We truly grateful for the reviewers’ positive assessments of our manuscript and the
helpful suggestions. We have revised the manuscript carefully according to the
reviewers’ comments. Point-to-point responses are given below, the original comments
are black in color, while our responses are in blue. The line number are referred to the

revised manuscript.

General comments

(1) Can the results be used to improve satellite retrievals over similar marine areas?

R: In general, the ship-based measurements are very helpful for the improvements of
satellite retrievals over sea areas. For example, the ground-based data are rarely
reported for the open oceanic areas, so there are lack of the validations for satellite
products. Moreover, the ship-based MAX-DOAS results can provide the relatively
actual vertical distributions of atmospheric aerosol and trace gases, which can be
introduced into the retrieval scheme as the input parameters of forward radiative
transfer model to improve the accuracy of satellite products over sea areas.

However, the spatial coverages of ship-based measurements are limited to the cruise
track, which is insufficient compared to the satellites spatial resolution in this study. So
it is difficult to directly assimilate the measured profiles by ship-based measurements
to recalculate the AMF using for satellite SCD conversion to VCD in large scale.
Nevertheless, we used the simulated profiles from WRF-chem model with a spatial
resolution of 20 km %20 km to recalculate the AMF for satellite retrieval over the whole
measurement areas. Consequently, the USTC’s satellite products were confirmed more
accurate than NASA’s products in previous studies (Hong et al., 2018; Liu et al., 2016;
Xing et al., 2017).

(2) Does this study prove that ship emissions in this area are stronger than previously
assumed?

R: Generally, there could be two approaches to quantify the ship emissions using the

ship-based MAX-DOAS measurements. The first idea is the measuring of pollutants

emission of individual ship and obtaining the data of ship numbers and activities for



summation of the total emissions. In this study, the MAX-DOAS instrument has not
been used to track the ship plume. So it’s impossible to quantify the ship emission of
single ship, suggesting that this approach is not suitable herein. Alternatively, the ship-
based MAX-DOAS measurement can be used to encircle a sea area to quantify the
emissions of this encircled area like the ground-based mobile vehicle-borne application.
Then, the ship emission can be further determined by the difference between the fluxes
entering and leaving the areas (Wang et al., 2012).

So we tried to quantify the ship emissions using the emission flux calculation method
described in previous mobile DOAS studies (Shaiganfar et al., 2017; Shaiganfar et al.,
2011; Wu et al., 2013). According the cruise track in Fig. 1(b), it is hard to find an
encircled area during the campaign. So we selected the measurements on 27 June as a
case study. As shown in Figure R1, we first assumed an encircled area, indicated with
the black rectangle, along the ship track for emission estimation. The downwind
boundary line of the area (marked by the letter c) were observed by ship-based

measurements.
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Figure R1. A sketch map of emission estimation, the colored line is the cruise track of ship-based
measurements on 27June 2017, while the black rectangle indicates an assumed encircled area
with one boundary line (marked by the letter ¢) were observed by ship-based measurements.

The flux transported through this boundary can be can be achieved though the formula:



Flusz:VCDi @ -V, -At,, where w is wind speed, v is ship speed. If the fluxes

passed into the area from other boundary lines were not considered, the Flux can be
used to represent the emissions of this area but with significant overestimation.

Under this simplification and assumption, we have chosen a period of 1-hour ship-based
measurements, corresponded to the travel distance of 14.4 km along the boundary (c).
With an averaged wind speed of 2 m/s on 27 June, the emission results of NO> and SO»
were estimated to be 9.19>10%* molec/s and 2.03%<10%* molec/s for this assumed area
(103.68 km?), respectively.

Compared to other studies, it can be found that the estimated emission of NO> (214.31
tonnes/yr/km?) and SO (65.86 tonnes/yr/km?) are much higher than previous reported
data for this sea area (Fan et al., 2016; Fu et al., 2017). Fu et al. (2017) have reported
that the annual emission intensity of NOx and SO- in the Yangtze River Delta (YRD)
area (where the MAX-DOAS measurements were performed) were 3.76 and 2.78
Ton/km?. The statistical average intensities of NOx and SO, were 17 and 7.1
tonnes/yr/km? at the intersection hub of the coastal shipping lanes and the Yangtze
River Channel, however, the highest regional emission intensities of NOx and SO can
increase to 1.0x<10* and 1.3x10* tonnes/yr/km?, respectively (Fan et al., 2016).
Therefore, the observed ship emission by MAX-DOAS are relatively reasonable and
comparable. The overestimations can be mainly explained by:

(1) In this simplified pattern, the fluxes transported into the area have not been taken
into account, which lead to the overestimations to some extent.

(2) The ship emissions are concentrated in the ship lane and port areas, showing the
obviously different emission intensities in spatial pattern. Due to the different areas of
these researches, the comparison may result larger discrepancies.

(3) Another possible reason could be that the different methodology of emission
estimation also yields the systematic deviation.

According to the discussion above, it can prove that the MAX-DOAS method is
applicable for the ship emission estimation in practical. However, the operations of

measurements and cruise need to be designed more delicate, if the ship-based MAX-



DOAS is aiming to quantify the ship emission over oceanic area. For example, the
cruise of ship-based measurements can be planned to encircle a sea area, and the

telescope has been pointed to the ship smokestack for the scanning of emission plume.

(3) The scientific methods are described in detail, but I’'m still a little confused about
the MAX-DOAS retrieval. You describe two types of retrievals, a VCD retrieval based
on a geometric AMF from one elevation angle (plus zenith for reference) and a more
precise one based on optimal estimation using the full scan of 7 angles. If you have the
time to perform full scans, why do you include the first VCD retrieval? Did you
compare the two results, the VCDs from single elevation angles and VCDs derived
from the profiles?

R: The geometric AMF approach is a simple and quick method to obtain the VCDs,
which is also verified by optimal estimation method. Previous study shows that the
results by these two methods were highly consistent, especially in marine environment,
where the atmospheric boundary layer are usually very low (Schreier et al., 2015). As
shown in Figure R2, we have compared the VCDs obtained by these two different ways.
VCDs of NO2, SOz, and HCHO showed a good agreement between these two methods

with a correlation coefficient R of 0.94, 0.76, and 0.93, respectively.
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Figure R2. Comparison of (a) NO», (b) SO, and (c) HCHO VCDs obtained by geometric AMF
approach and derived from the profiles.

(4) The MAX-DOAS retrieval provides aerosol profiles as a first step to derive trace
gas profiles. Did you look at the aerosol profiles as well? Do they justify using the trace

gas VCD retrieval based on the geometric AMF which doesn’t account for aerosols?



For the retrieval you calculate dAMFs anyway, why do you use a geometric
approximation then?

R: As descripted in Section 2.2.3 of the manuscript, we used the HEIPRO algorithm for
MAX-DOAS profile retrieval during this campaign, which is based on the Optimal
Estimation Method (OEM, (Rodgers, 2000)). The retrieval algorithm takes into account
the aerosol profile retrieval firstly and then adopts the retrieved aerosol scenario to
profile the trace gases.

Since we focused on the trace gases in this paper, no aerosol retrieval results were
presented. However, aerosol profile retrieval is the precondition of trace gases profile.
We always take into account the aerosol profiles first. For example, Figure R3 shows
the aerosol profiles corresponding to the three cycles in Figure 12 of the manuscript.
The reason of using geometric AMF to obtain trance gases VCDs and the verification
were also discussed above. Please refer to the responses to Q(3).

(a) Cycle 1 (7-10 June) (¢) Cycle 2 (26-29 June)
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Figure R3. Vertical profiles of aerosol extinction during the three typical observation periods
same as Fig. 12 in manuscript.

(5) Using only 2 elevations is typically used in a mobile setup when the concentrations
change quickly, e.g. in traffic, and a full scan typically in a fixed setup where you have
enough time under stable conditions to scan several elevations angles. Maybe you
switch between the two scanning modes depending on what scenario is more
appropriate?

R: The typical cruising speed of the measurements is about 5 m/s, and one full scanning
sequence of 7 elevation angles takes about 4 min. So the travel distance during one

sequence is about 1.2 km. Considering the relatively short time period and distance, it



can be treated as a stable condition. So we just used this multi-elevation angles scanning

mode in the campaign.

(6) Your spectrometer covers the range 300-460 nm, why don’t you use the 400-460
nm wavelength range for the NO2 retrieval, where NO2 has pronounced absorption
structures and is less influenced by O3 absorption?

R: As we all know, the pronounced NO> absorption structures cover large wavelength
range, so the NO> DSCD can easily be retrieved in the wavelength interval of 338-370
nm too. In addition, the O4 has strong absorption peaks at 360.8 nm, which can be
covered by the fitting window of 338-370 nm. NO2 and O fitting in same wavelength
range is convenient for the further NO> profile retrieval, which is based on the aerosol
information retrieved by Os DSCD. Besides, the range 338-370 nm is also wildly
employed for O4 and NO: retrieval together in previous DOAS studies (Hong et al.,
2018; Johansson et al., 2008; Roscoe et al., 2010; Wu et al., 2018).

Here, we also analyzed the NO, DSCD:s in the fitting window of 400-460 nm. Figure
R4 presents the comparison of the NO, DSCDs retrieved in 338-370 nm and 400-460
nm wavelength range. The results of two different fitting windows agreed very well

with each other, showing a high correlation coefficient R of 0.986 and the slope is 0.98.
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Figure R4. Comparison of NO, DSCDs retrieved using 338-370 nm and 400-460 nm wavelength
ranges.



Technique corrections

(D page 2, line 56 “quantify kinds of the atmospheric trace gases” -> “quantify
different kinds of atmospheric trace gases” (that sounds more fluent to me, but it’s
just a suggestion)

2@ page 2 line57 “Based on the DOAS principle, the quantitative of the trace gases was
acquired from the narrow band absorption structures of the different trace gases,
which were separated from the broad and parts caused primarily by the atmospheric
scattering and their broad band absorption (Platt and Stutz, 2008)” -> “The DOAS
principle makes use of the fact that narrow trace gas absorption structures can be
separated from broad band absorption and atmospheric scattering (Platt and Stutz,
2008)” (or something like that)

3 page 2 line 59 “The named Multi-AXis-Differential Optical Absorption
Spectroscopy (MAX-DOAS) instrument is designed ...”-> “The Multi-AXis-
Differential Optical Absorption Spectroscopy (MAX-DOAS) instrument is
designed ...”

(@ page 3 line 69 “...trace gases concentrations...” -> .. .trace gas concentrations...”

® page 4 198 “The cruise of ship-based observation” -> maybe just “The measurement
cruise”

©® page 4 1ine99 “The ship-based measurements campaign” -> “The ship-based
measurement campaign”

(@ page 12 line254 “...impacted by the airflows transport...” -> “...impacted by
airflow patterns...”

page 12 line258 “...showed the air masses were came from inland area...” ->
“...showed the air masses coming from inland areas...”

© line 272 “These two data sets time agreed well...” -> “These two data sets time
agree well...”

R: We have followed these suggestions and corrected the mistakes accordingly.
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