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A B S T R A C T   

This study considers the daily values of gridded concentrations for NO2, O3, PM10 and PM2.5 in 
London and its surroundings over 2007–2011. A two-step procedure was used for concentration 
smoothing to observe the urban pollution island. In the first step, the elliptic fit was compared 
with fits from the Gaussian and Epanechnikov kernels. The results obtained for the Gaussian 
kernel were used to apply an elliptic fit and a Gaussian directional fit. Lamb weather types were 
also determined. As a result, the elliptic fit calculated extended concentrations against those 
calculated with the kernels, and the Gaussian kernel provided a smoother shape. NO2 and O3 
presented the opposite distribution, and the urban pollution island was defined with contrasted 
concentration values between the city centre and the surrounding areas. The second smoothing 
simplified the urban shape and determined the background concentrations. The most frequent 
type was the anticyclonic, although the most contrasting result was obtained for the anticyclonic 
type with SE flow, since O3 values were low compared to the high NO2 values, thereby revealing 
pollution transport from the continent under this infrequent type. Finally, the urban pollution 
island shape is maintained for NO2 and O3 under the most frequent weather types.   

1. Introduction 

Cities are hotspots of air pollution. However, the concentrations measured at these sites are not only the result of urban sources of 
pollutants, since pollution transport from other sources may also make a noticeable contribution. Moreover, some meteorological 
variables may affect the values measured. 

Urban-rural contrast may be calculated following a procedure similar to that presented by Han et al. (2023), in which pairs of urban 
and nonurban sites were formed where each urban site was paired with a suburban site in a 50 km radius, and with a rural site at a 
distance of 100 km. With this method, the authors found that urban-nonurban ozone differences had decreased over the last 30 years. 
Ivanovski et al. (2023) classified stations in Slovenia following the origin of pollution stemming from traffic, industrial and background 
sources. The authors obtained the greatest NO2 and PM10 concentrations for the traffic station, whereas the values of the industrial 
station lay between those of two background stations. Another question to be considered is city size, since the urban-rural contrast is 
usually evaluated for major cities. However, small towns should not be ignored, since they may be transport nodes or even tourism 
centres, such that pollution levels can occasionally be high (Tammekivi, Kaasik, Hamer, Santos, and Šteinberga, 2023). 

The temperature contrast between the city and its surrounding area determines the urban heat island. Recent studies indicate that 
some cities are cool islands during the day, whereas the urban heat island is formed during the night. Ashraf, El Seoud, Sodoudi, and El 
Zafarany (2023) reported this effect for Cairo, Egypt, which is surrounded by desert to the east and west, and farmland to the north and 

* Corresponding author. 
E-mail address: isidro.perez@uva.es (I.A. Pérez).  
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south. During the daytime, the city temperature is between the desert and farmland temperatures. Similar behaviour was also observed 
during summer daytime at Bhopal, India, whereas, the opposite –i.e. the urban heat island– was observed at Guwahati, India 
(Mohammad and Goswami, 2023). Both responses may be explained by the influence of evapotranspiration on the urban heat island 
and the croplands surrounding the cities. Droste, Steeneveld, and Holtslag (2018) introduced the urban wind island, and Milelli et al. 
(2023) presented the urban dry island for Turin, Italy. Since the contrast between cities and their surrounding areas may be extended to 
other meteorological variables such as the boundary layer height, cloud cover or precipitation, Karlický et al. (2020) considered the 
urban meteorology island. Ulpiani (2021) highlighted the need to explore the synergism between both the heat and the pollution 
islands, since both are responses of the urban metabolism to thermo-chemical changes triggered by buildings rather than by natural 
elements. 

One initial objective of this research is to delimit the urban pollution island, which is possible using satellite images. Bakaeva and Le 
(2022) followed this procedure to investigate PM2.5 concentrations at Moscow, Russia. However, this procedure may be complemented 
by including a low-cost sensor network. Liang et al. (2023) used such a method and considered three types of environment (urban, 
suburban, and rural) as well as two concentration levels in each environment. The current research uses a dense network modelled 
from observations for England and Wales (Mukhopadhyay and Sahu, 2018). As a result of the urban pollution island, the background 
concentrations surrounding a city may be established. 

Different studies point to the close relationship between meteorology and pollutant concentrations. Some of these studies adopt a 
local focus and scope, such as the analysis of Birim, Turhan, Atalay, and Gokcen (2023), who examined the influence of various 
meteorological variables on PM10 concentrations at two Turkish sites –one urban and the other rural. They found relative humidity to 
be the most influencing variable at both sites. However, certain studies adopt a regional scope. Qin et al. (2023) reported the 
transboundary transport of atmospheric particulate bound mercury by the East Asian monsoon over the Beijing-Tianjin-Hebei region, 
China, where the contribution of west and northwest air masses from central Asia and Russia is noticeable. This kind of pollution is 
even transported to the ocean, whereas southeast air masses from the ocean in summer dilute this pollution. 

The current research explores the impact of weather types on the urban pollution island. Various procedures are available to 
determine weather types. Some are geared towards specific applications, such as the classification suggested by Cao et al. (2021), 
which is based on circulation at two levels, 1000 hPa and 700 hPa, and which was developed to study the prescribed burns along the U. 
S. Gulf of Mexico coast. However, the analysis of Salinger et al. (2022) relates weather types to maize crop yield in Veneto, Italy. This 
paper considers Lamb weather types, which were proposed for the British Isles (Lamb, 1972). The main feature of this classification is 
that types may be objectively determined using the procedure proposed by Jenkinson and Collison (1977) once the pressure fields are 
known. This method has been used in various regions, such as central Europe (Otero, Sillmann, and Butler, 2018), Serbia (Putniković 
and Tošić, 2018), eastern Siberia, Russia (Osipova and Osipov, 2022), central China (Yan et al., 2021), or southern Chile (Sarricolea, 
Meseguer-Ruiz, Martín-Vide, and Outeiro, 2018). However, some limitations have been reported, such as its application in areas 
within 23.5◦ and 80◦ latitude (Fernández-Granja, Brands, Bedia, Casanueva, and Fernández, 2023). 

Synoptic types are related to a regional scale, although their impact has been analysed at smaller scales. Chen et al. (2022) studied 
the influence of weather types on ozone concentrations at the Pearl River Delta, China. The current research considers an even smaller 

Fig. 1. Network of sites where concentration values are available. Black dots correspond to a 0.1-degree width strip centred in the 35◦ direction –by 
way of an example. 
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scale. The influence of the synoptic pattern on the urban microclimate has already been analysed (Yin et al., 2023). However, this 
influence on the urban pollution island remains unexplored. 

In this paper, the materials and methods section describes not only the region analysed, the pressure fields and the concentration 
grids, but also the calculation procedures employed to establish the London urban pollution island and how Lamb weather types were 
determined. Pollution boundaries and background concentrations are established together with the response of different pollutants to 
the calculation procedure in the results section. Moreover, synoptic patterns in the period analysed are obtained, and the concen-
trations and urban shapes linked to these patterns are presented in order to improve current knowledge concerning the behaviour of 
the urban pollution island. 

2. Materials and methods 

2.1. The concentration database 

Daily concentrations of NO2, O3, PM10 and PM2.5 with a spatial resolution of 1 km over the period 2007–2011 were downloaded 
from the Medical and Environmental Data Mash-up Infrastructure (2023). Although volatile organic compounds (VOC) are essential 
for studying O3 pollution, they were not included in the database. The selected region focuses on London, Fig. 1, and extends from 50◦

5′ N to 51◦ 50′ N, and from 0◦ 50′ W to 0◦ 30′ E with 7681 grid points. 

2.2. Determining the urban pollution island 

Three procedures were used. The first fits the concentrations to an exponential function. 

c(x, y) = a exp
(
bx2 + cy2 + dxy

)
(1)  

where c is the concentration at (x,y), which are the spatial coordinates. The intersection of this function at a constant concentration 
determines the ellipses. 

The other procedures use smoothing functions, such as 

c(x, y, h1, h2) =

∑N

i=1
K1

(
x− xi
h1

)

K2

(
y− yi
h2

)

ci

∑N

i=1
K1

(
x− xi
h1

)

K2

(
y− yi

h2

) (2)  

where c is the concentration calculated at point (x,y), ci is the known concentration at point (xi,yi), Ki are the smoothing kernels, and hi 
are the windows or bandwidths. Two kernels were used. The first is the Gaussian kernel 

K(t) = (2π)− 1/2exp
(
− 0.5t2) − 3 < t < 3 (3) 

Since the Gaussian function extends for all the x-values, the interval calculation was limited to increase the calculation speed 
(Fernández-Duque, Pérez, García, Pardo, and Sánchez, 2019). The bandwidth –h– was calculated following Silverman's method 
(Donnelly, Misstear, and Broderick, 2011). 

h = 0.9σn− 1/5 (4)  

where σ is the standard deviation of n data. 
The second smoothing equation used the Epanechnikov kernel 

K(t) = 0.75
(
1 − t2) − 1 ≤ t ≤ 1. (5)  

2.3. Second smoothing 

Once smoothing with the Gaussian kernel has been performed, a second smoothing is used to better define the pollution island and 
to calculate background concentrations. Two procedures were followed. The first considers eq. (1) in order to obtain pollution ellipses 
surrounded by a nearly uniform background. Varied backgrounds were tried and the one selected corresponded to the highest cor-
relation coefficient between the initial values and those modelled. However, the second procedure is based on directional fitting. The 
region is divided into strips, such as the one shown in Fig. 1. A total of 360 strips of 0.1-degree width in directions separated by one 
degree were used. Inside each strip, each point is defined by its direction and distance to the centre. This centre is calculated by a 
weighted average of all the values for the whole region. Once the concentration centre has been determined, the previous procedure 
was also followed, i.e., a Gaussian fit was tried, although in this case between the concentration and the radial distance. In addition, a 
variable background was also considered for each direction. The selection procedure was the same as applied in the first procedure. 
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2.4. Weather types 

Pressure fields at sea level were obtained from the NCEP-NCAR Reanalysis 1 data provided by the NOAA PSL, Boulder, Colorado, 
USA, through its web page https://psl.noaa.gov. Since the spatial resolution is 2.5◦, the region analysed is centred at longitude 0◦ and 
latitude 50◦ N, which is a site close to London, Fig. 2. 

The Lamb classification is made up of 27 weather types (Lamb, 1972). However, application of this classification following an 
objective procedure was presented by Jenkinson and Collison (1977) based on the following expressions: 

Westerly flow : W =
1
2
(P12+P13) −

1
2
(P4+P5) (6)  

Southerly flow : S = C1
[

1
4
(P5+ 2×P9+P13) −

1
4
(P4+ 2×P8+P12)

]

(7)  

The resulting flow : F =
(
S2 + W2)1/2 (8) 

Westerly shear vorticity: 

ZW = C2
[

1
2
(P15+P16) −

1
2
(P8+P9)

]

− C3
[

1
2
(P8+P9) −

1
2
(P1+P2)

]

(9) 

Southerly shear vorticity: 

ZS = C4
[

1
4
(P6+ 2×P10+P14) −

1
4
(P5+ 2×P9+P13) −

1
4
(P4+ 2×P8+P12)+

1
4
(P3+ 2×P7+P11)

]

(10)  

Total shear vorticity : Z = ZW + ZS (11)  

where: 

C1 = 1/cos(latitude) (12)  

C2 =
sin(latitude)

sin(latitude − 5◦)
(13)  

C3 =
sin(latitude)

sin(latitude + 5◦)
(14)  

C4 =
1

2cos2(latitude)
(15) 

Latitude is 50◦N in the current application. 

Fig. 2. Network used to determine Lamb weather types.  
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Wind direction = tan− 1
(

W
S

){
If W > 0 and S < 0, add 360◦

If S > 0, add 180◦ (16) 

Wind direction is determined in 45◦ sectors. 
If |Z| < F, a Lamb pure directional type appears, i.e., northerly, N, north-easterly, NE, easterly, E, south-easterly, SE, southerly, S, 

south-westerly, SW, westerly, W, and north-westerly, NW. 
If |Z| > 2F, the weather type is cyclonic, C, (Z > 0) or anticyclonic, A, (Z < 0). 
If F < |Z| < 2F, the synoptic situation is a Lamb hybrid type. 
If F < 6 and |Z| < 6, the pattern is the unclassified type, U. 

3. Results 

3.1. An initial approach to the urban pollution island 

Fig. 3 presents the contour plot of the four pollutants; NO2, O3, PM10, and PM2.5. The contrast between the city centre and its 
surroundings is quite pronounced for NO2 and O3. However, whereas the highest NO2 values are found in the city centre, the opposite 
distribution is found for O3. The most relevant feature of the spatial distribution of particulate matter is the fairly uniform concen-
trations observed. However, PM10 concentrations are slightly higher in the city centre, whereas they are slightly lower for PM2.5. The 
elliptical fit determined noticeable concentrations over areas greater than those obtained with the smoothing kernels. Moreover, the 
elliptical shape could not be applied with PM2.5, perhaps due to the low contrast of concentrations in the region and their complex 
distribution. The elliptical distribution is quite oriented for NO2 and O3, with the main axis along the longitude axis. However, for 
PM10, the elliptical shape is less extended, with lower eccentricity, and with a higher slope. Table 1 presents the correlation coefficient 
of these fits, where the lowest values were obtained by the elliptical fit. Moreover, the average concentration at the region corners was 
used as background concentration and two limits were established by dividing the concentration range into three equal parts. The 
means for each part are presented in Table 1. The contrast between the highest and the lowest values is around 15, 12, 0.4, and 0.7 μg 

Fig. 3. Fits of the pollutants analysed with the three procedures, elliptical fitting (left column), and smoothings with Gaussian (middle column) and 
Epanechnikov (right column) kernels. The black contours correspond to one and two thirds of the concentration interval calculated in the region. 
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Table 1 
Mean concentration for the three regions considered in this study, following different fitting procedures.*   

NO2 (μg m− 3) O3 (μg m− 3) PM10 (μg m− 3) PM2.5 (μg m− 3) 

Fit r H M L r H M L r H M L r H M L 

Ellipse 0.274 40.1 33.7 31.2 0.176 64.9 63.5 59.1 0.011 20.3 20.1 19.9 0.001 13.5 13.5 13.4 
Gaussian kernel 0.361 48.2 41.7 33.4 0.257 63.7 57.0 51.3 0.017 20.3 20.2 19.9 0.038 13.6 13.2 12.9 
Epanechnikov kernel 0.369 48.5 42.3 33.4 0.264 63.7 56.4 51.0 0.018 20.3 20.3 19.9 0.040 13.6 13.1 12.8 
Gaussian kernel & elliptical shape 0.886 43.8 40.2 36.0 0.859 61.2 57.9 55.0 0.678 20.1 19.9  0.350 13.3 13.2 13.1 
Gaussian fit by direction 0.961 46.9 40.0 33.3 0.946 63.3 57.8 52.4 0.976 20.2 20.0 19.8 0.862 13.9 13.5 13.2  

* H = high, M = medium, L = Low. 
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m− 3 for NO2, O3, PM10, and PM2.5, respectively, calculated with the kernels. 

3.2. Second smoothing 

3.2.1. Elliptical fit 
The best advantage of the elliptical fit is that this is the simplest way to obtain the spatial distribution of concentrations at first sight. 

However, the kernel fit provides a more realistic distribution. Both fits were combined in the following analysis where the results of 
applying the Gaussian kernel were fitted with the elliptical function. Moreover, a variable background concentration was used to 

Fig. 4. a) Left column. Fit of concentrations calculated with the Gaussian kernel to an elliptical shape with a selection of background concentration. 
The black contours correspond to one and two thirds of the concentration interval with the background calculated. b) Right column. Gaussian fit of 
concentrations in a strip with variable direction. The black contours correspond to one and two thirds of the concentration range. 
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improve the fit. The chosen background was the one with the highest correlation coefficient. The values obtained for the background 
were 35, 62, 19.4, and 13.3 μg m− 3 for NO2, O3, PM10, and PM2.5, respectively. Fig. 4 and Table 1 present the results. The contrast 
between the city centre and its surroundings is well defined for NO2 and O3. Moreover, the extension of both regions of high 

Fig. 5. Weather types for the period 2007–2011 –pressure in hPa.  

I.A. Pérez et al.                                                                                                                                                                                                         



Urban Climate 53 (2024) 101834

9

concentrations is similar, revealing the anti-correlation of both pollutants. However, background concentrations were obtained outside 
the region studied for PM10 since the area of high concentrations is more extended than the area for NO2 or O3. Finally, the low value of 
the correlation coefficient for PM2.5 indicates that the elliptical representation of this pollutant in Fig. 4 is only qualitative. 

3.2.2. Directional fitting 
This fit is presented in Fig. 4 in the right column. The first result is the breaking of the symmetry represented by the elliptical shape. 

Moreover, an expansion of the urban pollution island is observed for NO2 and O3 –in particular for the area with intermediate con-
centrations. For particulate matter, the distribution is simplified, with an expansion of the PM10 high concentrations to the east, 
whereas the expansion of the PM2.5 low concentrations is observed to the northwest. In this analysis, the background concentration 
follows the direction investigated. However, in order to make the figures comparable to those of the former analyses, the concentration 
range was calculated and divided into three equal parts. These are the contours presented by black lines in the right column of Fig. 4. 
The agreement of the fit is improved following the correlation coefficients presented in Table 1. 

3.3. Weather types 

Fig. 5 presents the synoptic types calculated with the sea surface pressure in the period studied − 2007-2011. One noticeable feature 
is the lack of isobars in the unclassified type, which indicates situations with low wind speeds. Another feature is the high number of 
isobars with pure and hybrid west types, revealing the high wind speeds linked with these situations. Moreover, the pressure centres in 
the hybrid types are close to the region centre in order to determine the corresponding wind direction. 

The frequency of these types is presented in Fig. 6. Most of the situations are described by the anticyclonic type, followed by the 
westerly and south-westerly types, and the cyclonic type. The rest of the cyclonic types present very low frequencies, followed by the 
anticyclonic types, which were slightly higher, and directional types. 

The annual distribution of these types is quite varied. For the most frequent types, the anticyclonic type is equally distributed 
throughout the year, albeit with some higher values in spring and autumn. The westerly type frequency presents two minima in spring 
and autumn, whereas the main maximum is reached in winter. For the south-westerly type, the frequency minimum is observed in 
spring, and low values were obtained in July, September, and October for the cyclonic type. 

The pressure centres for hybrid types –together with those for the anticyclonic and cyclonic types– are presented in Fig. 7. For 
anticyclonic hybrid types, they are located in two groups, one to the east, mainly over the continent (AE, ASE, AS, ASW), whereas the 
second group is mainly over the sea (AW, ANW, AN, ANE). The centres of the cyclonic hybrid types are distributed regularly around the 
origin of the network used, which is presented in Fig. 2. However, a further two groups can be observed. The first, formed by CS, CSW, 
CW, CNW, and CN, is located in a narrow interval of latitudes at high latitudes, between 52 and 56◦N, whereas types with an east flow, 

Fig. 6. Frequency of Lamb weather types in the period 2007–2011.  

I.A. Pérez et al.                                                                                                                                                                                                         



Urban Climate 53 (2024) 101834

10

CNE, CE, and CSE, are grouped at low latitudes, between 42 and 47◦N and in a narrower interval of longitudes. Finally, the pure 
anticyclonic and cyclonic types are located in the centre of the figure. 

The concentration associated with these types is presented in Fig. 8. The average calculated with values from this figure is the 
highest for anticyclonic types for NO2 (in the middle of the figure) and under directional types for O3 (on the left of the figure). The 
average concentration is the lowest with directional types for PM10, and with anticyclonic types for PM2.5, although the contrast among 
the concentrations for the three groups of weather patterns is low. However, exceptional peaks can be seen. For instance, for direc-
tional patterns, high values are observed for NO2 under SE and S types, and for PM10 and PM2.5 for the SE type, and low O3 values with 
the S type, with the NO2 values being high in this case. For anticyclonic types, high concentrations are observed under the ASE type for 
NO2 and PM10, whereas O3 concentrations are low with this type. Finally, for cyclonic types (on the right of the figure), high con-
centrations are observed for PM10 with CE and CSE types, and for PM2.5 with the CSE type, whereas O3 concentration was high for CE, 
and low for CS. One noticeable result of this analysis is the link between the low O3 values and the high NO2 and PM10 concentrations 
under the ASE pattern. 

Although concentrations linked with the ASE type stand out, this is no frequent type. Since the most usual pattern is the anticyclonic 
type, Fig. 9 presents the concentration distribution for the days when the average concentration fell in the upper and lower quartiles. 
Rather than using the elliptical shape, the Gaussian kernel was used to smooth the concentration contours, since the urban pollution 
island was more poorly defined when using the elliptical shape. The shape is similar for NO2 and O3, revealing the city centre as the 
source of precursors whereas the high O3 concentrations are located in the surrounding areas. Since the black lines are spaced as one 
third of the concentration range, there is a rapid change of concentration between the centre and its surroundings, except to the east, 
where average concentrations are fairly extended. Despite the narrow variation interval, PM10 concentrations present a contrasting 
pattern, since the upper quartile concentrations display a shape linked to the city. For this pollutant –and although the concentrations 
are quite similar in the region analysed– the highest values are in a small region, whereas the average values are more extended. 
However, this shape is lost for the lower quartile concentrations whose high values are to the east whereas the low values are to the 
west –with no influence of the city being revealed. Something similar is observed for PM2.5. For this pollutant, certain low values are 
observed in the city for the upper quartile, whereas the lower quartile concentrations do not seem to be linked to the city centre. 

Moreover, observations are found in autumn and winter for the upper quartile of NO2 and particulate matter as well as for the lower 
quartile of O3. The O3 upper quartile is mainly found in spring. However, observations are found in spring and summer for the lower 
quartile of NO2 and particulate matter. Similar representations are presented as supplementary material for the west weather type 
(Fig. S1), southwest weather type (Fig. S2), and cyclonic weather type (Fig. S3). These four types account for about 51% of weather 
situations. In general, the urban pollution island is well defined for NO2 and O3. However, this island appears in certain situations for 
particulate matter. 

Fig. 7. Pressure centres for hybrid types together with anticyclonic and cyclonic types.  
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4. Discussion 

4.1. The urban pollution island 

This research applies the elliptical fit presented by Yao, Sun, Wang, Song, and Xu (2022a); Yao, Xu, Sun, and Wang (2022b). Said 
authors considered a threshold to separate rural and urban environments. The left column of Fig. 3 offers an initial step that did not 
consider background concentration, such that –as a result– ellipses are extended. However, background concentration may be 
considered, for instance, by the Gaussian smoothing presented in the middle column of Fig. 3, where the city and rural environments 
may be separated. In this case, the elliptical fit presented in the left column of Fig. 4 reveals that the ellipses are quite focused on the 
city for NO2 and O3, although the extension is higher for particulate matter, due to the low contrast between the city centre and its 
surroundings. 

The Gaussian and Epanechnikov kernels were used by Donnelly, Misstear, and Broderick (2011) to smooth NO2 concentrations with 
wind speed and direction at different sites in Ireland. The procedure is extended in this research to a spatial analysis where pollution 
contours are defined for NO2 and O3, whereas there is only a slight contrast between the city centre and its surroundings for particulate 
matter. Concentration contours are smoother for the Gaussian kernel. Moreover, pollutants may be grouped, since NO2 and PM10 
present high values in the city centre, whereas this is a site of low concentrations for O3 and PM2.5. 

Hereher, Eissa, Alqasemi, and El Kenawy (2022) studied pollution in Greater Cairo and considered a classification formed by three 
pollution degrees. This is a simple and illustrative procedure to highlight urban air pollution. In the current paper, two boundaries 
were suggested to establish three pollution regions, with low, moderate and high concentrations, the means of which are presented in 
Table 1. 

Zhu et al. (2020) used the modified sigmoid function to establish concentric rings designed to calculate changes in PM2.5 con-
centrations from the city centre to rural areas. This is a simple model to establish the urban pollution island, although with the 
inconvenience that it should be applied to a near-circular city. Schmitt et al. (2023) considered elliptical shapes to establish the urban 
pattern. This approach improves the model since the city shape is simplified and the ellipse orientation follows the concentration 
distribution. A Gaussian fit following the direction is an original contribution of this research, whose main consequence is determining 

Fig. 8. Average concentrations in the region studied in the period 2007–2011 under Lamb weather types.  
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background concentrations following the direction and expansion of the concentration boundaries. The non-uniformity of background 
concentrations has already been presented, since Li, Zhou, Lenschow, Cheng, and Dou (2020) introduced the contrast between two 
rural environments for the Beijing urban island. They divided rural stations between northern and southern rural stations and obtained 
a daily pattern with noticeable differences for PM2.5 concentrations at night, when southern concentrations were around 110 μg m− 3, 
whereas northern concentrations may be even slightly below 60 μg m− 3. In this research, background concentrations are radially 
distributed from the city centre, which was calculated by weighting the concentrations with the coordinates of the grid used. 

Fig. 9. Concentration distribution corresponding to an anticyclonic pattern for daily averages in the upper quartile on the left and below the lower 
quartile on the right. The black lines represent the boundaries of one third the difference between the maximum (for NO2 and PM10) or the minimum 
(for O3 and PM2.5) and the background concentration represented by the average of the corners. 
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4.2. Weather types 

Abbassi, Ahmadikia, and Baniasadi (2022) investigated the impact of wind speed –which is a local variable– on the urban heat and 
pollution island. This paper considers synoptic patterns –which is a regional variable– as a meteorological factor, whose influence on 
the urban pollution island should be explored. 

De Luca et al. (2019) modelled the evolution of certain types over the British Isles in the period 2010–2100. At the beginning of the 
series, values were around 25% for the A type in summer, slightly lower for the W type in winter, around 20% for the C type in autumn, 
and around 15% for the S type in spring. Although seasons are not separated in the current analysis, the frequency is similar for the A 
type, whereas lower frequencies are observed for the remaining types. Fernández-Granja, Casanueva, Bedia, and Fernandez (2021) 
considered the same region for the period 1981–2010, and found the A type to be the most frequent (20.35%), followed by C types 
(13.44%), W (11.44%) and SW (10.46%). In this study, frequency is lower for the cyclonic type, although the calculation period is 
much smaller. 

The network shift implies new meteorological conditions and the frequencies of the types will be different even if the displacement 
is small. Fealy and Mills (2018) considered two networks over the British Isles with a slight shift to investigate the period 1948–2016 
and calculated changes in synoptic type frequencies. 

Pérez and García (2023) used the same pressure network to study synoptic patterns over the Iberian Peninsula in the period 
1948–2021. Although the pressure maps are similar, some differences can be seen. For instance, the pressure centres are more 
extended over the Iberian Peninsula for the anticyclonic and cyclonic types. The number of isobars is high in the westerly types 
presented in Fig. 5, indicating high wind speeds. This is similar for the Iberian Peninsula for directional and anticyclonic types. 
However, the isobar number is lower for westerly cyclonic types. 

Although the anticyclonic type is the most frequent in the two regions, the frequency is higher over the British Isles, followed by 
southwest and west types. Over the Iberian Peninsula, the second most frequent type is the unclassified type, followed by the cyclonic 
type –which is the last of the most frequent types over Britain. Moreover, three anticyclonic pressure centres of hybrid types are located 
to the east of the region for the Iberian Peninsula, whereas only two were obtained for Britain. As regards the cyclonic centres of hybrid 
types, most are around the Iberian Peninsula and two were near the limits of the region to the south. Over Britain, these cyclonic 
centres are confined in two groups, one for high latitudes, and the other for low latitudes. 

Giaccone, Fratianni, Cortesi, and González-Hidalgo (2019) considered weather types in NW Italy in the period 2003–2014. 
However, they considered ten weather types by grouping hybrid types as pure directional types –following Trigo and DaCamara 
(2000). The most frequent was the anticyclonic type (19%) followed by the north-easterly type (16%), and the northerly type (12%). 

4.3. The urban pollution island and weather types 

Liao, Wu, Zhou, Wang, and Chen (2021) described ozone concentrations in Guangzhou, southern China, in the period 2006–2016. 
The result is that several types, such as A or AS, were linked with high O3 concentrations, whereas types such as C or CE were related 
with low O3 concentrations. Giaccone, Fratianni, Cortesi, and González-Hidalgo (2019) related the highest daily ozone concentrations 
in NW Italy with easterly and south-easterly patterns, whereas the lowest daily ozone concentrations were obtained with cyclonic and 
westerly types. 

Guo et al. (2022) investigated PM2.5 pollution in the Sichuan basin in China. They considered several meteorological variables such 
as the boundary layer height, surface wind speed, or temperature inversions. Moreover, they used a similar network to establish 
synoptic types and found that heavy pollution events were linked with low pressure over the north west of the site and with southerly 
transport. 

Pollution transport contribution has been highlighted in several studies. Francis et al. (2011) pointed to three possible mechanisms 
as being responsible for O3 concentrations observed over South East England during the August 2003 heatwave. The first is transport 
from Europe under a high pressure system. The second is the convergence of westerly and easterly surface winds, and the third is the 
entrainment of ozone-rich air from the free troposphere. Graham et al. (2020) indicated that easterly, south-easterly and southerly 
wind directions were linked with high background concentrations of particulate matter in the United Kingdom, which could be 
transported from continental Europe. The current research reveals the high NO2 concentrations and low O3 values associated with the 
ASE flow. High O3 concentrations were obtained with E, SE, and CE flows. These values could be associated with air flow from the 
continent to the British Isles. 

5. Conclusions 

The elliptical shape offers an initial approach to the urban pollution island, although its applications must be preceded by 
determining background concentrations. Concentration smoothing is necessary to observe the pattern of concentrations. The Gaussian 
kernel provided a smoother shape when compared to the Epanechnikov kernel. 

The urban pollution island was well defined for NO2 and O3 with the opposite pattern, i.e. the city is an NO2 source but an O3 sink. 
An urban pollution island is not observed for particulate matter since the contrast between the city and its surroundings is very low. 
Moreover, two pollutant pairs may be formed by the spatial distribution of concentrations; the first is formed by NO2 and PM10 and the 
second by O3 and PM2.5. 

Background concentrations were established by a second smoothing performed with the concentrations calculated by the Gaussian 
kernel. Two procedures were used. The first is based on an elliptical fit that simplifies the pollution island shape, whose impact is 
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around 7 μg m− 3 for NO2 and O3 with a longitudinal extension. However, the distribution of particulate matter does not seem to be 
controlled by the city. The second procedure is a directional smoothing where the region of intermediate concentrations increased 
compared to that obtained with the elliptical one. 

The distribution of weather types was quite irregular. The most frequent synoptic pattern was anticyclonic –around 24%. This 
frequency was similar to that for all the directional westerly types. Frequency of the cyclonic type was around 7%, which was similar to 
that of all the hybrid cyclonic types. 

This detailed flow distribution revealed that average NO2 values are below average O3 values, except for the ASE flow, which 
presents lower O3 values than those for NO2. SE and CSE also presented high NO2 values, which may be justified by NO2 transport from 
the continent in these three types. High concentrations of particulate matter are linked with some east flows and could also be related 
with transport from the continent. Low concentrations of particulate matter were linked to westerly types, i.e. flows from the sea. These 
synoptic maps revealed a high isobar concentration and, consequently, high winds. 

The shape of the urban pollution island was studied under the most frequent weather types. Shapes are similar to those when types 
are not separated, since the difference is in the concentrations. Moreover, the urban pollution island is observed for both high and low 
concentrations for NO2 and O3, whereas this island is reached for PM10 in specific occasions. 

This paper selects pollutants following the spatial distribution of their concentrations, and three areas are considered according to 
the pollution values. Key information is therefore provided to air pollution managers to enable them to improve control measures on 
specific pollutants and at specific sites. The annual evolution of the urban pollution island lays outside the scope of this paper and 
should be the objective of further research, as should a detailed study of the annual evolution of weather types. Additional meteo-
rological variables –and even satellite information– could be added in order to gain clearer insights into the urban pollution island and 
so enable better decisions to be taken for safeguarding human health. 
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