar conditions were also used for satellite values. Here, only
measurements with geometric cloud fraction smaller 0.3 were included.

The AMF could introduce the differences between the datasets. However, this seems un-
likely as the MOZART-4 model is used for the AMF calculations for both MAX-DOAS and
satellite measurements and this model does not show a similar behaviour as the MAX-DOAS
measurements. For example, if the model underestimates/overestimates the amount of HCHO
in the atmosphere, this would in good approximation not change AMFs, and therefore, the
VCDs of both datasets are not influenced. Thus, no difference would be introduced between
the satellite and MAX-DOAS data. Possibly, the differences between the datasets can be
related to the HCHO model profile. The HCHO profile of the model could differ from the real
atmospheric HCHO profile. On the one hand, the model could miss an additional layer which
is present in the atmosphere. Such a difference between model and real atmosphere would
result in larger VCDs for the MAX-DOAS and satellite measurements. On the other hand, the
model could simulate the HCHO in the wrong atmospheric layer. This could lead to both an
underestimation or an overestimation of the MAX-DOAS VCDs depending on the profile and
the SZA or relative azimuth angle which is similar for satellite measurements. Additionally,
aerosols could influence the AMFs leading to differences in satellite and MAX-DOAS VCDs
observations.

Technical comments:
Page 9; line 12: remove either ”several” or ”different”.

”several” has been removed.

Page 9; line 14-15: "In this study... satellite measurements.” Phrase unclear. Please rephrase.

”In this study, the trace gases are expected to be in elevated layers and from satellite measurements. Fur-
thermore, it is expected that they have a latitudinal dependency (see Fig. 1).”
We will change the manuscript as follows:

[...|In this study, the trace gases are expected to be in elevated layers. Furthermore, satellite
measurements indicate that they depend on latitude (see Fig. 1).]..



Captions 4-5-6: replace ”Example for” by ”Example of”

Done.

Eq. (7): replace "SDC_ref” by ”SCD_ref”

Done.

Page 11; line 6: replace ”sensitivity for” by ”sensitivity to”

Done.

Page 11; line 19: replace ”of degree of 5” by ”of degree 5"

Done.

Page 11; line 30: replace "lower SZA” by "larger SZA”

Done.

Caption 7: replace ”an linear” by ”a linear”; add ”than” in ”smaller than 92°”.

Done.

Page 14; lines 2-3: remove "from Fig. 7”7 and ”"shown in Fig. 8”

Done.

Page 14; line 5: add ”the” in "related to the degradation”

Done.

Figure 8 and following ones: I would suggest to mention in the caption that the latitudes are plotted
from North to South, which is unusual.

Changed as suggested.

Page 18; line 10: Clarify why enhanced columns indicate that the satellite data are close to the detec-
tion limit. Having satellite columns higher than MAX-DOAS data might also be caused by non-zero glyoxal
concentrations in the free troposphere (where the MAX-DOAS is not sensitive) or simply by artifacts in the
satellite data. Could you add a sentence on this?



We agree with the referee that the formulation might be misleading and clarified this paragraph. We
will change the sentence as follows:

[...] CHOCHO VCDs from all three datasets show enhanced values around 10° N while MAX-DOAS and
MOZART-4 values further north and further south are close to zero. In comparison, OMI observa-
tions show enhanced CHOCHO columns throughout the tropics in Fig. 12. This behaviour
could be explained by an elevated CHOCHO layer which is not represented in the model and
cannot be detected by MAX-DOAS measurements. The enhanced values throughout the tropics
are also represented in the slope of the regression line with 0.32, nevertheless only a negligible offset of
-0.05 x 10 molececm ™2 was found (Table 3). The correlation between MAX-DOAS and OMI CHOCHO
VCDs is 0.56. [...]

Figures 13-14: I suggest adding altitude information along the y-axis to facilitate the link with the discussion.

Changed as suggested. We will add an approximate corresponding altitude along the y-axis which is re-
trieved from a mean temperature profile retrieved from the model data. The mean temperature profile is
used, because of the changing temperature and pressure conditions during the cruise. The results are linked
to the discussion.
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Figure 2: HCHO MOZART-4 profiles as used for VCDs calculations, interpolated on the cruise track (from

North to South). The blue triangles on the bottom indicate the position of RV Maria S. Merian on the days
with unusual scan angle dependency. For the calculation of the altitude, a mean temperature profile is used.

Date [October 2016]
12. 14.

08. 10. 16. 18. 20. 22. 24.

300 [ 2.00

400 7.5 175

&
5 500 6 = 150 g
< > S fias T o
o 600 . ‘r 4 oM 08
S 3 3 . O o
@ 700 2llgys = E
g 2 : T O
o 800 2 050 £S
1 3=

900 | 0.25

- - 0 0.00

30°N20°N10°N 0° 10°S 20°S 30°S
Latitude

Figure 3: CHOCHO MOZART-4 profiles as used for VCDs calculations, interpolated on the cruise track
(from North to South). The blue triangles on the bottom indicate the position of RV Maria S. Merian on the
days with unusual scan angle dependency. For the calculation of the altitude, a mean temperature profile is
used.



Caption figure 16: This figure refers to 14 October and not 13 I believe (2nd line)

Yes. We changed the caption.

Caption figure 17: This figure refers to 17 October and not 13 I believe (2nd line)

Yes. We changed the caption.

Page 23; line 6: Could you add information on the distance from the continent your cruise track was
(more specifically for the days of the HCHO/glyoxal) hot spots.

Distance from the hot spot on 13 October 2016 to the cruise track: ~ 950 km.

Distance from the coast of the continent on 14 October 2016 to the cruise track: ~ 660 km.
Distance from the hot spot on 17 October 2016 to the cruise track: ~ 2700 km.

We will change the text as follows:

Several earlier studies showed that continental pollution can be transported over the open Atlantic Ocean,
but none report a similar transport for VOCs. Anderson et al. (1996) found outflow from the African
continent in the Southern Hemisphere. They analysed measurements from a flight campaign
in September/October 1992 in the south Atlantic Ocean and found enhanced aerosol number
densities at 3000 m to 4000 m with small loss of aerosol during the transport. However, their
observations were partly closer to the continent (distance between flight track and continent:
mostly ~450—1500km, one flight up to 3000 km) than the cruise track of MSM58/2 with
large distances between the potential continental source and the area of the measurements (13
October 2016: ~950km; 14 October 2016: ~ 660 km; between cruise track and continent, 17
October 2016: ~ 2700 km). Chatfield et al. (1998) showed export of CO in their model study, which was
done for the same campaign. |...]

Page 23; line 32: For Fig 17, the number of fires seems rather limited in the source regions. For that
particular case, the precursors are most likely from biogenic origin.

That is true, but there have been some large fires during that time. Nevertheless, biogenic origin might
the more plausible source. Therefore, we will be more specific in the discussion. We will change the text as
follows:

[...] Figures 15—17 show detected fires in October 2016 for Africa south of the Equator and also some
fires for Africa north of the Equator in the potential source regions. On 13 October, fires are clearly visible
in the potential source region. Thus, the results from Meyer-Arnek et al. (2005) support our present results,
which were collected far away from the coast and indicate that the observed HCHO enhancements might
be caused by biomass burning emissions of HCHO precursors. In contrast on 14 and 17 of October,
the number of fires is limited, and therefore, biogenic origins might be more plausible sources
for these regions. However, larger NOs columns from biomass burning were not detected, which could be
related to the short lifetime of NOs. |[...]

Page 25; line 27: "these” instead of 7this”. Please make clear that the presented transport process in
this paragraph is a potential explanation as there is no evidence presented in this study supporting partic-
ularly this.

We will change the text as follows:
[...] Similarly to HCHO, also CHOCHO has been reported to be present at enhanced levels over remote

ocean regions in satellite observations (Vrekoussis et al., 2009; Stavrakou et al., 2009; Lerot et al., 2010).
These CHOCHO enhancements are mostly visible in regions of strong biogenic activity and biomass burn-



ing, and are usually attributed to local production from CHOCHO precursors either originating from marine
biota or from transported organic aerosol rich in dissolved organic carbon (Vrekoussis et al., 2009).

Our MAX-DOAS measurements suggest that the observed HCHO and CHOCHO enhance-
ment is partly located in an elevated atmospheric layer which is in contrast to previous publi-
cations. It seems more likely that on the days where our measurements show enhanced values
its source is related to transported precursors, which is also in line with the findings presented
in Sect. 4.4. Possibly, the aerosols trap the gases which are lifted and transported together.
These stored gases can then be re-released to the gas phase by reversible desorption after
several days. Similar results were found for a case study over continental area in Asia by Alvarado (2016).
The presence of a combination of dust and biogenic aerosol, and thus, potential VOC sources in that region
and during that season could be shown by Ridley et al. (2012) using Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observations (CALIOP) and model data. Furthermore, Volkamer et al. (2015) found
similar results for the Pacific Ocean. They found in the equatorial Pacific west of the American continent
enhanced CHOCHO columns mostly in elevated layers, ruling out marine sources. |...]

Page 23; line 18: ”On 3 respectively 2 days” - Please rephrase.
We will change the text as follows:

[...]JFor HCHO on 3 and for CHOCHO on 2 days, our measurements show clearly enhanced
levels of these trace gases.].. |

Page 23; line 33: See comment above - the number of fires in the source region is quite limited for 17th
October.

We will change the text as follows:

[...] Although our measurements do not show large levels of NOg, these VOC enhancements probably orig-
inate from biomass burning on 13 October, as the source regions agree with fire detections from the FINN
dataset. In contrast, for 17 October, only a small number of fires were observed in the potential
source region, and therefore, biogenic origin might be the more realistic source. Thus, the
main source of the detected VOC outflow is probably related to vegetation and/or biomass
burning on the African continent.

The observed aerosol differs between Africa north and south of the Equator (having different AOD and
Angstrom-exponent) and therefore, the outflow in both hemispheres seems to be from different sources. [...]

Additionally as suggested by Referee #2, we will change two main points in the revised manuscript:
1. We clarified the discussion about transported precursors.

2. We included details about uncertainties.
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