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Point 1: This study predicted the impact of ship emissions on air quality and human health in the
Gothenburg area. Air quality simulations for four future scenarios were conducted to evaluate impacts of
emission changes from 2012 to 2040, local shipping activities in 2040, and local port measures.

Response to point 1: We thank the Reviewer for providing a detailed evaluation of our study, the
manuscript and the helpful comments and suggestions regarding the methodology used in our study.

Point 2: | can understand that the impacts of following items can be evaluated in this study as described in
the lines 7-9 of the page 13. (1) the impact on air quality in Gothenburg through a change in total emissions
from 2012 to 2040 (2) the impact of local shipping activities in 2040 in two different scenarios (3) the
additional impact of local port measures (shore-side electricity) in scenarios for 2040. But, how can these
results be utilized? For example, if predicted improvement of air quality is compared with the air quality
standards or any targets, you can say that existing emission regulations for ships are enough or not. Health
impacts were calculated in this study. They can also be compared with any targets to judge if existing
regulations are enough to suppress health impacts below the certain target. However, such a judgement was
not conducted in this study.

Response to point 2: We thank the reviewer for pointing out the need to compare our results to existing
standards or targets for a better utilization of this study. To our knowledge, there are no direct targets in
terms of acceptable levels of health impacts from air pollution, such as shortened lifetime, as it is politically
a sensitive issue. Instead, the limit values and especially the target values included in the EU Air Quality
Directive (AQD, Directive 2008/50/EU) and WHO Air Quality Guidelines (AQG) are based on health
impact assessment, cost-benefit analysis and extensive discussion on this issue. The comparison shows that
simulated concentrations in Gothenburg in 2040 are below annual and hourly AQD and AGQ target, limit
and guideline values for all criteria pollutants. Annual analyses of air quality monitoring data Environmental
Administration of City of Gothenburg show exceedances of both the target and the limit values for NO; at
several stations in Gothenburg in 2012 with decreasing trends towards exceedances of only the limit value
at traffic stations in 2019. For PMyo the levels were well below the limit value but exceeding the target value
in 2012 without any significant trend towards presence with exception of the urban background where
slightly decreasing trend have been observed and the annual mean was bellow the target value of 15 pg/m?
the last 4 years. The measured concentration levels of PM2s have been bellow the target value without any
significant trend at Gothenburg monitoring stations. Concentrations of ozone have a slightly increasing trend
from year 2012 onwards and tend to exceed the limit values for maximum hourly and 8-h means at a number
of occasions each year (Miljoforvaltningen, 2019).



In the accompanying publication (Part 1, Tang et al., 2020, accepted & in production) the pollutant
concentrations in 2012 have been simulated, compared to measurements and analyzed in detail. In our
simulations for 2012, there are only few exceedances of the hourly NO, AQD limit and AQG guideline
value (200 pg/m?) close to road traffic. When it comes to Os, there are multiple exceedances of the
maximum-daily-8-hour-mean (MDAS8) AQD target value of 120 pug/m3 and even more for the AQG
guideline value of 100 pg/m3 measured and modelled in 2012. Similar holds true for PM1o and PMzs: while
there are no exceedances of annual target or limit values, some exceedances of the 24 hour mean target and
guideline values for PMyo (50 pg/ms) are measured in 2012, some exceedances for the PM, s target value
(25 pg/m3), but more for the PM2s guideline value of 10 pg/ma.

Such exceedances have been avoided in all 2040 scenarios. Nevertheless, reports on health impacts from
PM suggest that there is no threshold PM concentration below which the exposure would not lead to adverse
health effects. Thus, it is necessary to keep PM concentrations as low as possible, especially close to
residential areas. Following, when it comes to harbor cities it is necessary to keep shipping related emissions
at a minimum as their contribution is in relation to other sources important also in the future. Our scenario
results for 2040 showed that the different shipping scenarios lead to decreases of PM concentrations.

We added this information in the manuscript in the text passages summarized hereunder:

New section 2.1 on Gothenburg: “Annual analyses of air quality monitoring data Environmental
Administration of City of Gothenburg show exceedances of both the target and the limit values for NO; at
several stations in Gothenburg in 2012 with decreasing trends towards exceedances of only the limit value
at traffic stations in 2019. For PMyo the levels were well below the limit value but exceeding the target value
in 2012 without any significant trend towards presence with exception of the urban background where
slightly decreasing trend have been observed and the annual mean was below the target value of 15 pug/ms3
the last 4 years. The measured concentration levels of PM2s have been below the target value without any
significant trend at Gothenburg monitoring stations. Concentrations of ozone have a slightly increasing trend
from year 2012 onwards and tend to exceed the limit values for maximum hourly and 8-h means at a number
of occasions each year (Miljéforvaltningen, 2019 ).«

Results section: “In 2040 simulations the air quality situation in the city improves considerably and the
concentrations will be below the air quality limit and target values both for NO, and PM_ 5 in the city, even
if the potential underestimates of the model system is accounted for (Tang et al., 2020, accepted & in
production). From the static point of view of year 2040 conclusion that additional measures to reduce air
pollution levels beyond those in the BAU scenario would not be necessary could be drawn. However, in
perspective taking also the temporal development into consideration, the measures reducing concentrations
of NO; will be implemented only in a slow pace and full impact of many of them, especially those targeting
shipping, will first be seen in the time horizon of 2040. The local measures could be, on the other hand,
implemented faster and the significant reduction of NO, concentrations from implementation of on-shore
electricity could thus reduce the time before the air quality targets are met in the city.”

Point 3: Number of scenarios are very limited and do not include any additional emission control measures
for ships. In the current design, it is also difficult to judge if local port measures are necessary or not. Please
add more explanations on utilizing the results of this study.

Response to point 3: We thank the reviewer for critically examining the descriptions of the applied
scenarios and agree on the need to further elaborate on the differences and details of the scenarios.

This study has been conducted within the BONUS SHEBA project (Shipping and Environment of the Baltic
Sea Region) where the impact of current and scenario emissions from ships on air quality have been



investigated as a part of a holistic assessment framework for impacts of shipping on marine and coastal
environment. Much larger number of shipping scenarios have been investigated in terms of drivers of the
shipping and emissions to air and seawater (Fridell et al., 2015). Selected number of scenarios regarding the
shipping-related air pollution have been investigated on a range of spatial scales with several chemistry-
transport models: coarse spatial scale resolution was used for simulations in the European domain, finer
resolution was used for the Baltic Sea (Karl et al., 2019b; Karl et al., 2019a), and city-scale simulations
using high spatial resolution were used for several harbour cities (Ramacher et al., 2019). Part 1 of this study
evaluates the contributions of regional and local shipping to the concentrations of SOz, NO,, PM2s, O3 and
secondary PM, as well as the human exposure and the associated health impacts in Gothenburg for year
2012.

All scenarios developed in the course SHEBA aim at identifying the impacts of existing and realistic
regulations for shipping, which are decided but not yet in force. Taking into account reasonable projections
of land-based emission inventories, as well as background pollutant concentrations, which have been
derived in regional-scale studies (Karl et al. 2019) following the same scenarios of shipping and land-based
emissions, the scenarios can be considered as realistic projections of future conditions. The underlying
assumptions in the scenarios are described in detail in Fridell et al. (2015) and are translated to emission
scenarios in Karl et al. (2019) as described and referenced in our manuscript. For clarification of the need
for the EEDI scenario, we added the following to the scenario description:

“As the scenario work revealed that energy effectivization has large impact on emissions in the target year,
encompassing at the same time large uncertainty, we have chosen to include an alternative scenario with
different effectivization level.”

While the underlying assumptions that have led to the scenario descriptions have an impact on the whole
Baltic Sea region, we have decided to additionally analyze the impact of on-shore electricity in Gothenburg,
which can be considered as a feasible local emission reduction strategy. Thus, the underlying assumptions
and regulations in the BAU2040 and EEDI2040 scenario cannot be influenced by local authorities in
Gothenburg, while local measures such as on-shore electricity can be applied by local authorities. Our results
show, that especially for NO, the installation of on-shore electricity can lead to substantial reductions of
pollutant concentrations and therefore should be implemented as soon as possible, accompanying regional
regulations, especially taking the fact that the city has currently problem with exceedances of the limit and
target values for NO, concentrations into the consideration. In our future scenarios the air quality situation
in the city improves considerably and one can see that the concentrations are bellow the target values both
for NO, and PM s, so from the static point of view of year 2040 additional measures to reduce air pollution
levels beyond those in the BAU scenario would not be necessary. In perspective taking also the temporal
development into consideration the measures reducing concentrations of NO, will be implemented only in
a slow pace and full impact of many of them, especially those targeting shipping, will first be seen in the
time horizon of 2040. The local measures could be implemented faster and the significant reduction of NO;
concentrations from implementation of on-shore electricity could thus reduce the time before the air quality
targets are met in the city. We have added this reasoning to conclusions of the study:

“In 2040 simulations the air quality situation in the city improves considerably and the concentrations will
be below the air quality limit and target values both for NO, and PMz5 in the city, even if the potential
underestimates of the model system is accounted for (Tang et al., 2020). From the static point of view of
year 2040 conclusion that additional measures to reduce air pollution levels beyond those in the BAU
scenario would not be necessary could be drawn. However, in perspective taking also the temporal
development into consideration, the measures reducing concentrations of NO, will be implemented only in
a slow pace and full impact of many of them, especially those targeting shipping, will first be seen in the
time horizon of 2040. The local measures could be, on the other hand, implemented faster and the significant



reduction of NO, concentrations from implementation of on-shore electricity could thus reduce the time
before the air quality targets are met in the city.”

Point 4: As mentioned in the lines 17-19 of the page 2, in combination with the increasing ship traffic which
grows roughly by 2 % per year and the future foreseeable significant decrease of emissions from other
anthropogenic sectors, the relative importance of NOx emissions from shipping for urban air quality will
thus likely remain high. In addition, as mentioned in the lines 6-7 of the page 4, scenarios for transported
cargo volumes, composition of the fleet, as well as energy efficiency improvements need to be developed
and put into perspective with probable emission reductions at land. Then, how were future changes in ship
traffics, cargo volumes, and fleet compositions treated in this study? How are emission increases by them
compensated by reductions by regulations?

Response to point 4: We thank the reviewer for pointing out the need for a better description of our
scenarios. We realized that the information on fleet development was not given in the paper and therefore
added the following passage:

“The ship traffic volumes are expected to continue to grow with about 1 % yr—1 on average (it varies with
ship type); the current trend of using larger vessels is expected to continue as well (Kalli et al. (2013). The
trends in cargo volumes, passenger numbers and ship-sizes are in detail described in Fridell et al., 2015 and
translated to emission scenarios in Karl et al. (2019).”

The impact of legislation comparing to the other trends can be observed when comparing the different
scenarios with the difference between BAU2040 and 2012: EEDI and BAU shows impact of energy
effectivization, scenarios with and without on-shore electricity show impact of Karl et al. (2020) shows
impact of the NECA legislation.

Comparing the emission totals for local shipping in Gothenburg show that in BAU2040 scenario emissions
dropped comparing to 2012 by 91%, 85%, 78% and 31% for SO,, PM, NOx and NMHC emissions,
respectively, as a result of regulations of SO, and NOy emissions and energy effectivization under the
scenario prediction of growth of the shipping sector. The EEDI2040LP scenario which implements energy
effectivization exactly as described by the legislation show emission decrease relative to 2012 by 88%, 77%,
68% and 2% for SO,, PM, NOy and NMHC emissions, respectively. This means that for emitted species
that are targeted by legislation regulating emissions of air pollutants, i.e. SO, and NOy, the lower energy
effectivization led to a scenario with emissions reduction of 96% and 92% of that in BAU, a relatively small
difference. Also for primary PM emissions, which are significantly affected by both abatement, measures
the lower energy effectivization led to a scenario with emissions reduction rather close to BAU, 88% of that
in BAU. VOC emissions are, on the other hand, not largely affected by the air pollution abatement measures
and while the BAU scenario shows 31% reduction, in the EEDI scenario NMHC emissions are close to
2012 emissions, i.e. the energy effectivization.

Comparing emissions in BAU2040 and BAU2040LP scenarios or in EEDI2040 and EEDI2040LP scenarios
gives us information about influence of hoteling emissions that can be replaced by on-shore electricity in
these scenarios. Since proportion between hoteling and total emissions is the same in BAU and EEDI, the
potential for relative reduction of emissions is also the same for both: 37% for SO2, 64% for NOy, 60% for
PM and 68% for NMHC.

Point 5: While overall descriptions of Gothenburg should be included in the Part | paper, some readers may
not know where Gothenburg is and how it looks like. Simple descriptions may be helpful. In addition, all



the contours do not show any geographical and administrative boundaries. They may be also helpful to
recognize where land, ocean, and ports are.

Response to point 5: We thank the reviewer for pointing out the need to further describe research domain
in the part 11 manuscript. Therefore, we decided to add a figure of the research domain in the part Il
manuscript, and add some general information on the Gothenburg urban area. Due to the density of
information, which is already provided in all contour plots in the manuscript, we decided not to add
geographical references or administrative boundaries. Nevertheless, the additional figure on the research
domain shall give guidance to recognize underlying geographical characteristics.

The following was added to the manuscript in a new section 2.1 on Gothenburg:
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Figure 1: The Gothenburg research domain. The light red grid indicates the domain extent and the horizontal grid-cell size of
250m. Red areas indicate port areas and grey lines indicated the city boundaries as given by the Copernicus Urban Atlas 2012
dataset. Maps are created with ArcGIS with underlying basemap sources Esri, HERE, Garmin, GEBCO, National Geographic,
NOAA, and GIS User Community.

“The city of Gothenburg is located on the western coast of Sweden, with about 0.57 million inhabitants and
an area of 450 km2. The dominant wind direction in Gothenburg is south-west with average wind speed of
3.5 m s-1, indicating the major transport path from sea to the land, especially in summer. The
geomorphology of the Gothenburg area is described as a fissure valley landscape dominated by a few large
valleys in north-south and east-west directions. The major air pollution sources in Gothenburg are above all
road traffic and industry, wood burning, shipping, agriculture, working machines and long-range transport



(LRT) from the European continent and other parts of Sweden. The harbour and shipping activities are
important emission sources and directly influences the urban air quality. The centre of the city is situated
on the southern shore of the river Gota dlv. The Port of Gothenburg receives between 6,000 and 6,500 calls
per year and additional 600—700 ships pass to and from ports upstream and on the Gota alv. The port
annually handles approximately 900,000 containers, 20 million tonnes of petroleum, and half a million Roll-
on/roll-off (RoRo) units (Winnes et al., 2015). Passenger traffic in Gothenburg is also very busy with 1.5
million passengers who ferry to and from Gothenburg to Denmark, Germany etc. on Stena Line ferries each
year. This makes the port the largest cargo port in Scandinavia.”

Point 6: Specific comments.
Response to point 6: Specific comments are answered hereunder.

P1, L27-30 Two expressions, “wide use of shore-site electricity” and “implementation of on-shore
electricity”, are confusing. They correspond to the same thing, right?

Yes. We aligned the expressions in the manuscript.

P3, L4-5 Critical not only for NO2 and O3 but also PM2.5 as mentioned above.

Yes. We added this in the manuscript.

P3, L10 Where is “this region”? It is not explicitly mentioned in preceding sentences.

The Baltic Sea region. We added this in the manuscript.

P5, Figure 1 This figure is not mentioned in any sentence in the manuscript.

We added a reference to figure 1 in the beginning of chapter 2.1.

P5, L4 What is the reason to couple TAPM and CMAQ instead of using TAPM or CMAQ only? Is that
described in the Part | paper?

There are some reasons to couple TAPM and CMAQ, which have been described in part I:

- TAPM allows for urban-scale pollutant concentration simulation due to the possibility and proven
performance for simulation with resolutions below 1 km. Additionally TAPM takes into account
detailed urban land-surface parametrizations.

- CMAQ was used to simulate regional-scale pollutant concentrations, while TAPM was used to
simulate urban-scale pollutant concentrations. The coupling of CMAQ and TAPM allows for the
consideration of consistent background concentrations, especially in future scenarios. In future
scenarios, the simulations in CMAQ and TAPM rely on emission inventories, which both are based
on the same assumptions for future trends.

- The regional CMAQ simulations by Karl et al. 2019 have been validated and compared to other
regional CTM simulations, showing good performance as part of the SHEBA project.



P5, L16 | think that evaluations cannot be done for the future year 2040.

Yes. We changed this in the manuscript.

P6, L9-14 Is it appropriate to use different horizontal resolutions for air pollution and meteorological fields?
How to interpolate or extrapolate either of them?

The CTM TAPM consists of a meteorological module and a chemistry transport module. The chemistry
transport module domain is nested in the meteorological module domain. When the horizontal grid
resolution of the meteorological domain is 500 m, while the horizontal grid resolution of the CTM domain
is 250 m, each of the four grid cells in the CTM domain applies the same meteorological values of the
meteorological domain. Thus, there is no interpolation of meteorological values. Nevertheless, the CTM
module treats each of the “finer” grid cells with 250 m independently in terms of transport and chemical
reactions based on the “coarse” meteorological input in combination with the “neighbor” grid cells in the
CTM domain.

We chose to apply a 500m resolution in the meteorological simulations after performing several tests to
evaluate simulated meteorological against measurements (wind speed, wind direction, irradiation, and
temperature). Meteorological simulations with a resolution of 250 m showed less statistical agreement with
measurements than simulations with a resolution of 500 m. Thus, we decided to apply a meteorological
horizontal grid resolution of 500 m.

P7, L22-23 | suppose that a scaling factor for combustion in industry for energy purposes is large because
their VOC emissions are very low. Please check their emission amounts in GAINS. But that is not in the
case in the emissions used in this study shown in Figure 2. It might be due to inconsistent definitions of
sectors. Is there any appropriate reason explaining why their emissions significantly increase in
Gothenburg?

Regarding VOC emissions, the situation in Gothenburg is largely influenced by two refineries, which are
completely dominating the VOC emissions in the city. We have carefully evaluated the current contribution
and future trend for these two sources and according to the trends in ECLIPSE/GAINS these sources are
expected to increase in future. These trends were developed before the much more ambitious targets on
reductions of CO, emissions were adopted, which would probably lead to different trends if developed
today. This illustrated the large uncertainties in the scenario work.

P12, L5-6 I cannot understand differences between BAU2040 and EEDI2040 for fuel efficiencies. What
kind of policies are assumed in each scenario? Why fuel efficiency is higher in BAU2040 than EEDI12040?
What is the motivation to compare these two scenarios? Please add more explanations to clarify significance
of EEDI2040 scenario.

We added additional information on the scenarios under Point 3 and Point 4, as well as in the manuscript,
to clarify the differences.

P13, 3.3 Scenario setup. Were simulations conducted for twelve months in 2012?



Yes, we conducted simulations for twelve months in 2012 as described in Part . We added this information
in the manuscript.

P15, L4-5 Is 7% reduction a high potential? In fact, | cannot understand which part of Figure 4 this sentence
describes.

This was a typo. It is meant to be 70% and is now corrected in the manuscript.

P15, L18-20 I cannot believe such high PM2.5 concentrations according to Figure 4. In addition, I think the
units of absolute and relative differences of PM2.5 in Figure 4 are opposite.

These extremely high pollutant concentrations are the result of single point sources (mostly refineries),
which have very high emissions and therefore lead to such high hourly maxima of PM2s concentrations.

The units in figure 4 were flipped and are now corrected in the manuscript.

P17, L4 It is confusing to represent changes in negative contributions to O3 as “increasing”.

We agree that this might be confusing. Nevertheless, it is consistent and in-line with the presentation of the
results of other pollutants.

P20, L16-19 I think longer lifetime of secondary components in the atmosphere should be also one of
reasons.

We agree. This can be considered as another reason and was added to the manuscript.

References Some references have no years. Particularly, it is difficult to distinguish IMO reports.

The references were again checked and corrected for missing years.
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