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A B S T R A C T   

We present a detailed analysis of long-term aerosol measurements from four sun photometer sites (from west to east: Plymouth, Chilbolton, Dunkirk, Oostende) and 
four Department for Environment, Food & Rural Affairs surface sites (from west to east: Plymouth, Southampton, Portsmouth, Eastbourne) near the English Channel. 
From the early 2000s to about 2016, annual mean Aerosol Optical Depth (AOD) from all sun photometer sites decreased by an overall average of 23% decade-1 (range 
of 15–28% decade-1). From 2010 to 2017, annual mean concentration of particulate matter with aerodynamic diameter less than 2.5 μm (PM2.5) from all the surface 
sites decreased by an overall average of 44% decade-1 (range of 7–64% decade-1). Seasonally, the highest aerosol loading is generally found around the springtime, 
and this maximum has been decreasing much faster over recent years than during the other seasons. This is driven by the interaction between the seasonal weather 
patterns (e.g. reduced westerly flow and drier weather in the spring) and the main emission sources being predominantly from the European Continent. We find clear 
spatial gradients in the aerosol loading as well as aerosol composition. From west to east along the English Channel, PM2.5 concentration increases with a mean 
gradient of about 0.007 μg m-3 km-1. At the westernmost site Plymouth, sea spray is estimated on average to account for 16% of the AOD and 13% of the particulate 
matter with aerodynamic diameter less than 10 μm (PM10). The importance of sea spray is reduced by at least a factor of two at the more eastern sites. The long-term 
decrease in aerosol loading along the English Channel appears to be more strongly driven by the reduced anthropogenic emissions, rather than by changes in the 
large-scale circulation such as the North Atlantic Oscillation. Clean ups in road vehicles and ship emissions, however, do not appear to be strong drivers for the long- 
term trends in aerosol loading at these coastal sites.   

1. Introduction 

Aerosols affect atmospheric chemistry, visibility, and the Earth’s 
radiative balance. Because of their impact on human health, aerosols are 
one of the principal indicators of air quality (e.g. Pope et al., 2009; 
Lelieveld et al., 2017). At the confluence of several interfaces, coastal 
environments (especially coastal cities) are exposed to multiple sources 
of aerosols or their precursors depending on wind direction and airmass 
history. These include terrestrial pollution, ship emissions, and sea spray 
(e.g. Zieli�nski, 2004). As a result of this complexity, there remain sig-
nificant uncertainties in aerosol budgets over land close (<60 km) to the 
coast, where a large fraction of the population resides (e.g. over 90% for 
the United Kingdom). 

Thanks to a series of regulations (e.g. the Clean Air Act), terrestrial 
anthropogenic emissions of aerosol precursors, in particular sulfur and 
nitrogen oxides, have significantly reduced in Western Europe over the 
last two decades. Several studies have reported reductions in the aerosol 
loading over Europe since the 2000s (de Meij et al., 2012; Mao et al., 
2014; Yoon et al., 2016; Zhao et al., 2017; Ningombam et al., 2019), 

coinciding with the aforementioned emission reductions. Despite this 
welcoming trend, exceedances in aerosol concentrations over air quality 
regulations over Europe still occur (https://www.eea.europa.eu/da-
ta-and-maps/indicators/main-an-
thropogenic-air-pollutant-emissions/assessment-4). There is also 
considerable uncertainty about which sectors are responsible for the 
trend in the aerosol loading and in the present day aerosol composition 
(e.g. Curci et al., 2015; Kristiansen et al., 2016). 

Ship exhaust emissions have the potential to significantly affect the 
atmospheric chemistry and air quality in coastal environments. For 
example, ships generally burn low quality, high-sulfur fuel, and so 
emitting about 10 Tg (teragram) of sulfur dioxide (SO2) into the atmo-
sphere globally every year (Johansson et al., 2017). Most of that SO2 is 
subsequently converted to submicron sulfate aerosols. Within ‘Sulfur 
Emission Control Areas’ (SECAs), including the English Channel, the 
International Maritime Organisation (IMO) has implemented stage-wise 
reductions in the maximum ship sulfur emission. Reported as % of sulfur 
emitted per mass of fuel, the maximum allowed fuel sulfur content has 
reduced from 1.5% (pre-July 2010), to 1% (post-July 2010), to 0.1% 
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(post-January 2015). A ~3-fold reduction in the atmospheric SO2 
burden has been observed from 2014 to 2015 in air masses passing over 
the Penlee Point Atmospheric Observatory on the southwest coast of the 
UK in response to the more recent sulfur regulation (Yang et al., 2016). 
The impact of these regulations on the coastal aerosol budgets remains 
under-explored. 

When waves break, whitecaps (bubbles visible on the sea surface) are 
formed, generating sea spray aerosols (Lewis and Schwartz, 2004). The 
whitecap fraction is generally parameterized by a cubic relationship 
with wind speed (e.g. Monahan, 1986). Whilst most of the sea spray 
mass has a mode diameter of a few microns, sea spray aerosols ranging 
from about 20 nm to a millimeter are produced (Wang et al., 2017). The 
largest sea spray aerosols settle out of the atmosphere very quickly, 
while smaller aerosols can be advected over long distances. In coastal 
environments, waves shoal upon entering shallower water and break 
more readily. Observations generally show an approximately one order 
of magnitude higher sea spray production fluxes near the coast than over 
the open ocean at similar wind speeds (de Leeuw et al., 2011; van Eijk 
et al., 2011; Andreas, 2016). Mulcahy et al. (2008) found that AOD at 
Mace Head, Ireland during periods of clean marine air exhibited a strong 
wind speed dependence and attributed it to sea spray. Yang et al. (2019) 
showed that sea spray production at the coast depend on both wind 
speed and significant wave height. 

Here we analyze aerosol observations from four sun photometer sites 
(Plymouth, Chilbolton, Dunkirk, and Oostende; from the early 2000s to 
~2016) and four surface air quality stations (Plymouth, Southampton, 
Portsmouth, and Eastbourne; from 2010 to 2017) near the English 
Channel (Fig. 1). We choose to study these sites near the shore because 
of the aforementioned importance of coastal air quality, and also 
because of the relative scarcity of coastal aerosol studies. The long-term 
variability, seasonal variability, and spatial variability in aerosols are 
presented in the Results section. For the spatial variability analysis, we 
derive an AOD:PM2.5 relationship derived from co-located remote and 
surface observations in Plymouth, test this relationship with the surface 
PM2.5 measurements at Dunkirk, and then apply it to other sun 
photometer sites. In the Discussion section, we explore the different 
possible drivers to the observed variability in aerosols, including 

anthropogenic emissions, sea spray, and changes in general circulation. 

2. Theory and methods 

Aerosol optical depth (AOD) is a measure of aerosol light extinction 
integrated over the entire atmospheric column. Many studies on recent 
trends in aerosols utilize AOD derived from visible channel satellite data 
(e.g. MODIS, Moderate resolution Imaging Spectroradiometer) (Mehta, 
2016; Zhao et al., 2017, Glantz et al., 2019), a measurement that is very 
sensitive to sensor drift and corrections (Angal et al., 2013; Sun et al., 
2015). Ground-based sun photometer measurements (e.g. from the 
aerosol robotic network, AERONET; or Sky Radiometer Network, SKY-
NET), with an accuracy and precision better than 0.01 AOD at 500 nm 
(Holben et al., 1998; Eck et al., 1999), provide an alternative way to 
examine the temporal and spatial trend in the aerosols.. 

Most (ca. 90%) of the light extinction caused by aerosol is due to 
scattering, and small aerosols scatter short wavelength (λ) light more 
effectively than long wavelength light (Seinfeld and Pandis, 2006). The 
Ångstr€om exponent describes the wavelength-dependence in aerosol 
extinction, and here is computed from 400 (or 440) nm to 870 nm as a 
linear regression of 1oge(AOD) vs. 1oge (λ). Large (i.e. supermicron) 
aerosols, such as sea spray, are generally associated with a lower Ång-
str€om exponent (e.g. Estell�es et al., 2012b), while small (i.e. submicron) 
aerosols from pollution generally have a higher Ångstr€om exponent. 

Here we use Version 2 Level 2.0 data (cloud-screened and quality- 
controlled) from three CIMEL sun photometers in Chilbolton, Dunkirk, 
and Oostende. Daily averaged data were downloaded from AERONET 
(https://aeronet.gsfc.nasa.gov/). These CIMEL sun photometers operate 
at (340, 380), 440, 500, 675, 870, and 1020 nm. Sun photometer data 
from Plymouth are from a PREDE POM instrument, which is a part of 
SKYNET. This instrument (on top of the Plymouth Marine Laboratory 
building, less than 1 km from the Plymouth surface site as described 
below) includes channels at 400, 500, 675, 870 and 1020 nm. The POM 
data are cloud-screened using a method similar to Smirnov et al. (2000) 
using AOD at 1020 nm. Previous intercomparisons of a CIMEL and a 
POM Sun photometer in Plymouth yielded very good agreement of AOD 
within the uncertainty of 0.01–0.02 in the spectral range 400–1020 nm. 
For the Angstrom exponent the difference is less than 0.02 (Estell�es 
et al., 2012a). In order to compare sun photometer data from different 
sites and facilitate comparisons against MODIS, we interpolate AOD to a 
common wavelength of 550 nm using the measured Angstrom exponent. 
Gaps in the time series were generally due to instrument faults. 

Ground-level particulate matter (PM) is measured at the Department 
for Environment, Food & Rural Affairs (DEFRA) Automatic Urban and 
Rural Network (AURN) stations in Plymouth, Southampton, Portsmouth 
and Eastbourne. These four stations are all classified by DEFRA as ‘urban 
background’ sites. The PM concentrations are quantified using a Thermo 
tapered element oscillating microbalance (TEOM 1400AB) and Filter 
Dynamics Measurement System (FDMS 8500). In addition to providing 
total PM2.5 and PM10 (particulate matter less than 2.5 and 10 μm, 
respectively), the aerosols are further separated into (semi) volatile and 
non-volatile components. Daily averaged data are downloaded from the 
DEFRA website (https://uk-air.defra.gov.uk/data/). 

Ground-level PM is measured in Dunkirk by the French air quality 
network ATMO (ATMO “Hauts-de-France” in northern France). Two 
stations, using TEOM-FDMS, monitor PM2.5 concentration at Malo-Les- 
Bains on the coast (DK4) and the eastern part of the industrial area, and 
at Cappelle-La-Grande at about 7 km from the coast (DKH) and south of 
industrial area. DK4 and DKH are respectively classified as urban and 
periurban stations. Daily and hourly averages data are available from 
the ATMO Hauts-de-France web site (https://www.atmo-hdf.fr/). 

Direct sun photometer measurements can only be made when there 
are no clouds in front of the sun, resulting in more data in the drier 
spring/summer. Coupled to the much shorter daylight in winter (as little 
as 8 h) than in summer (as much as 16 h), there are generally far fewer 
valid sun photometer measurements in the winter. As a result, yearly Fig. 1. Sites with sun photometer (circle) and PM (cross) data.  
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means in AOD computed directly from the high frequency observations 
tends to result in a ‘summer bias.’ To ensure more equal representation 
of all seasons in our trend analysis, we first average the daily observa-
tions to monthly-bins, and then average the monthly-bins to yearly bins 
(taking advantage of the fact that even in winter, there are generally still 
at least a few days of valid measurements in a month). 

PM measurements are continuous and do not suffer from such a 
seasonal bias. For the sake of consistency we analyze the long-term PM 
trends the same way. In contrast to the columnar AOD, PM is more 
sensitive to changes in the planetary boundary layer height and vertical 

mixing (e.g. sea-breeze effect and diurnal variability). This ground-level 
measurement is a more directly relevant parameter for public health as it 
better reflects the environment that people experience. 

3. Results 

Aerosol loading along the English Channel is subject to the strong 
contrast between the marine airmasses coming off the North Atlantic 
from the southwest quadrant (ca. 50% of the time), and the European 
continental airmasses from the east/southeast (ca. 20% of the time). The 

Fig. 2. Time series of AOD at Oostende (A), Dunkirk (B), Chilbolton (C), and Plymouth (D): monthly mean, yearly mean, linear fit to yearly mean, and 25 and 75 
percentiles of monthly data. 
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prevailing southwesterly winds are well aligned with the orientation of 
the English Channel, facilitating longer-range transport of marine 
aerosols and accumulation of pollutants along the way. Seasonally, high 
wind speeds from the southwest and heavy precipitation occur the most 
frequently in the winter half of the year. The spring/early summer is 
characterized by relatively more prevalent winds from the east as well as 
dryer conditions. 

The long-term trends, seasonal variability, and spatial variability of 
aerosols along the English Channel are presented in Sections 3.1, 3.2, 
and 3.4, respectively. In Section 3.3, we use co-located measurements of 
AOD and PM in Plymouth to derive an empirical relationship between 
AOD and PM2.5, which is used in the spatial variability analysis. 

3.1. Long-trend trends in aerosol loading 

Fig. 2 shows time series of AOD550 (monthly mean, yearly mean, fit 
to yearly mean, and 25th and 75th percentiles) from the four sun 
photometer sites. AOD has decreased since the early/mid 2000s at 
Chilbolton, Dunkirk, and Oostende at a similar rate of just under 0.04 
decade-1 (which amounts to ~23% of the mean AOD during this period). 
As summarized in Table 1, this reduction is statistically significant at 
95% confidence level. These rates of decrease are consistent with pre-
vious findings based on satellite (e.g. Mao et al., 2014; Zhao et al., 2017) 
and ground based observations (e.g. Yoon et al., 2016; Ningombam 
et al., 2019). The decrease in Plymouth (0.02 decade-1, or 15%) is less 
obvious, probably in part to data gaps in the late 2000s. The interannual 
variability in AOD550, here roughly estimated as one standard deviation 
of the linearly de-trended annual mean, is 0.025, 0.016, 0.013, and 
0.019 for Oostende, Dunkirk, Chilbolton, and Plymouth, respectively. 
These values amount to 10–16% of mean AOD550 at these sites, and 
roughly half of the magnitude of the decadal change. 

We can compare the proportional decrease in AOD at 400, 550, and 
1020 nm. At most sites, the proportional decrease at 1020 nm is as rapid 
as at the shorter wavelengths. The Ångstr€om exponent does not 
demonstrate any significant long-term trends at any of the sites analyzed 
here (Table 1). These results suggest that the modal aerosol size for the 
small aerosols has not changed substantially despite the overall decrease 
in burden. Changes in aerosol size and composition are discussed further 
in Section 4. 

Fig. 3 shows the time series in PM2.5 and PM10 (monthly mean, 
yearly mean, fit to yearly mean) at Eastbourne, Portsmouth, South-
ampton, and Plymouth from late 2010 to mid-2017. The correlation in 
aerosols at different sites is significant, and is largely driven by their 
seasonality (see Section 3.2). For example, monthly mean PM2.5 in 
Plymouth and Eastbourne (the two sites furthest apart) have an R2 value 
of 0.51. The high degree of correlation at these different coastal sites 
reflects the connected airflow along the English Channel and the fairly 
long lifetime of these small aerosols. 

Portsmouth, Southampton, and Eastbourne show large decreases 
ranging from 6.5 to 8.5 μg m-3 decade-1 in PM2.5, which amount to 
around 50% of their respective means during this period (Table 2). 
Intriguingly, mean PM10 level at these surface sites have only decreased 
slightly (not significant at 95% level). Plymouth stands out as an 
exception. AOD and PM2.5 have not significantly decreased in Ply-
mouth, but PM10 has (the latter by about 37% decade-1). 

The interannual variability in PM2.5 (1 standard deviation of the de- 
trended annual mean) is 2.0, 1.0, 0.9, and 1.0 μg m-3 for Eastbourne, 
Portsmouth, Southampton, and Plymouth, respectively. These values 
amount to 7–15% of the mean PM2.5 at these sites, proportionally 
comparable to the interannual variability in AOD. In comparison, the 
interannual variability in PM10 (normalized by their means) is slightly 
lower at 5–10% at these sites. 

3.2. Seasonal variability in the aerosols 

The seasonality in aerosols is driven by different sources and sinks as 
well as atmospheric transport. AOD at these coastal sites consistently 
show springtime maxima and wintertime minima. The seasonally 
averaged AOD (550 nm) at Oostende, Dunkirk, and Chilbolton are fairly 
similar, ranging from 0.1 or less in the winter to over 0.2 in the spring 
(Fig. 4A). As shown in the previous section, AOD at all sites have been 
declining over the last decade. The Chilbolton dataset starts in late 2005, 
a few years later than the other datasets. Thus the mean AOD from 
Chilbolton in Fig. 4A could be biased low slightly relative to the other 
sun photometer sites. 

The Ångstr€om exponents at all sites follow a qualitatively similar 
pattern, with the highest values in the summer and the lowest values in 
the winter (Fig. 4A). The Ångstr€om exponent at Plymouth is on average 
~0.3 lower than at other sites, with a difference that is greater in the 
winter than in the summer. This is because amongst these sites, the 
westernmost (Plymouth) has the highest sea spray contribution to AOD 
(see Section 4.2). The mean seasonality in Plymouth shown here is 
consistent with an earlier analysis of the Plymouth data by Estell�es et al. 
(2012b). 

The seasonal variability in PM demonstrates similarities as well as 
differences to those of AOD (Fig. 4, bottom panel). As with AOD, PM2.5 
and PM10 also peak near the spring. The mean PM2.5:PM10 ratio ranges 
from ~0.6 in Plymouth to ~0.7 at the other sites (see supplement 
Fig. S1). This ratio peaks in the spring (over 0.7 in Plymouth and 0.9 in 
Portsmouth), implying that the greater aerosol loading around the 
spring is mostly due to small aerosols (more likely to be of anthropo-
genic origin; see Section 4.1). That the lowest PM2.5:PM10 ratio is found 
in Plymouth can again be attributed to the greater importance of sea 
spray at this westernmost site (see Section 4.2). 

Unlike AOD, both PM2.5 and PM10 display summertime minima 
(Fig. 4, bottom panel), probably in part due to the deepening of the 
planetary boundary layer (PBL). At this latitude and over the sea, the 
mean PBLheight is on the order of 60% greater in the summer due to 
increased convection than in winter (Chan and Wood, 2013). This causes 
more dilution of surface emissions and so reduces PM at ground level, 
consistent with previous analyses of aerosol profiles (e.g. Zhao et al., 
2018). AOD, being an atmospheric column measurement, is insensitive 
to such boundary layer height changes. The AOD values at these coastal 
sites are about 20% lower in the summer than in the spring, while PM2.5 
concentrations at nearby coastal sites are nearly half as much in the 
summer compared to the spring. It appears that the seasonality in PBL 
can approximately account for the apparently different seasonality in 
AOD and in PM2.5. 

To explore changes in the seasonality of aerosols, we separate the 
AOD data to the spring/early summer (March to June) and winter 

Table 1 
Summary from sun photometer sites.  

Site Duration Days of data <AOD> <Ang> dAOD/dt dAng/dt d(AODMAMJ)/dt d(AODNDJF)/dt 

Oostende 2001–2015 1552 0.154 1.119 ¡0.037 (0.015) 0.014 (0.085) ¡0.079 (0.016) � 0.002 (0.015) 
Dunkirk 2003–2016 1780 0.164 1.087 ¡0.039 (0.012) � 0.016 (0.115) ¡0.072 (0.025) ¡0.040 (0.016) 
Chilbolton 2005–2016 1346 0.134 1.099 ¡0.037 (0.013) 0.117 (0.053) ¡0.082 (0.027) � 0.019 (0.019) 
Plymouth 2001–2016 1708 0.136 0.797 � 0.020 (0.012) � 0.017 (0.053) ¡0.042 (0.016) � 0.007 (0.013) 

Notes: <> signifies mean; trends per decade; AOD at 550 nm; Ångstr€om exponent (Ang) computed from 400 to 870 nm; standard deviation in parentheses; significant 
(95% confidence level) trends boldfaced; MAMJ: March to June, NDJF: November to February. 
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Fig. 3. Time series of PM2.5 and PM10 at Eastbourne (A), Portsmouth (B), Southampton (C), and Plymouth (D): monthly mean, yearly mean, and fits to yearly mean.  

Table 2 
Summary from DEFRA surface sites.  

Site Duration Days of data <PM2.5> <PM10> d(PM2.5)/dt d(PM10)/dt d(PM2.5MA)/dt d(PM2.5NDJF)/dt 

Eastbourne 2010–2017 2196 13.62 19.73 � 7.86 (4.07) � 5.37 (3.97) ¡27.01 (5.77) � 5.76 (6.31) 
Portsmouth 2010–2017 2343 13.05 17.94 ¡6.46 (2.07) � 1.64 (1.69) ¡26.95 (4.07) � 6.81 (5.58) 
Southampton 2010–2017 2123 13.39 19.63 ¡8.52 (1.93) � 2.36 (3.25) ¡25.00 (4.60) � 5.95 (5.20) 
Plymouth 2010–2017 2121 11.48 18.13 � 0.84 (2.07) ¡6.65 (2.34) � 15.63 (5.20) 5.27 (3.50) 

Notes: <> signifies mean; PM in μg m-3; trends per decade; standard deviation in parentheses; significant (95% confidence level) trends boldfaced; MA: March to April, 
NDJF: November to February. 
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(November to February), and then compute the respective means for 
each year. For the PM measurements, which are affected by PBL height 
changes, we focus on early spring (March to April) and winter 
(November to February). These choices are guided by the averaged 
seasonality shown in Fig. 4. 

The fastest decrease in AOD is observed in the spring/early summer 
at approximately twice the annual rate, whilst the wintertime trends at 
most sites are insignificant (Table 1). The rates of decrease in PM2.5 in 
early spring are about 3–4 times faster than the annual rates in Ports-
mouth, Southampton, and Eastbourne (Table 2). These results demon-
strate an increasingly damped seasonality in the small aerosols, which is 
largely due to the decreases in high aerosol concentrations that occur 
most often in the spring/early summer. The long-term decreasing trend 
in small aerosols is also mostly driven by this spring/early summer time 
reduction. In contrast, reductions in the seasonal amplitude as well as in 
the springtime peaks of PM10 are less significant. 

3.3. Plymouth AOD, PM, and their relationship 

Plymouth, the westernmost of the sites analyzed here, is well 
exposed to air coming off the Atlantic Ocean. Average aerosol loading in 
Plymouth between 2010 and 2016 strongly depends on the local wind 
direction (Fig. 5). AOD at 400 nm and PM both peak when winds are 

from the east (90�). In contrast, winds from the west (270�) are char-
acterized by aerosol loadings that are lower by a factor of ~3. AOD at 
1020 nm does not peak during easterly conditions, but instead shows 
similar values to AOD at 400 nm during westerly conditions. PM10 also 
shows a secondary peak when winds are from the west. These obser-
vations are likely due to the contributions of sea spray to the overall 
aerosol loading in Plymouth (Section 4.2). 

To isolate the role of small aerosols (more dominated by anthropo-
genic pollution), we take the difference in AOD between 400 nm and 
1020 nm (ΔAOD ¼ AOD400 – AOD1020). There is a high degree of 
correlation between total PM2.5 and ΔAOD in wind direction bins (R2 of 
0.84), with a slope of about 120 μg m-3 ΔAOD-1 and an intercept near 
zero (Fig. 6). Without subtracting AOD1020 first, the R2 value between 
AOD at 400 (500) nm and PM2.5 is lower at 0.70 (0.60), with a slope of 
94 (116) μg m-3 AOD-1. These PM:AOD relationships are higher than 
previously calculated relationships by e.g. Kacenelenbogen et al. (2006) 
and Shao et al. (2017), and within range of findings by Schaap et al. 
(2009) and Xin et al. (2016). 

We remind readers here that the AOD measurement is only possible 
in the daytime and during largely cloud free conditions. The PM mea-
surement, on the other hand, is continuous. In deriving the above mean 
PM:AOD relationship, we did not restrict the PM data to only the hours 
of valid AOD measurements. Such a filter would lead to an averaged 

Fig. 4. Seasonal variation in (A) AOD at 550 nm and Ångstr€om exponent at all sun photometer sites, data from the early 2000s to ~2016, and (B) PM2.5 and PM10 
from the DEFRA sites, data from 2010 to 2017. 
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PM2.5 concentration that is about 4% higher than the overall measured 
mean for Plymouth, likely due to effects such as diurnal variability and 
wet deposition removal. In general, we expect relationships between 
PM2.5 and AOD to depend on aerosol composition, size distribution, as 
well as seasonality, and thus not be universal. Furthermore, the empir-
ical ratio between PM2.5 and ΔAOD (AOD400-1020) above encom-
passes all seasons, and is likely more suitable for relating long-term (e.g. 
annual) averages than for converting short-term (e.g. hourly) measure-
ments. Assuming the summertime minima in PM is primarily due to a 
deepening PBL, we would expect our mean PM2.5: ΔAOD relationship to 
overestimate PM2.5 (from AOD data) in the summer and underestimate 
PM2.5 during the rest of the year. 

3.4. Dependence on wind direction and spatial variability 

The seasonal analysis above highlighted spatial variability in the 
aerosol loading along the English Channel. Fig. 7 illustrates the wind 
direction dependence in PM2.5, ΔAOD, and Ångstr€om exponent at all 
sun photometer sites. We see that winds from the east are associated 
with the highest PM2.5, ΔAOD, and Ångstr€om exponent (i.e. propor-
tionally more small aerosols). In contrast, the lowest loading of small 
aerosols is found in the west/southwest wind sector, consistent with 
reduced pollution in marine air. Figs. 7B and 4aA show that on average, 
the eastern sites Dunkirk and Oostende have higher AOD (by 0.02–0.03 

in the mean) than the westernmost site of Plymouth. 
We use the relationship between PM2.5 and ΔAOD from Plymouth to 

crudely approximate PM2.5 at the other sun photometer sites for the 
period of August 2010 to July 2016. The estimated mean PM2.5 con-
centrations at Chilbolton, Dunkirk, and Oostende are shown alongside in 
situ PM2.5 measurements in Fig. 8. An increasing trend in PM2.5 from 
Plymouth eastwards is clear, with a slope of about 0.007 μg m-3 km-1. 
PM2.5 in Plymouth is more than 1 μg m-3 lower in the mean than in 
Portsmouth, despite the fact that these two cities have similar PM10 
levels (Table 2 and Fig. 8). The spatial trend in PM10 is less obvious than 
that in PM2.5, probably because PM10 is more related to aerosols of 
local origin. 

In situ PM2.5 measurements from two ATMO surface sites in Dunkirk 
are also shown in Fig. 8. These two urban background stations (DK4, 51�
2’ 55" N, 2� 25’ 12" E; DKH, 50� 59’ 46’’ N, 2� 21’ 59’’ E) are each about 
4 km from the sun photometer site in Dunkirk (51� 2’ 6" N, 2� 22’ 5" E). 
The DKH measurement of PM2.5 is very close to the indirect estimate 
from AOD, while the DK4 site closer to the coast had lower PM2.5. The 
reasonable agreement between the estimated PM2.5 (from AOD) and the 
in situ measurements confirm the robustness of the PM2.5 and ΔAOD 
relationship. 

4. Discussion 

We have shown so far that aerosols near the English Channel display 
clear long-term trends as well as seasonal and spatial variability. The 
seasonality in aerosol loading over Europe has been the subject of a 
number of studies. The higher loading in the warmer months has been 
associated with seasonal changes in the wind patterns and precipitation 
(e.g. Chubarova, 2009), increased biogenic (both terrestrial and marine) 
precursor gas emissions (e.g. Andreae and Crutzen, 1997), more active 
oxidative chemistry (e.g. Chubarova, 2009), and episodically to biomass 
burning (Zdun et al., 2011) and long-distance transport of mineral dust 
(e.g. Estell�es et al., 2012b; Zhao et al., 2018). In this section, we look at 
the influences of anthropogenic emissions (Section 4.1), sea spray pro-
duction (Section 4.2), and regional weather patterns (Section 4.3) on the 
temporal and spatial trends of aerosols. 

4.1. Impact of anthropogenic emissions on the aerosol trends 

The relative reductions in AOD (from the early 2000s to ~2016) and 
in PM2.5 (from 2010 to 2017) are on the order of 23% and 44% decade- 

1, respectively. We showed in Section 3.2 that the long-term decrease in 
the annual mean aerosol loading is largely driven by the large reduction 
near the spring (Tables 1 and 2). We showed in Section 3.4 that there is a 
general increase in the loading of small aerosols from west to east along 
the English Channel, and the aerosol loading tends to peak when winds 
are from the east. A reduction in AOD over Western Europe has been 
reported by several authors already (de Meij et al., 2012; Mao et al., 

Fig. 5. Wind direction dependence in AOD (400 and 1020 nm, and their difference ΔAOD) and PM (PM2.5 and PM10) in Plymouth (averaged data from 2010 
to 2016). 

Fig. 6. Plymouth PM2.5 in wind direction bins highly correlates with ΔAOD 
(r2 ¼ 0.84), with a slope of 120 μg/m3/ΔAOD and an intercept of nearly 0. 
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2014; Yoon et al., 2016; Zhao et al., 2017; Ningombam et al., 2019), and 
has been generally attributed to a decrease in the emission of aerosol 
precursors in Europe. Here we briefly examine the trends in the emis-
sions of different precursor compounds in relation to the aerosols. 

According to European Environmental Agency (https://www.eea. 
europa.eu/data-and-maps/indicators/main-an-
thropogenic-air-pollutant-emissions/assessment-5), from 2001 to 2015, 
anthropogenic emissions of nitrogen oxides (NOx) decreased from 12.8 
to 7.8 Tg yr-1 (39% decade-1), sulfur oxides (SOx) decreased from 11.6 to 
4.8 Tg yr-1 (60% decade-1), non-methane volatile organic carbon 
(NMVOC) decreased from 10.4 to 6.6 Tg yr-1 (35% decade-1), and pri-
mary PM2.5 decreased from 1.7 to 1.3 Tg yr-1 (18% decade-1). In 
contrast, ammonia emission has stayed around 5 Tg yr-1 over these 
years. The bulk of these emissions occurs over the European continent. 

Amongst the aerosol precursor gases, the decrease in the SOx (mostly 
SO2) emission in Europe has been the most dramatic. Given the high 
conversion efficiency from SOx to sulfate aerosols, the reduction in SOx 
likely contributed significantly to the decreasing trend in aerosols 
(Tørseth et al., 2012). Aerosol sulfate is primarily found in the submi-
cron mode (e.g. Yang et al., 2011), and less sulfate is expected to result in 
proportionally lower fine aerosol mass. Indeed, in Eastbourne, Ports-
mouth, and Southampton the PM2.5:PM10 ratio has decreased by 
similar amounts, from approximately 0.75 in 2010 to 0.62 in 2017. 

Interestingly a trend in the Ångstr€om exponent is not obvious at any 
of the four sun photometer sites (Table 1), in contrast to the findings 
from Zhao et al. (2017) based on satellite observations. A consistent 

Fig. 7. Wind direction dependence in PM2.5 (A), DAOD (B), and Ångstr€om exponent (C) at all sun photometer sites.  

Fig. 8. Mean PM2.5 (2010–2016) increases with distance from Plymouth. 
Values from Chilbolton and Oostende were estimated from AOD, while values 
from Plymouth, Southampton, Portsmouth, and Eastbourne were directly 
measured. For Dunkirk, the red circle was estimated from AOD, while the light 
blue triangle and dark blue square were directly measured from the DKH and 
DK4 sites, respectively (see main text for further details). (For interpretation of 
the references to colour in this figure legend, the reader is referred to the Web 
version of this article.) 
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long-term trend in the single scatter albedo is also not apparent among 
the sun photometer sites (supplement Fig. S2). These observations 
suggest that the reduction of aerosols along the English Channel is not 
limited to highly scattering particulates in the submicron mode (e.g. 
sulfate). Both organics (oxidation products of NMVOC) and nitrate 
(products of NOx and ammonia) are often found in both the fine mode 
and course mode of aerosols (e.g. Kavouras and Stephanou, 2002; 
Yeatman et al., 2001). Considering their larger present day emissions 
than SOx and the slower rates of reductions that are more comparable to 
those of aerosol loading, NMVOC and NOx appear to be also important 
for the aerosol trends and present day composition. 

Road transport is the largest source of NOx in Europe but produces 
relatively low amounts of NMVOC and SOx. In addition to NOx and soot 
carbon, road transport also generates primary aerosols from brake and 
tyre wear, as well as resuspension of pre-existing aerosols (Thorpe and 
Harrison, 2008). Our crude analyses of the weekday-weekend difference 
below show that traffic is clearly a significant source of aerosols at these 
sites, but does not appear to be a major contributor towards the 
long-term aerosol trend. 

Averaged PM shows that PM2.5 peaks on Thursdays at all sites in the 
mean, and decrease towards the weekend (supplement Fig. S3). Aver-
aged AOD also tends to peak on Thursdays or Fridays (supplement 
Fig. S4). The average weekday-weekend difference in PM2.5 in East-
bourne, Plymouth, Portsmouth, Southampton amounts to 1%, 4%, 5%, 
and 7%, respectively (mean of 4% across all sites, or about 0.5 μg m-3). 
The weekday-weekend difference in AOD (550 nm) is about 2%, 4%, 
7%, and 10% in Plymouth, Chilbolton, Oostende, and Dunkirk, respec-
tively (mean of 6% across all sites, or 0.009 in AOD). Here for simplicity, 
we categorize ‘weekdays’ as Tuesday to Friday, and ‘weekend’ as Sat-
urday to Monday. Assigning Mondays as ‘weekends’ here very roughly 
recognizes the fact that aerosol loadings tend to be low before the 
Monday morning traffic and also attempts to account for the time 
needed for secondary aerosol formation. 

According to the UK Department of Transport, the average weekday- 
weekend difference in vehicle traffic volume is about 25% (https: 
//www.gov.uk/government/statistics/road-traffic-estimates-in-great- 
britain-2013). Assuming the weekday-weekend difference in aerosols at 
all sites is due to the difference in traffic volume alone (i.e. 25%), the 
total contribution of traffic towards PM2.5 and AOD (550 nm) would be 
on the order of 2.1 μg m-3 and 0.034, respectively (~20% of the PM2.5 
and AOD at these locations). The weekday-weekend differences in 
PM2.5 and in AOD (averaged to yearly bins) do not show significant 
long-term trends at any of the sites here, suggesting limited changes in 
overall road traffic emissions. This may be because while the per-vehicle 
NOx emissions has reduced over the last two decades (especially for 
petrol vehicles), the total road traffic volume in Europe has increased 
(https://www.eea.europa.eu/signals/signals-2016/articles/transport 
-in-europe-key-facts-trends). 

With regard to the shipping industry, the maximum allowed fuel 
sulfur content within the Sulfur Emission Controlled Areas (including 
the English Channel) has reduced from 1.5% (pre-July 2010), to 1% 
(post-July 2010), to 0.1% (post-January 2015). A step-wise reduction in 
aerosol loading due to ship emission regulations is not obvious in the 
AOD as well as PM data at the sites analyzed here. In Plymouth and 
Dunkirk, the two sites with relatively few gaps in the sun photometer 
data, AOD (550 nm) was actually higher from July 2010 to June 2011 
than from July 2009 to June 2010 by approximately 0.02. AOD in cal-
endar year 2015 was about 0.01–0.02 lower than in calendar year 2014 
at these two sites. But this difference is within the interannual variability 
of about 0.02 at these locations (Section 3.1). Averaged across the 
DEFRA surface sites, the mean PM2.5 in calendar years 2015 and 2016 
was on average ~0.3 μg m-3 lower than in 2014, with reductions more 
obvious in Portsmouth and Southampton than in Plymouth and East-
bourne. However, as with AOD, this difference is within the interannaul 
variability in PM2.5 of 0.9–2.0 μg m-3. 

The IMO ship sulfur emission regulations have probably reduced 

aerosol loadings at these coastal sites, which are however obscured by 
other sources of variability. That the shipping regulations have not led to 
more obvious reductions in AOD and PM2.5 after 2015 is probably 
because the SOx emissions within these SECA zone were already fairly 
low. The total SOx emission due to shipping in Europe was estimated to 
be 1.2 Tg yr-1 for the year 2011 (Jalkanen et al., 2016). A 3-fold 
reduction (see Yang et al., 2016) would lead to a reduction in ship 
SOx emission of about 0.8 Tg yr-1 from pre-to post-2015. This is of the 
same magnitude as the average annual decrease in total European SOx 
emission (~0.5 Tg yr-1) during this period. We note that ship emissions 
are likely more important for the budgets of coastal aerosol number and 
Aitken mode aerosol mass than for PM2.5, PM10, or AOD (Kivek€as et al., 
2014). 

4.2. Sea spray contribution to aerosol budget 

The presence of sea spray aerosols is clearly evident at these coastal 
sites, and especially pronounced in Plymouth. To estimate the sea spray 
contribution towards AOD and PM, we look at their wind speed de-
pendencies. Fig. 9 shows the wind speed dependence of AOD from 400 
and 1020 nm in Plymouth (data averaged from 2001 to 2016). Here we 
restrict our data to the southwest direction (190 to 260�) that faces the 
North Atlantic. At wind speeds over 10 ms-1, AOD at all wavelengths 
increases whilst the Ångstr€om exponent trends towards zero. At low 
wind speeds (<4 ms-1), elevated AOD values are also observed (more 
pronounced at 400 nm than at 1020 nm), which are most likely due to 
local pollution. 

Mulcahy et al. (2008) reported AOD observations from Mace Head, 
Ireland using a Precision Filter Radiometer. They identified a strong 
wind speed dependence in AOD that was attributed to sea spray after 
selecting their data for periods of clean marine air (based on local wind 
direction, black carbon, aerosol number concentration, and airmass 
back trajectory). Their AOD vs. wind speed relationship are also shown 
in Fig. 9 at 500 and at 862 nm, which are very similar to each other 
because there is little wavelength dependence in the AOD of sea spray 
aerosols. These empirical fits for sea spray are fairly close to the Ply-
mouth observations at moderate wind speeds and a slight overestimate 
at high wind speeds. At very low wind speeds, there is a small, non-zero 
intercept of about 0.06 in AOD500 in the Mulcahy et al. (2008) 
parameterization, which could be due to sea spray aerosols generated 
from swell (instead of local wind waves) or due to marine aerosols 
produced further upwind. 

To estimate the contribution of sea spray towards AOD on a seasonal 
scale, we use the wind speed dependent Mulcahy et al. (2008) param-
eterization. The result of this calculation for Plymouth is shown both for 
southwest wind sector (190 to 260�) only and for all wind directions in 
the supplement Fig. S5. During southwesterly conditions, the sea spray 
fraction of AOD at 500 nm varies from about 40% in summer to 70% in 
winter (annual average of 56%). With respect to all wind directions, sea 
spray accounts for an AOD of about 0.02 at 500 nm, or 16% of the total 
AOD in Plymouth. The proportional contribution of sea spray to total 
AOD is greater at longer wavelengths (20% at 870 nm) and less at 
shorter wavelengths (13% at 400 nm). If we conservatively consider the 
non-zero intercept in the Mulcahy et al. (2008) parameterization not to 
be sea spray, the overall annual sea spray contribution to AOD500 would 
be reduced to about 5% in Plymouth. 

AOD at 1020 nm in Oostende, Dunkirk, and Chilbolton (southwest 
wind direction only) are lower in magnitude and show less wind speed 
dependence than AOD in Plymouth (Fig. 10). Sea spray constitutes a 
lower fraction of aerosol burden further east along the English Channel, 
likely because wind speeds are lower and waves are smaller, resulting in 
lower sea spray productions (Yang et al., 2019). However, the effect of 
sea spray aerosols is not negligible in Oostende, Dunkirk, and Chilbol-
ton, as evidenced by the observed decreasing Ångstr€om exponent with 
increasing wind speed. 

We also estimate the sea spray contribution to PM. Here we take the 
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difference between non-volatile (nv) PM10 and PM2.5 (ΔPM ¼ PM10nv 
– PM2.5nv) in order to separate the influence of local pollution from the 
sea spray signal. Fig. 11 shows ΔPM for the southwest direction as a 
function of wind speed for Plymouth, Eastbourne, Portsmouth, and 
Southampton. At all sites, ΔPM clearly increases with wind speed. The 
slope is about twice as steep in Plymouth as compared to the more 
eastern sites, proportionally similar to the AOD slopes in Fig. 10. 

During southwesterly conditions only, the sea spray fraction of PM10 
varies seasonally, increasing from about 45% in the summer to nearly 
60% in the winter (mean of 49%, or 8.9 μg m-3). Considering all wind 
directions, the sea spray contribution to PM10 is about 13% (~2.3 μg m- 

3) in Plymouth (see supplement S6). For the more eastern sites of East-
bourne, Southampton, and Portsmouth, the aerosol concentration due to 
sea spray is approximately half as much as in Plymouth primarily due to 

the weaker wind speed dependence in ΔPM. 
As with AOD, there appears to be a small, non-zero intercept in ΔPM 

at a wind speed of zero (about 5 μg m-3 in Plymouth). If we conserva-
tively assume that this non-zero intercept in ΔPM is not sea spray, the 
sea spray contribution to PM10 in Plymouth would reduce to ~6% (1 μg 
m-3) on an annual average. Note that in the PM analysis, we are unable 
to estimate the sea spray contribution towards PM2.5. The few direct 
measurements of sea spray aerosol flux (e.g. Norris et al., 2013) suggests 
that 10–20% of the total sea spray mass flux exists at a diameter less than 
2.5 μm. Because of their smaller size and thus lower rates of deposition, 
these sea spray aerosols are expected to have a longer atmospheric 
lifetime and contribute more to the PM2.5 burden further inland than 
the larger sea spray aerosols. 

In summary, the contribution of sea spray towards the overall aerosol 

Fig. 9. AOD in Plymouth (2001 to 2016, southwest direction only) increases with wind speed, especially in the infrared, while the Ångstr€om exponent decreases with 
wind speed, consistent with sea spray production. Also shown are empirical fits of AOD from Mulcahy et al., (2008) (M08) based on marine air measurements at Mace 
Head, which are fairly close to the PML observations at intermediate wind speeds. 

Fig. 10. AOD at 1020 nm (wavelength least sensitive to pollution) and the Ångstr€om exponent from the four sun photometer sites (southwest wind direction only). A 
lower AOD and weaker wind speed dependence in AOD (by ~40%) are observed at the eastern sites compared to Plymouth, suggesting a reduced importance of 
sea spray. 
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loading is modest overall, with decreasing importance from west to east. 
There can be substantial sea spray aerosols during southwesterly con-
ditions that are more prevalent in the wintertime (which does not 
explain the peak AOD and PM around the spring). Even with additional 
sea spray contributing towards the total aerosol loading, marine air still 
tends to have a lower AOD and PM2.5 compared to the more polluted 
continental air (Fig. 7). A consistent long-term decrease in wind speed is 
not observed at these coastal sites. Thus the long-term reduction in 
aerosol loading is unlikely to be due to changes in sea spray production. 

4.3. The roles of circulation and natural variability 

Given the importance of wind direction and seasons on AOD and PM, 
aerosols along the English Channel may be sensitive indicators of 
changes in the regional and/or North Atlantic weather patterns. To 

assess regional meteorological effects on the aerosols, we look at the 
local surface winds, relative humidity (RH), and rain rate. For the four 
sun photometer sites, we convert the local wind speed and direction into 
their vector components: zonal (þfrom W to E) and meridional (þfrom S 
to N) wind velocities. The mean seasonality of these velocities (data 
from 2001 to 2016) is shown in Fig. 12. Being in the mid-latitudes, the 
mean wind flows at all sites are unsurprisingly from west to east. 
However, the springtime, and to a lesser degree the autumn, is charac-
terized by the lowest mean W to E flow (or more low wind conditions/ 
easterlies). It is these stagnant conditions/easterly winds that tend to 
result in the highest aerosol loading near the English Channel. We note 
that RH and rain rate are at their lowest of the year during April/May 
also (see supplement Fig. S7). Reduced wet deposition of aerosols and 
precursor gases likely contribute to the build-up of aerosols during these 
dry periods. 

We look at the North Atlantic Oscillation (NAO) index to assess the 
importance of transport and inter-decadal variability over the North 
Atlantic on the aerosol trends. The NAO, computed from the pressure 
difference between Iceland and Azores/Gibraltar, tends to be positive in 
winter when there are stronger than usual westerly winds over the 
Atlantic (Jones et al., 1997; Osborn, 2011). A positive NAO should result 
in a greater degree of maritime influence (e.g. more precipitation at 
higher latitudes, Hurrell, 1995, and more sea spray production) as well 
as more transport of pollutants from North America across the Atlantic 
(Christoudias et al., 2012). A negative NAO tends to be associated with 
calmer and dryer weather over Northern Europe. Reduced westerlies 
favor more accumulation and outflow of pollutants emitted from con-
tinental Europe (Christoudias et al., 2012). 

There appears to be an anti-correlation between AOD and NAO 
seasonally. This is perhaps most obvious on a monthly time scale at 
Dunkirk, the sun photometer site with the fewest data gaps (Fig. 13). 
Some of the very positive NAO events (e.g. winters of 2006/2007, 2011/ 
2012, 2013/2014) corresponded to very low AODs. Conversely, some of 
the negative NAO events (e.g. May 2013 and June 2014) were associated 
with quite high AODs. Seasonally averaged, the mean NAO is positive in 
winter, corresponding to generally low aerosol loading (Fig. 4). NAO 
tends to be close to zero or negative in the warmer months, which is 
associated with higher loadings of aerosols. These results show that 
accumulation/outflow of pollutants emitted from continental Europe is 
a more important driver for the spring-time AOD peak near the English 
Channel than trans-Atlantic transport of North American pollutants and 

Fig. 11. Difference between non-volatile PM10 and PM2.5 (ΔPM) vs. wind 
speed for all DEFRA sites (southwest direction only). Error bars denote standard 
errors. At all sites, delta PM clearly increases with wind speed, consistent with 
sea spray formation (e.g. r2 of 0.9 in Plymouth). ΔPM for Eastbourne, Ports-
mouth and Southampton show slopes against wind speed that are about half as 
steep as what is observed in Plymouth, consistent with less sea spray further 
east along the English Channel. 

Fig. 12. Seasonal cycle in zonal (þfrom W to E), meridional (þfrom S to N) wind velocities, and the North Atlantic Oscillation index averaged from 2001 to 2016.  
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sea spray production. This seasonality in the flow patterns is an 
important reason why the long-term reduction in aerosol loading is most 
obvious during the springtime, and less obvious in winter. 

How much of the long-term trends in AOD is due to change in the 
large-scale circulation? We see that as annual averages, the first 8–9 
years of this 15-year time series had slightly negative NAO, with the 
winter of 2009/2010 being especially negative. The last 5–6 years of this 
record had a more positive NAO. Annual mean AOD at the four sun 
photometer sites, whether with the long-term trend removed or not, 
correlate very weakly with the NAO (see supplement Figs. S8 and S9). 
Furthermore we find no significant long-term trend in the zonal wind 
velocities, precipitation, and relative humidity at the four sun photom-
eter sites over the last 15 years. Thus while the transition from a negative 
phase in NAO to a positive phase within this 15-year time series coin-
cided with the gradual reductions in AOD, changes in circulation and 
weather patterns do not appear to be the main cause for the aerosol 
trend from the early 2000s to ~2016. Instead, the long-term decrease in 
aerosols observed over Western Europe is most consistent with the 
reduction in European pollutant emissions. 

5. Conclusions 

Ground based observations clearly show that the loadings of small 
aerosols in coastal cities along the English Channel have decreased over 
the last decade and a half. From the early 2000s to about 2016, annual 
mean AOD decreased by an overall average of 23% decade-1. From 2010 
to 2017, annual mean concentration of PM2.5 decreased by an overall 
average of 44% decade-1. The decreasing trend in aerosols is most pro-
nounced around the springtime and further east along the English 
Channel, which is due to the interaction between the seasonal weather 
patterns (e.g. reduced westerly flow and drier weather around the 
spring/early summer) and the strong emission sources from the Euro-
pean Continent. There is a clear spatial gradient in the aerosol loading 
and in the aerosol composition. From west to east along the English 
Channel, PM2.5 concentration increases at a rate of about 0.007 μg m-3 

km-1. Sea spray is estimated on average to account for 16% of the AOD 
and 13% of the PM10 at the westernmost site Plymouth. The contribu-
tion of sea spray towards the total aerosol loading is reduced by about a 
factor of two at the more eastern sites. Overall, the long-term decrease in 
aerosol loading is more consistent with the reductions in anthropogenic 
emissions, rather than with changes in large-scale atmospheric transport 
such as the North Atlantic Oscillation. However, clean ups in road ve-
hicles emissions and ship emissions do not appear to be strong drivers 
for the observed decrease in aerosol loading. 
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