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Highlights: 17 

 A month-long campaign shows that ship emissions in the North Sea usually have low 18 

sulphur content. 19 

 In ship plumes, an increase in aerosol extinction coefficients, NO2 and SO2 was 20 

measured; HCHO did not increase every time. 21 

 Land-based emissions dominate absolute concentrations of pollutants, but ship 22 

emissions contribute significantly to them. 23 

  24 



Abstract 25 

Shipping emissions were measured in Dunkirk, France. Elevated aerosol extinction 26 

coefficients (AEC), nitrogen dioxide (NO2) and sulphur dioxide (SO2) were observed up to 27 

500 m from surface. Formaldehyde (HCHO) did not show an increase every time, which 28 

suggests that oxidation of emitted volatile organic compounds (VOCs) took longer than the 29 

transport to the observation path and dilution of direct emissions had occurred. Background 30 

NO2, HCHO, and SO2 levels were higher when the wind came over land or the surrounding 31 

industrial area, indicating that land-based sources contribute significantly; however, clear 32 

spikes in NO2 and SO2 were observed whenever ship plumes were sampled. Observations 33 

show that the ship emission contribution to pollution is significant, but land-based sources 34 

still dominate. The SO2/NO2 ratio was low throughout the campaign, although varying 35 

according to the ship type, confirming that the new fuel content regulations are being 36 

followed by most ships in this region. 37 

  38 



1. Introduction 39 

Shipping emissions can contribute significantly to air pollution, leading to degraded air 40 

quality and increased mortality, especially in coastal regions with significant maritime traffic 41 

(Corbett et al., 2008; Dalsøren et al., 2009; Endresen et al., 2008; Mifka et al., 2021). 42 

Shipping emissions include pollutants such as carbon dioxide (CO2), carbon monoxide (CO), 43 

nitrogen oxides (NOx), sulphur dioxide (SO2), particulate matter such as PM2.5 and PM10, 44 

along with other volatile organic compounds (VOCs) and oxidised VOCs (OVOCs) (Eyring 45 

et al., 2007; Huszar et al., 2010; Matthias et al., 2016; Viana et al., 2014). These compounds 46 

can act as long-term greenhouse gases or affect air quality, posing serious health hazards 47 

(Endresen et al., 2008; Eyring et al., 2007; Gilgen et al., 2017; Viana et al., 2014). Indeed, in 48 

some areas in Europe with heavy ship traffic, shipping emissions can contribute as much as 49 

80 % of the NOx and SO2 in the environment (EEA, 2017). Particularly in urban harbour 50 

areas, where large vessels are docked in proximity to housing and city centres, this can 51 

significantly affect air quality (Lathwal et al., 2021; Tang et al., 2020; Viana et al., 2014). In 52 

these settings, shipping emissions can contribute to NOx, SO2 and PM levels comparable to 53 

road traffic at the urban scale (Mao et al., 2019; Merico et al., 2017).  54 

Among the pollutants mentioned above, NOx, SO2, VOCs and OVOCs are reactive species 55 

which impact air quality. NOx can impact the oxidising capacity of the lower atmosphere by 56 

affecting the partitioning, production, and loss of free radical species (hydroxyl (OH), 57 

hydroperoxyl (HO2), and peroxy (RO2) radicals) and through the production of ozone 58 

(Crutzen, 1971, 1970; Stroud et al., 2003). SO2, by contrast, can react with OH and form 59 

sulfuric acid (H2SO4), which can cause ecological damage and various health hazards (World 60 

Health Organization, 2021). SO2 is also a precursor for sulphate aerosols, which are 61 

responsible for severe air pollution issues but have a cooling effect on climate (Twomey, 62 

1977). Although several types of VOCs and OVOCs are emitted by ships, formaldehyde 63 



(HCHO), the smallest carbonyl compound found in the atmosphere, can be used as a proxy 64 

for VOC emissions as it is directly emitted by combustion processes and is also an 65 

intermediate species formed by the oxidation of VOCs (Hak et al., 2005, and references 66 

therein). HCHO has been detected in shipping emissions using satellite data (Marbach et al., 67 

2009). Once in the atmosphere, HCHO can photolyse and be oxidised by OH radicals, 68 

yielding HO2 radicals and CO, affecting the global CO budget and the oxidative capacity of 69 

the atmosphere (Atkinson, 2000). It is also a crucial constituent in tropospheric O3 formation, 70 

affecting air quality (Abbot, 2003; De Smedt et al., 2008).  71 

The International Maritime Organisation (IMO) Marpol Annex VI has imposed since 2020 72 

the maximum fuel sulphur content (FSC) for maritime traffic to be 0.50% S m/m worldwide. 73 

This global regulation is superposed by specific emission control areas (ECA), notably in the 74 

EU and the USA, where further emission restrictions on emissions of SOx and NOx from 75 

maritime traffic are enforced (Kattner et al., 2015). In ECA zones, such as the Baltic Sea and 76 

the North Sea in the EU, the maximum FSC is set to 0.10% S m/m. However, regular 77 

monitoring of these regulations is necessary, especially using independent techniques that do 78 

not rely on self-reporting by the shipping industry. Here, remote sensing techniques have an 79 

advantage as they can measure directly the exhaust plume of ships to quantify the SO2 and 80 

NO2 emissions from individual ships without mobilising complex (on-board) instrumentation 81 

and without dilution (Cheng et al., 2019; Seyler et al., 2017). Here, we report observations of 82 

shipping emissions of NO2, SO2 and HCHO using a multi-axis differential optical absorption 83 

spectrometer (MAX-DOAS) to quantify shipping emissions from a harbour in Dunkirk, 84 

France. The observations are used to identify relative increases in the concentrations of the 85 

three compounds along with the aerosol extinction coefficient (AEC) when sampling ship 86 

emissions and put in context with other sources in the region to assess the overall impact. We 87 



also analyse the SO2/NO2 ratios to determine whether the ships are using low-sulphur fuels in 88 

accordance with regulations. 89 

 90 

2. Methodology 91 

Observations of atmospheric constituents along with various meteorological parameters were 92 

carried out as part of the joint 'SHIPping emission's contribution to AIR pollution in urban 93 

harbour area (SHIPAIR)' and 'Port Inventories in ReAl TimE' (PIRATE) campaigns. The 94 

field campaign was conducted from 31
st
 August 2022 to 30

th
 September 2022. A MAX-95 

DOAS instrument was installed in the harbour of Dunkirk, France (51.009° N, 2.025° W) to 96 

study the profiles of trace gases in the ambient atmosphere and ship emissions (Figure 1). The 97 

instrument was placed on the rooftop of the Dunkirk-Great Britain ferry terminal at a height 98 

of 15 m above ground. The instrument was located approximately 300 m from the docking 99 

point of the most common ferries. Please note that the distance to the ship changes according 100 

to where the ship is when we measure the plume, which is not only when it is docked. The 101 

instrument was made of two parts: the first part consisted of a scanning telescope system, 102 

which had a light collector focused by a lens (focal length: 200 mm, diameter: 50.8 mm), and 103 

an indoor unit comprised of a spectrometer (Princeton Instruments SP500i) and a Charge-104 

Coupled Device detector (Princeton Instruments Pixis 400B). The two units were connected 105 

by an optical fibre, transmitting scattered sunlight from the outside unit to the spectrometer. 106 

The spectrometer collected light in the spectral window between 296-383 nm. The 107 

instrument's electronic offset and dark current were measured regularly to correct the spectra, 108 

and the spectrometer was calibrated daily using mercury emission lines. The spectra were 109 

later also corrected using the Fraunhofer absorption lines in the solar spectrum. 110 

DOAS analysis (Hönninger et al., 2004; Plane and Saiz-Lopez, 2006; Platt and Stutz, 2008) 111 

was used to retrieve the column densities of the oxygen dimer (O4), NO2, SO2 and HCHO. In 112 



this method, Rayleigh or Mie scattering is accounted for by a polynomial, and the remaining 113 

absorption contains narrow-band absorption from various chemical compounds. The optical 114 

densities of individual trace gases that absorb within the wavelength region are then 115 

identified using a least-squares fitting procedure. These are retrieved relative to the zenith 116 

spectrum, resulting in differential slant column densities (DSCD). The different absorption 117 

cross-sections used in the three fitting windows are given in Table 1. We used the QDOAS 118 

software (developed at BIRA-IASB, http://uv-vis.aeronomie.be/software/QDOAS/) (Fayt and 119 

Van Roozendael, 2013) for the DOAS retrievals.  120 

The DSCDs were retrieved along 11 elevation viewing angles (0°, 1°, 2°, 3°, 4°, 5°, 7°, 10°, 121 

15°, 20°, 90°). The instrument azimuth viewing direction was changed three times during the 122 

campaign (Figure 1). The first light path pointed westward (azimuth 262°) north of the ferry 123 

dock from 1
st
 to 12

th
 September 2022, the second light path looked across the harbour 124 

opening towards the open ocean (azimuth 306°) from 12
th

 to 20
th

 September 2022 and 28
th

 to 125 

29
th

 September 2022, and the third path looked across an industrial area to the east of the 126 

harbour (azimuth 60°) from 20
th

 to 28
th

 September 2022. This made it possible to identify 127 

ship emissions and other sources due to local industrial emissions during the campaign. The 128 

path length of MAX-DOAS is not constant but changes depending on the local conditions 129 

such as the ambient aerosol loading. The path length ranged between 3 km and 30 km during 130 

the campaign, and the O4 observations were used to correct the effect of the path length on 131 

the other trace gas mixing ratio estimations. This correction was done using a radiative 132 

transfer model with a profile retrieval algorithm as detailed below. 133 

To retrieve the volume mixing ratios from the DSCDs, we used a profile retrieval algorithm 134 

in conjunction with a radiative transfer model. The current study used the Mainz profile 135 

algorithm (MAPA) (Beirle et al., 2019) to calculate the AEC and mixing ratio profiles. The 136 

profile retrieval consists of two parts. The first part is retrieving the AEC profile using the O4 137 



DSCDs, and the second part is retrieving the trace gas profiles using the retrieved aerosol 138 

profiles. Both parts consist of the same steps: a forward model and an inversion algorithm 139 

(MAPA). The forward model used is the Monte Carlo Atmospheric Radiative Transfer 140 

Inversion Model (McArtim) (v1) (Deutschmann et al., 2011). The retrieved mixing ratios are 141 

then subjected to a quality check and quality control according to various flags to ensure that 142 

the resulting data are valid. Further details of MAPA, the flags used to identify valid data (in 143 

addition to filtering faulty estimations due to multiple scattering caused by clouds), and the 144 

thresholds for the various quality check flags can be found in Beirle et al. (2019).  145 

Ancillary observations of meteorological parameters were made during the campaign. Figure 146 

2 shows the time series of wind speed, wind direction, temperature, and relative humidity 147 

throughout the campaign. In order to identify long-distance sources and their impact on the 148 

background levels of pollutants, we also analysed the air mass back trajectories arriving at the 149 

measurement site. They were calculated using the HYSPLIT model (Draxler and Hess, 1998; 150 

Stein et al., 2015) GDAS 1° × 1° (3-hour time resolution) meteorological data, . The 151 

trajectories were run for -72 hours (3 days) and arrived at the site at half the height of the 152 

planetary boundary layer. Five clusters were identified from the trajectories: 1) SW air 153 

masses mainly passing over continental France, 2) SSW air masses mostly passing over the 154 

Atlantic Ocean, 3) NW air masses passing over the English Channel and the UK, 4) N air 155 

masses passing over the English Channel and the UK, and 5) NE air masses passing over the 156 

North Sea. Examples of cluster averages and time series of air masses from each cluster are 157 

shown in Figure 3.   158 

During the campaign, a total of 520 vessels entered the harbour, of which 350 were ferries 159 

(day and night). During the daytime, when the MAX-DOAS was sampling, 151 ferries 160 

entered the harbour throughout the campaign. For the periods when the DOAS was pointed 161 

toward the harbour, there were 169 ships, of which 110 were ferries. This shows that the 162 



main drawback of the MAX-DOAS is that it can only sample during the daytime and would, 163 

therefore, miss some vessels. 164 

 165 

3. Results and discussion 166 

3.1 Meteorological Conditions 167 

Figure 3 shows the air mass back trajectory clusters observed during the campaign according 168 

to the different light paths. During observations along light path 1 (azimuth 262°), the 169 

trajectories mainly were from clusters 1-3 in three distinct periods, corresponding to air 170 

masses with a continental influence. This light path is pointed just north of the ferry dock and 171 

should have the maximum direct emissions in the path when the ferry ships are docked. 172 

However, the local wind direction during this period varied with some instances of marine 173 

winds (NW-NE), with low contributions of local emissions from the city of Dunkirk and 174 

surrounding regions, along with periods of S, SE and SW winds, when the air mass passed 175 

over land before reaching the site (Figure 2). During observations along light path 2 (towards 176 

the north over the open sea), a mix of air masses from all 5 clusters was observed (Figure 3). 177 

The local wind direction was either NW or NE, with wind speeds increasing towards the end 178 

of the measurement period along this light path (Figure 2). During observations along light 179 

path 3 (pointing towards the industrial area east of the measurement site), the air masses were 180 

from clusters 1, 3-5. Thus, air masses passing over the Atlantic Ocean were not sampled 181 

(Figure 3). The local wind direction shows that the air initially came from the NW, over the 182 

open sea, but then gradually shifted across the south to eventually come from the NE (Figure 183 

2). Thus, emissions from the Dunkirk suburban areas of Loon-Plage and Grande-Synthe and 184 

local industries were observed when the winds came from the south. The wind speed 185 

gradually increased during the light path 3 period, similar to light path 2. Finally, the 186 

temperature decreased gradually throughout the campaign as autumn arrived. The relative 187 



humidity (RH) was variable, with periods of high RH most of the campaign, followed by low 188 

RH when the wind speed was high (Figure 2). During the campaign, there were periods of 189 

rain, which were flagged by the DOAS data and excluded from further analysis. 190 

 191 

3.2 Differential Slant Column Densities 192 

Figure 4 shows the O4, NO2, HCHO and SO2 DSCDs observed throughout the campaign. The 193 

O4 DSCDs show a considerable variation depending on the meteorological conditions. This is 194 

due to a change in the aerosol loading, which strongly affects the total observable path length. 195 

The O4 DSCDs show a decreasing gradient with increasing elevation angles, which shows 196 

that most of the aerosols are concentrated in the boundary layer. There were periods when the 197 

O4 DSCDs fell much lower than usual, which coincided with rain events, as confirmed by 198 

visual images from a CCTV camera installed at the measurement site. As expected, visibility 199 

is much lower during rain events. This data was filtered from further analysis as it can affect 200 

the radiative transfer calculations due to multiple scattering. Examples of typical days when 201 

changes in O4 DSCDs along different elevation angles, and hence aerosol concentrations, can 202 

be observed during ship docking periods are shown in Figure 5.  203 

DSCD time series for O4, NO2, HCHO, and SO2 are also shown in Figure 4. NO2 DSCDs are 204 

observed above the detection limit on all days of the campaign, but HCHO and SO2 are more 205 

intermittent. Interestingly, NO2 and HCHO show higher DSCDs at lower elevation angles 206 

most of the time, showing a decreasing vertical profile, but SO2 is not always as clear, with 207 

some instances of higher SO2 at higher elevation angles. This indicates that there are periods 208 

when SO2 is below the detection limit in the lowest layer but is present as a lofted layer 209 

higher than 100 m. This would occur when the background SO2 is low, but ship exhaust 210 

emits SO2 directly above the surface. The same vertical profile was also observed when a 211 

significant increase in SO2 was observed on 21
st
 September, when the instrument was 212 



observing along light path 3, towards the industrial area to the east of the measurement site. 213 

In this case, SO2 was emitted from a chimney and was therefore also observed as a lofted 214 

layer.  215 

Figure 5 provides a zoom-in on two typical days when these different trace gas gradients are 216 

visible, showing the O4, NO2, HCHO and SO2 DSCDs along different elevation angles on 217 

12
th

 and 19
th

 September 2022, when the instrument was pointing north over the North Sea 218 

along light path 2. Apparent differences can be seen in the O4, NO2, HCHO, and SO2 DSCDs. 219 

The DSCDs were higher on 12
th

 September as compared to 19
th

 September. The local wind 220 

direction was similar on both days, but the wind speed was much lower on 12
th

 September. 221 

However, the air mass trajectories were very distinct, with cluster 1 air masses, which passed 222 

over land, observed on 12
th

 September, and clusters 4 and 5, which passed over the North 223 

Sea, observed on 19
th

 September. Thus, in addition to ship emissions, which led to peaks in 224 

all species on both days, the background levels are dominated by other emissions. This shows 225 

that meteorological conditions determine the absolute concentration of pollutants at the 226 

measurement site.   227 

 228 

3.3 Aerosol Extinction Coefficients and Trace Gas Mixing Ratios 229 

Figure 6 shows the vertical profiles of AEC and NO2, HCHO and SO2 mixing ratios. Periods 230 

of high aerosol loading can be clearly seen in the AEC profiles, including periods with 231 

clouds, which show high AEC across the entire profile during these periods. These periods 232 

were filtered unless they passed the MAPA filters. It should be noted that clouds can 233 

introduce additional uncertainties on the retrieval of trace gas mixing ratios from the DSCDs, 234 

and some of the cloudy periods pass the MAPA filters, which are designed to avoid clouds 235 

(check  Methodology). These periods are clearly identifiable with elevated AEC and trace gas 236 

mixing ratios at higher altitudes (Figures 6 and 8). In theory, while the AEC can be directly 237 



attributed to the presence of clouds, the retrieved trace gas mixing ratios account for the 238 

multiple scattering due to clouds and hence should be valid. Unfortunately, this is not always 239 

the case due to non-linear multiple scattering effects which are still not well characterized in 240 

radiative transfer models, and hence the elevated trace gas concentrations at higher altitudes 241 

should be treated with caution (Beirle et al., 2019). However, the presence of clouds does not 242 

directly affect the trace gas retrievals at lower altitudes (<500 m) and, hence, we have high 243 

confidence in the measurements showing elevated concentrations near the surface, which 244 

correlate with the presence of ships. There are several periods of high AEC, even under clear 245 

sky conditions, where the AEC increases to higher values (>0.4 km
-1

) up to 500 m from the 246 

surface. These periods coincide with increases in NO2, SO2, and sometimes, HCHO. In the 247 

case of NO2, while background mixing ratios of 2-5 ppbv are observed, distinct peaks of up 248 

to >40 ppbv are measured intermittently when the ships are in the harbour. HCHO mixing 249 

ratios show higher average background mixing ratios up to altitudes of ~1 km but also show 250 

peaks of >15 ppbv up to 500 m during periods of ship activity in the harbour. The peaks in 251 

HCHO are not observed every time the ship is in the harbour, unlike NO2, which is highly 252 

regular, suggesting that in addition to ship emissions, local emissions leading to the formation 253 

of HCHO also control the observed HCHO mixing ratios. As HCHO depends on 254 

anthropogenic and natural sources, the increase in HCHO is not expected to be always 255 

observable above the background due to a lower impact on the signal-to-noise. In the case of 256 

SO2, peaks of >10 ppbv are often observed when the ships are in the harbour, showing that 257 

ship emissions still contribute to the SO2 loading near Dunkirk. However, the highest peak in 258 

SO2 was observed on 21
st 

September 2022 (Figure 6), when the instrument was observing 259 

along light path 3, which pointed towards the industrial area east of the harbour. This increase 260 

in SO2 also did not coincide with the timing of ships in the harbour, confirming that the 261 

emissions were from the industrial area, which houses a steel plant with three coal-fired blast 262 



furnaces and a total annual production capacity of 7 million tons. As this was an intermittent 263 

emission, it is most likely to have come from the blast furnaces at the steel plant (Setyan et 264 

al., 2019; Zhang et al., 2021).  265 

Figure 7 shows the time series of surface (averaged over the lowest 200 m) AEC and trace 266 

gas mixing ratios throughout the campaign. Higher background levels were observed on 267 

some days compared to others. This is especially noticeable when the air masses from sectors 268 

4 and 5 travel over the North Sea and show low values for all pollutants, apart from some 269 

peaks during the periods when the ship plumes were sampled, e.g., 14
th

-20
th

 September and 270 

24
th

-26
th

 September (Figure 3). However, on other days, a spike above the background is 271 

observed whenever the ship emissions are sampled. These spikes were observed almost daily 272 

for AEC, NO2 and SO2. The increase in HCHO is not as apparent, which indicates that the 273 

lifetime of VOCs emitted by ships is longer than the transport time to and within the light 274 

path and that primary emissions of HCHO from the ship stacks are diluted before 275 

measurement. The change in background over the campaign suggests that sources other than 276 

ship emissions control the average pollutant levels over the measurement site, but ship 277 

emissions still contribute to the observed increase in pollutants. Previous studies have 278 

reported similar observations in the German Blight near Hamburg (Seyler et al., 2017) and in 279 

Shanghai (Cheng et al., 2019), concluding that ship emissions' contribution to pollution levels 280 

is large, but land-based sources still control the overall pollution loading. 281 

Figure 8 shows a zoomed-in example of the vertical profiles for two days (12
th

 and 19
th

 of 282 

September 2022), which were observed along light path 2 as mentioned above, but with air 283 

masses coming from cluster 1 (over land) or clusters 4-5 (over sea). The large difference in 284 

the background mixing ratios, especially for NO2 and HCHO, can be seen, with higher 285 

mixing ratios observed when the air masses arrived from cluster 1 (over land) on 12
th

 286 

September. On this day, apparent increases in NO2 are observed at regular intervals, which 287 



can be attributed to the presence of ferries in the harbour. NO2 and SO2 show a significant 288 

increase in the morning when the ships are in the harbour, but the subsequent increases in the 289 

afternoon are smaller as compared to the morning. This was due to two reasons: 1) the wind 290 

speed was much lower in the morning, implying slower dispersion of ship emissions (note 291 

that no relationship between wind speed and observed concentrations is seen when the full 292 

campaign data is considered), and 2) differences in local wind direction. Indeed, in the 293 

morning, the wind was blowing directly from the north, towards the DOAS light path for 294 

ships approaching or leaving the harbour, compared to the afternoon when the wind was 295 

blowing from the south, advecting emissions from ships inside the harbour and continental 296 

sources to the DOAS light path. This change is also visible in the HCHO mixing ratios, 297 

which are lower in the morning but increase throughout the day due to diurnal 298 

photochemistry and the fact that the instrument sampled air masses with higher VOCs from 299 

the land in the afternoon. On 19
th

 September, spikes in NO2 and SO2 were still visible when 300 

ships were in the harbour but considering that we were sampling clean marine air masses and 301 

that the wind speed was higher than on 12
th

 September, the peaks are shorter lived as the 302 

pollutants are advected and dispersed more rapidly. In fact, SO2 is below the detection limit 303 

for most of the day, with only a few instances observed above the detection limit. Note that 304 

the morning of the 19
th

 of September was cloudy, which can be seen in the AEC observations 305 

and was confirmed using concurrent CCTV images. Even during cloudy conditions, the 306 

enhancement in trace gases is observed close to the surface in the MAX-DOAS profiles.  307 

Figure 9 shows a comparison of the vertical profiles of the AEC, the NO2 and SO2 mixing 308 

ratios, and the corresponding O4, NO2 and SO2 DSCDs when the MAX-DOAS sampled ship 309 

emissions, as well as instances when it sampled background air, all on 12
th

 September, 310 

selected for similar wind speed and wind direction. This was a ‘clear sky’ day, and the sky 311 

conditions were verified using independent CCTV images that were collected concurrently 312 



throughout the campaign. An increase in all parameters can be observed in the lower 313 

boundary layer when the ship plume was sampled (Figure 9). It should be noted that DOAS 314 

observes the concentrations along a light path, and the change in mixing ratios is averaged 315 

over the entire path length. The increase due to ship emissions is localised rather than 316 

averaged; hence, the increase in mixing ratios corresponds to a lower limit. The increase in 317 

DSCDs is more representative of the total increase in pollutants, although, with a MAX-318 

DOAS, it is not possible to identify increases only in the air masses with the plume; hence, 319 

MAX-DOAS measurements cannot provide emission estimates from individual ships. 320 

However, this inherent drawback is compensated for by the fact that these observations 321 

provide remote sensing data that allow statistical analysis of signals at different altitudes from 322 

thousands of ships at a distance and under various environmental conditions, which is not 323 

possible with in situ observations. It should also be noted that this campaign was conducted 324 

over a short period of time to test the capability of the MAX-DOAS to measure ship plumes. 325 

While the observations qualitatively demonstrate this capability, the lack of long-term 326 

observations inhibits a detailed statistical analysis to calculate emission factors due to 327 

changing meteorological conditions. A longer dataset would be needed in the future for a 328 

more quantitative analysis and characterise individual ship emissions. 329 

 330 

3.4 In situ observations of trace gases 331 

Figure 10 shows the time series of the surface NO2 and SO2 mixing ratios observed by the in 332 

situ sensors throughout the campaign. In general, the in situ sensors reported higher mixing 333 

ratios than the MAX-DOAS instrument. This is not surprising considering the fact that the 334 

MAX-DOAS data represent averaged concentrations along the light path, and the surface 335 

value is indicative of an average over the lowest 200 m. The path length varied throughout 336 

the campaign depending on the environmental conditions, but the retrieved mixing ratio takes 337 



the difference in the light path into account. However, it does not account for the 338 

heterogeneity in emissions along the different light paths, which can affect the average 339 

mixing ratios. The in situ sensors were also able to observe several peaks throughout the 340 

campaign but did not observe systematically the same plumes as the MAX-DOAS 341 

instrument. Indeed, a comparison between the in situ and MAX-DOAS observations shows a 342 

poor match (Figure 10). There are several occasions when the MAX-DOAS sees higher 343 

values of NO2 and SO2, suggesting that it is sampling the ship plume while the in situ sensors 344 

do not show an increase. On some occasions, the in situ sensors detect an increase, which is 345 

not reflected in the MAX-DOAS observations. This shows that both instruments sampled 346 

different ship plumes, depending on the position of the ships and the wind direction. The in 347 

situ sensors also observed plumes for very short periods (1 m or shorter) most of the time, 348 

especially when the wind direction was coming from over the docking station when the ships 349 

were in the harbour. By contrast, the MAX-DOAS was able to observe plumes for longer 350 

periods (considering an elevation angle sequence of 10 minutes). This is because of the 351 

longer light path, which increases the probability of sampling the ship's plumes when it is 352 

close to the harbour. Thus, a direct comparison between the in situ sensors and the MAX-353 

DOAS is not possible here, as the number of plumes observed in common is very low and the 354 

integrated observation times very different (2-4 mins for in situ and 10 mins for DOAS). For 355 

a detailed comparison, a longer measurement campaign needs to be conducted and the 356 

discrepancy between the MAX-DOAS and in situ sampling periods needs to be addressed, by 357 

increasing the temporal resolution of the MAX-DOAS observations… . The observations 358 

show the importance of having different measurement systems to increase the likelihood of 359 

monitoring ship emissions as both methods have their own advantages, although 360 

characterisation of each method still remains a challenge.  361 

 362 



3.5 SO2/NO2 ratio 363 

While the MAX-DOAS does not directly allow the estimation of the NO2 and SO2 emission 364 

factors, the SO2/NO2 concentration ratios can be used to estimate whether ships are using 365 

low-sulphur fuels to track compliance (Cheng et al., 2019; Seyler et al., 2017). This method 366 

was already used as early as 2012 by McLaren et al. (2012), who employed an active long-367 

path DOAS technique to measure the SO2/NO2 ratios in ship plumes and suggested that high 368 

ratios were a result of high sulphur content in marine fuels. In Shanghai, the SO2/NO2 ratio 369 

exceeded 2 for the high sulphur emitting ships (Cheng et al., 2019), while in the German 370 

Blight close to Hamburg, the ratio for high sulphur fuelled ships was close to 0.35 (this value 371 

was similar to (McLaren et al., 2012)). The median ratio for low sulphur fueled ships was 372 

0.058 (Seyler et al., 2017). Figure 11 shows the surface SO2/NO2 ratio observed during the 373 

measurement campaign and the recorded ship arrival times into the harbour by the MAX-374 

DOAS (bottom 200 m) and the in situ analysers. Not all ships stayed for the same duration, 375 

and their engines were on for variable periods. Therefore, the arrival times are indicative of 376 

ship emissions but do not cover the entire period when the MAX-DOAS or the in situ 377 

instruments sampled the ship plume. Typically, the ferries stayed in the port for 20-30 378 

minutes, during which a change in the SO2/NO2 ratio can be detected. An increase in the ratio 379 

is observed in the MAX-DOAS every time a ship enters the harbour but not in the in situ 380 

observations, which see an increase only sometimes. This is expected as the MAX-DOAS 381 

observations are path-averaged concentrations, which increases the likelihood of it sampling 382 

the ship plume. By contrast, the in situ instrument is extremely sensitive to the local wind 383 

direction and hence samples only a fraction of the total number of ships. The relative increase 384 

in the MAX-DOAS observations also depends on the background conditions and the 385 

meteorological conditions, in addition to the ship arrival times. Hence, it was not possible to 386 

draw any clear conclusion on the emission factors for individual ships, and a larger sample 387 



size is needed. For the present campaign, the ratio ranged between 0 and 2, with most ferry-388 

based plumes showing a ratio between 0.15 and 0.3, depending on the environmental 389 

conditions. The SO2/NO2 ratio observed here is much higher than in the German Blight 390 

(Seyler et al., 2017). We are not sure of the reason behind this, but it could be due to the 391 

engine regime and/or related to the distance between the ship plumes and the measurement 392 

site. Considering that we were located at the harbour, we were mainly measuring 'cold' 393 

emissions or auxiliary motor regimes. It could also be related to the proximity to the ship 394 

emissions, which leads to direct measurement of the plumes, which the previous DOAS-395 

based studies did not have. The study by Seyler et al. (2017), for example, sampled plumes 396 

from a distance of 3 km for a longer measurement period. Hence, the difference in the 397 

observed ratios is not surprising.  398 

The ratio suggests that the sulphur content of the ship fuel was higher than sources 399 

contributing to the background levels of pollutants, as observed hitherto in the Strait of 400 

Georgia (McLaren et al., 2012). However, there are instances when the SO2/NO2 ratio is as 401 

high as 0.8. Hence, it looks probable that a few ships did not adhere to the low sulphur fuel 402 

regulations. Note that the high ratios on 21
st
 September coincide with SO2 emissions from the 403 

industrial area, which results in a significant amount of SO2 above the typically observed ship 404 

emissions (Figure 11). The observed SO2/NO2 ratio variation suggests some non-405 

conformance with the enforced sulphur limitation. Thus, MAX-DOAS measurements can 406 

provide valuable observations to identify the compliance of fuel sulphur content usage in ship 407 

plumes. 408 

 409 

4. Conclusions 410 

Ship emissions were investigated at the Dunkirk harbour in September 2022 using the MAX-411 

DOAS instrument. Elevated levels of aerosol extinction coefficients, NO2 and SO2 were 412 



observed whenever the instrument sampled emissions from the ship. HCHO, by contrast, was 413 

not observed in each ship plume, suggesting that, at times, the sampling timescale was lower 414 

than the atmospheric oxidation lifetime of VOCs that can lead to HCHO formation but also 415 

large enough for dilution of direct HCHO emissions. While spikes were clearly detected 416 

when vessels were entering or leaving the harbour, the background levels were controlled by 417 

local and long-range transport rather than ship emissions. Hence, the local air quality is not 418 

determined by the shipping sources but instead by local and regional ones. We also used the 419 

SO2/NO2 ratio to determine whether the ships were compliant with the 2020 FSC regulations, 420 

and observations showed that while most ships had low SO2/NO2 ratios, there were several 421 

instances when a high SO2/NO2 ratio was observed, suggesting that some ships are still not 422 

compliant with the new regulations. However, it is important to note that this campaign 423 

provides only some evidence for this, and a longer dataset is needed make a conclusive 424 

statement on the adherence to the new regulations considering the higher background of the 425 

measured pollutants at this site. 426 

 427 
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Tables: 620 

Table 1: DOAS retrieval settings for the four species retrieved as a part of this study.  621 

Trace gas Cross-section Molecule Reference 

O4 and NO2 (338-370 nm); Polynomial order 5; Predefined offset: Constant; 

Orthobase order: 2 

NO2 294K  Diff XS; Conv Std. (Vandaele et al., 1998) 

NO2 220K Ortho to NO2 294K; Conv 

Std. 

(Vandaele et al., 1998) 

O3 223K Ortho to O3 273K; Conv 

Std. 

(Serdyuchenko et al., 2014) 

O3 243K Diff XS; Conv Std. (Serdyuchenko et al., 2014) 

O4 293K None; Conv Std. (Thalman and Volkamer, 

2013) 

CH2O 298K Diff XS; Conv Std. (Meller and Moortgat, 2000) 

BrO 223K Diff XS; Conv Std. (Fleischmann et al., 2004) 

HONO 298K Diff XS; Conv Std. (Stutz et al., 2000) 

Ring Diff XS; Conv Ring (Chance and Kurucz, 2010) 

HCHO (312.5-359 nm); Polynomial order 5; Predefined offset: Constant;  

Orthobase order: 2 

HCHO_298K None; Convolve std (Meller and Moortgat, 2000) 

BrO_223K Diff XS; Convolve std (Fleischmann et al., 2004) 

NO2_294K Diff Xs; Convolve I0 (1e17) 

+ Pukite 

(Vandaele et al., 1998) 

NO2_220K Ortho to NO2_294K; 

Convolve I0 (1e17) 

(Vandaele et al., 1998) 

O3_223K Diff XS; Convolve I0 (1e20) 

+ Pukite 

(Serdyuchenko et al., 2014) 

O3_243K Ortho to O3 223K; Convolve 

I0 (1e20) 

(Serdyuchenko et al., 2014) 

O4_293K None; Convolve std (Thalman and Volkamer, 

2013) 

HONO_298K Diff XS; Convolve std (Stutz et al., 2000) 

Ring Diff XS; Convolve to Ring (Chance and Kurucz, 2010) 

SO2 (307.7-330 nm); Polynomial order 5; Predefined offset: Constant;  

Orthobase order: 2 

SO2_293K Diff XS; Conv Std. (Bogumil et al., 2003) 

HCHO_298K None; Convolve std (Meller and Moortgat, 2000) 

BrO_223K Diff XS; Convolve std (Fleischmann et al., 2004) 

NO2_294K Diff XS; Convolve I0 (1e17) 

+ Pukite 

(Vandaele et al., 1998) 

NO2_220K Ortho to NO2 294K; 

Convolve I0 (1e17) 

(Vandaele et al., 1998) 

O3_223K Diff XS; Convolve I0 (1e20) 

+ Pukite 

(Serdyuchenko et al., 2014) 

O3_273K Ortho to O3 223K; Convolve 

I0 (1e20) 

(Serdyuchenko et al., 2014) 

Ring Convolve to Ring (Chance and Kurucz, 2010) 



Figures 622 

 623 

Figure 1: Map showing the location of the MAX-DOAS instrument (red dot) during the field 624 

campaign, along with the three light paths used during the study. The first light path pointed 625 

westward (azimuth 262°), to the north of the ferry dock, the second light path looked over the 626 

harbour opening towards the open ocean (azimuth 306°), and the third path looked over an 627 

industrial area to the east of the harbour (azimuth 60°). The location of the in situ sensors is 628 

shown as a blue dot. Please note that the lines are indicative of the viewing direction and not 629 

the actual path length for the observations, which are variable according to environmental 630 

conditions. The most common ship route for the regular ferries docking in the harbour is 631 

indicated (black dashed line). Satellite image: Google Earth. 632 

 633 



 634 

Figure 2: Meteorological parameters observed during the field campaign. The data are 635 

shaded according to the different light paths used during the study. 636 

637 



 638 

Figure 3: Air mass back trajectories observed during the field campaign. Panel a) represents 639 

the means of the five different types of back trajectories observed during the campaign, and 640 

panel b) shows the individual hourly back trajectories in the same colour scheme as (a). The 641 

data are shaded according to the different light paths used during the study. 642 

  643 



 644 

Figure 4: Timeseries of DSCDs according to the observed elevation angles for the different 645 

species during the field campaign. The filled circles show the data above the 2 σ detection 646 

limit of the instrument, color-coded according to elevation angles, while the ‘+’ symbols 647 

represent data below the detection limit. The data are shaded according to the different light 648 

paths used during the study. 649 



 650 

Figure 5: DSCD values of O4, NO2, HCHO, and SO2 according to elevation angles observed 651 

during two example days (12
th

 and 19
th

 of September 2022). Both observations were made 652 

along light path 2, towards the north over the North Sea.   653 
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 655 

Figure 6: Timeseries of vertical profiles of aerosol extinction coefficients (AEC) and NO2, 656 

HCHO and SO2 mixing ratios are shown. The data are shaded according to the different light 657 

paths used during the study. Note that presence of elevated concentrations at higher altitude 658 

(>500 m) should be treated with caution due to multiple scattering effects of clouds. 659 
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 661 

Figure 7: Timeseries of surface AECs and NO2, HCHO and SO2 mixing ratios are shown. 662 

The data are shaded according to the different light paths used during the study. 663 

 664 



 665 

Figure 8: Vertical profiles of AEC, NO2, HCHO and SO2 mixing ratios during two example 666 

days (12
th

 and 19
th

 of September 2022). Both observations were made along light path 2, 667 

towards the north over the North Sea.   668 
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 670 

Figure 9: (Left) Comparison of vertical profiles of AEC, and NO2 and SO2 mixing ratios 671 

when ship plumes were observed (blue & red symbols) with those when no ship plume was 672 

observed (green & yellow symbols) from 12
th

 September 2022. An enhancement in the lower 673 

boundary layer is visible. (Right) Corresponding DSCDs for O4, NO2 and SO2 from the same 674 

MAX-DOAS scans showed larger DSCDs when the instrument sampled the ship plume. Note 675 

that the SO2 DSCDs scans marked with ‘×’ were below the detection limit. 676 
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 678 

Figure 10: The timeseries of surface NO2 and SO2 mixing ratios as observed by the in situ 679 

sensors is shown. The data are shaded according to the different light paths used during the 680 

study. The bottom two panels show the comparison between the MAX-DOAS (lowest 200 m) 681 

and in situ surface mixing ratios, showing that the two instruments did not always sample the 682 

same air masses. 683 
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 685 

Figure 11: SO2/NO2 ratio observed throughout the campaign by the MAX-DOAS (blue 686 

dots), in situ instruments (green asterisks) and ship arrival times (red bars). Not all the ships 687 

stayed for the same duration, and their engines were on for variable periods. Hence, arrival 688 

times indicate ship emissions but do not cover the entire period when the MAX-DOAS 689 

sampled the ship plume. An increase in the ratio is observed in the MAX-DOAS every time a 690 

ship comes into the harbour but not in the in situ observations, which depends on the local 691 

wind direction. The bottom plot shows the zoomed-in figure for 12
th

 September 2022. 692 
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