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ABSTRACT: Studies of the health effects of ultrafine particles (UFPs) in large nationwide cohorts
are currently hampered by a lack of knowledge about spatial and spatiotemporal variations in
regional background UFPs. We measured the UFP (10—300 nm) at 20 regional background
locations (3 X 2 weeks) across the Netherlands and a reference site continuously over a total period
of 14 months in 2016—2017. We compared the overall averages for each site and used kriging to
create a regional background spatial map of the Netherlands. Spatiotemporal variability was analyzed
by correlating time-series of 2 and 24 h average concentrations. The overall average measured UFP
concentrations at the 20 locations ranged from 3814 to 7070 particles/cm®. We found the spatial
correlation in the UFP concentrations up to 180 km and clear differences between the north and the
more populated southern parts of the country. The average temporal correlation between 2 and 24 h
average UFP concentrations was 0.50 (IQR: 0.36—0.61) and 0.58 (IQR: 0.44—0.75), respectively.
Temporal correlation declined weakly with a distance between sites, from 0.58 for sites within 80 km
of each other to 0.47 for sites farther away. The substantial spatial variation in the regional
background UFP concentrations suggests that regional variation may contribute importantly to exposure contrast in nationwide
health studies of UFP.

B INTRODUCTION and NO,.”"®™*" A study in California used a chemical
transport model at 4 by 4 km resolution to calculate the
background UFP concentration over large areas in California
and suggested large variability (IQR: 778—1.747 ng/m’) in
background concentrations. 2

The aim of this study is to explore the spatial and
spatiotemporal variation of UFP regional background concen-
trations across the Netherlands. Long-term measurements
were conducted three times for 2 weeks on 20 different sites
across the country. The first aim of this paper is to assess the

spatial variation of the measured and the interpolated average

there is a need for long-term monitoring of UFP and improved UFP concentrations based on a kriging approach. The second

deterministic and empirical modeling to gain an understanding aim is to assess the temporal correlation between the
7-9 :
of the health effects of long-term UFP exposure.”™" So far, little simultaneously measured sites in relation to the distance

is known about the spatial and spatiotemporal variability of the between sites.
UFP concentrations over larger distances.

Most UFP monitoring campaigns for epidemiological B METHODS
studies have been performed in single cities, often with mobile
or short-term measurements,m_m or focusing on spatiotem-
poral variability of UFP in urban environments.”'*~'® The
focus on urban areas is related to the concept that UFPs are
mainly emitted by the traffic and due to coagulation have a
much shorter atmospheric lifetime than fine particles.'” Received: October 9, 2020 Em#ug%m%
However, little empirical information is available about the Revised:  December 17, 2020
UFP concentrations at regional background locations. Accepted: December 17, 2020
Consequently, the health effects of long-term exposure to Published: December 30, 2020
UFP cannot be readily studied in nationwide cohorts, which
have been very powerful in studies of health effects of PM, g

Exposure to ambient air pollutants, such as particulate matter,
is associated with adverse health effects.’ Ultrafine particles
(UFPs; nanoparticles (<100 nm)) behave differently than the
larger fractions of particulate matter as they can penetrate
deeper into the lungs and can enter the bloodstream.”’
However, evidence on the associations between long-term
UFP exposure and cardiovascular and inflammatory health
effects is still incomplete.* While models have been applied
across longer timeframes using short-term UFP monitoring,s’6

Study Design. We selected 20 regional background sites
evenly spread across the Netherlands (Figure 1). For the
purpose of this study, we defined regional background sites as
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Figure 1. Distribution of the sampling locations in the Netherlands. Bunnik is the reference location (dark green square). Orange dashed line

indicates the sites considered as north, east, west, and south.

locations in towns with a maximum of 10000 inhabitants,
outside major urban areas. We specifically selected small towns
instead of stations outside any settlement (as is common in
routine monitoring networks), as our goal was to contribute to
human exposure assessment of UFP. Sampling locations were
selected to avoid local sources, such as gas stations or parking
lots, restaurants, and local industry. Locations also did not have
major roads (more than 10000 vehicles/day) within a buffer
of 3 km or were close to ports or airports. Sampling equipment
was placed at ground level in gardens of houses, away from the
local sources on the microlevel (e.g., extractor hood kitchen),
similar to earlier studies.”’
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UFP concentrations were measured (in 1 s resolution) three
times for 2 weeks at each measurement location. Five
instruments were available, so four sampling sites and the
reference site were measured simultaneously. In each period,
we selected one site from each region to limit the temporal
variation influences on spatial variation. The set of four sites
was equal for all three rounds. Every sampling site was
measured during different seasons, totaling 75 measurements
(3 times 20 sampling sites and 15 reference site measure-
ments). Because not all 20 sites were measured at the same
time, we used the reference site to temporally correct all site
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Figure 2. Boxplot of the temporally adjusted UFP concentrations for the three measurement periods by region. Boxes are 25th to 75th percentile
with black horizontal lines in the boxes referring to the median. The end of the vertical lines indicates 5th and 95th percentiles. Dots represent the

individual mean of a measurement site in a single round.

measurements.”> All measurements were conducted between
June 2016 and November 2017.

The UFP number concentrations were monitored each
second with Miniature Diffusion Size Classifiers (MiniDisc).”*
This device measures particles between 10 and 300 nm. UFPs
are generally defined as <100 nm, but the major part of the
total particle count is in the 10—100 nm range.”'*'"
Therefore, we use UFPs to refer to our total particle count
number measurements. We did not include a comparison with
other measurement devices in this study, but the monitors
were compared with Condensation Particles Counters (CPCs)
in a study by van Nunen et al. 2017 using the same instruments
as in our study. The ratio between the devices was found to be
1.0.

Data Cleaning. Measurements were removed when (1)
there were error messages from the instrument (low flow,
voltage); (2) the ratio between the UFP concentration and the
UFP concentration of the subsequent second was above 10 or
below 0.1 (with subsequent unrealistic data removed as
well);'® or (3) the count was lower than 500 particles/cm®
(indicating unrealistic values). Individual 1 s measurements
were removed in less than 0.1% of all cases. Two hour average,
24 h average, and an overall mean concentration were then
calculated for all sites and used for further analysis. When less
than 75% of the data of a site were available (because of the
defective power supply), we did not calculate an overall mean
concentration for that site. Because UFP concentrations were
slightly skewed, we log-transformed all averages for sensitivity
analysis. From a health point of view, all results in the main
paper are based on nontransformed data.

Data Correction. We corrected for differences between the
devices by co-locating them in a laboratory setting and
corrected temporal differences for the spatial analyses using a
reference site. These procedures are more elaborately
described in the Supporting Information (Supplement A). In
brief, differences between the devices were assessed by co-
locating all five devices for 1-2 days before and after every
two-week measurement. We corrected each measurement
campaign based on the calculated median ratios between the
reference device and other devices of each co-located
comparison. All individual ratios are shown in the Supporting
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Information Table A.l, with average medians ranging from
0.99 to 1.19.

To correct for temporal variation in the spatial analyses, we
used a single reference site in the middle of the country with
the same equipment as all other sites (Figure 1). The reference
site had the same data correction procedure and restrictions as
the sampling locations regarding potential local sources. A
correction was performed using the difference method.” The
overall average of the reference site is subtracted from the
average of each of the 15 measurement periods at the reference
site. This difference is then added to the measurements of the
corresponding period at the sampling locations.

Spatial Variability. To assess the spatial variability of UFP
concentrations, we performed a geostatistical space—time
procedure and kriging interpolation.”® In brief, this method
assumes that the spatial correlation for all measurements
combined equals the spatial correlation structure for all three
measurement periods separately. The three measurements at
the same sampling locations are treated as independent
temporal replicates. This procedure is an adoption of a
methodology that has previously been used to spatially model
the wind-blown mass transport based on a limited number of
point measurements.”® A full description of the space—time
procedure and kriging approach (including semivariogram)
can be found in the Supporting Information (Supplement B).

Spatiotemporal Correlation. We used 2 h (within-day
variation) and 24 h (day-to-day variation) moving averages for
the spatiotemporal analysis. Correlations between all sampling
locations (including the reference site) were examined by
calculating Pearson, Spearman, and cross-correlations. Cross-
correlation refers to the correlation between concentrations
with different lagged time periods. For example, the
concentration at a certain site is correlated with the
concentration at another site a number of hours earlier or
later. In our study, we assessed the maximum cross-correlation
with lags up to 3 h in both directions. We also assessed the
influence of distance on the temporal correlation between two
sampling sites.

We further checked the eflicacy of the difference method to
adjust for temporal variation using one reference site for the
entire country. First, we applied the difference method to each
2 and 24 h averaged data point in the time-series. Next, we
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Figure 3. Map of average UFP regional background concentrations in the Netherlands.

compared the variance in the temporally corrected time-series
and the variance of the unadjusted time-series using the
formula: 1 — variance (adjusted)/variance (unadjusted) to
calculate the proportion of variance explained (PVE). This
means that a PVE between 0 and 1 relates to a decrease in
variance. A PVE value below 0 means that the variance
increased after using the difference method.

B RESULTS

Figure 2 shows the distribution of the concentrations per
period of measurements. Missing data due to equipment failure
occurred for 10 out of 75 measurements (13%). For one
reference measurement, only 20% of the data was available. We
decided to exclude this reference measurement and the
measurements at the sampling locations of the same period.
This resulted in 10 sampling locations with all three
measurements available, 9 sampling sites with 2 measurements,
and one location with one measurement (Supplement A). All
individual 2-week average concentrations per site are shown in
Figure 2 and Supplement A. Temporally corrected biweekly
UFP concentrations ranged from 3028 to 8202 particles/cm”.
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Concentrations were generally higher in the first round of
measurements and were consistently lower in the north of the
country compared to other regions of the Netherlands. Round
1 was mostly in the fall of 2016, round 2 in winter 2016—2017,
and round 3 in the summer and fall of 2017. The measured
average concentrations over the three periods ranged from
3814 to 7080 particles/cm®. The UFP mean and median (less
affected by high values) were highly correlated, documenting
that outliers did not affect the pattern of 14 day average
concentrations.

Spatial Variability. The regional differences are shown in
Figure 3. A spherical model was fitted through the computed
standardized semivariogram values (Figure B.1). The fitted
spherical model has a range of 180.9 km, which indicates the
presence of spatial correlation up to 181 km. The nugget (the
value that the semivariogram model attains at lag 0:
intercept) and sill (the value that the semivariogram model
attains at the range) values are, respectively, 0.193 and 0.582.
All interpolated maps (Figure B.2, i.e., maps per measurement
period and the average map) showed that the kriging resulted
in a moderate loss of the variation compared to the measured
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Figure 4. Scatterplot of the Pearson correlation versus distance. Pearson correlation calculated based on 2 h (a) and 24 h (b) average UFP
concentrations at two simultaneously measured sampling sites, per sampling round of 2 weeks.
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Figure 5. Temporal variation of 2 hourly averaged UFP concentrations (particles/cm?) at the reference site (black) and the sampling locations

(brown) Maurik and Donkerbroek for one round.

variations. The predicted concentrations in the average kriging
map range from 4.414 to 6.221 particles/cm?, whereas the
overall measured average concentrations in the three periods
range from 3.814 to 7.080 particles/cm®. The error maps of the
individual kriging interpolations (Figure B.2) and leave-one-
out-cross-validation (LOOCV) (Figures B.3—B.S5) show that
the uncertainty of the prediction increases as the distance from
the observation locations increases and uncertainty is greater
toward the edges of the map.
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Spatiotemporal Correlations. Figure 4 shows the
correlation between all simultaneously measured sampling
sites, with all 1 s measurements averaged over 2 h (Figure 4a)
and with all measurements averaged over 24 h (Figure 4b).
The median correlations are 0.50 between 2 h average
concentrations at the simultaneously measured sites and 0.58
between the 24 h average measurements. Large variability in
pairwise correlations is observed. The interquartile range for 2
h averages was 0.36—0.61 and 0.44—0.75 for 24 h averages. We
found one site (Round 1 in “De Zilk”) with a negative
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Environ. Sci. Technol. 2021, 55, 1067—1075


http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06806/suppl_file/es0c06806_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c06806/suppl_file/es0c06806_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.0c06806?fig=fig5&ref=pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c06806?ref=pdf

Environmental Science & Technology

pubs.acs.org/est

correlation to the reference site in our data (both for 2 h and
especially 24 h average). Especially, in the first week of the
measurement, there seem to be local influences that we cannot
account for (Figure C.1). The average diurnal variation
followed the same pattern at all sites including the reference
site (Figure C.3). This indicates that the measurements were
not systematically impacted by local sources. Inspection of
individual hourly average plots per study period per location
generally gave no indication of incidental local sources, except
for the first measurement round in one site (Figure C1). The
correlations for log-transformed PNC were slightly higher than
that for nontransformed one (Table C2).

For all 2 h average concentrations, we also show time-series
plots in the Supporting Information (Figure C.1), with two
examples shown in Figure 5. These plots show that the UFP
concentrations behave similarly in time and magnitude for
both the sampling location and reference site, independent of
the actual concentrations of both sites. This can also be
observed by the average diurnal pattern of each measurement
site (Figure C.2). Figure S shows time-series graphs of a
sampling location close to the reference site (Maurik, 25 km, in
the west of the country) and one further away (Donkerbroek,
125 km in the north of the country). The variation in the
concentrations of Maurik and the reference site is very similar,
both in behavior at the base level (coarse variation across
days), magnitude, and short-term variation (within-day
variation). The measurement at Donkerbroek still shows
similar behavior at the base level as the reference site but not
regarding the short-term variation. Furthermore, the time-
series plot also demonstrates a considerable, although the
consistent difference in the magnitude of approximately 4000
particles/cm® when comparing Donkerbroek to the reference
location. This is also reflected in the difference between the
overall means of this period of Donkerbroek and the reference
site.

The correlations and cross-correlations calculated
addition to the time-series graphs corroborate these findings.
Table C.1 shows the (cross-)correlations and corresponding
time lags. The median maximum cross-correlation was slightly
higher than the Pearson correlation: 0.54 (95% confidence
interval 0.47—0.57). Time lags for the maximum cross-
correlation exceeded 2 h only on two occasions. Cross-
correlations within sampling locations are quite consistent
(Table C.1).

After correcting for temporal variation with the difference
method, the variation decreased for 31 (63%) of the
measurements (Table C.1), with an overall average of 8%.
Variation decreased in 41 sites (84%) when only day-to-day
(24 h) variation was assessed, with an overall average of 18%.

Table 1 shows the relationship between distance and
correlation between the simultaneously measured sites.
Measurement sites were grouped based on the distance

in

Table 1. Influence of Distance between Sites on
Spatiotemporal Correlation

median median median
distance Pearson cross- Cross- median  median
between correlation  correlation  correlation PVE PVE
sites (km) 2h 2h 24 h 2h 24 h
<50 0.58 0.58 0.50 0.30 0.24
50—80 0.57 0.58 0.55 0.15 0.24
>80 0.44 0.47 0.43 0.23 0.05
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between sites in such a way that each group contained nearly
an equal number of pairs. For sites that are within 50 km of
each other, the median Pearson correlation is 0.58, whereas the
median correlation between sites more than 80 km apart
decreased to 0.44. Also, the proportion of explained variance is
higher for sites that are close to the reference site, especially
when day-to-day variance (PVE 24 h) is used (Table 1).
Median Pearson correlation values increased when the data
was log-transformed. Pearson correlation scores were 0.69
(>50 km), 0.61 (50—80 km), and 0.55 (>80 km), see also
Table C.2.

B DISCUSSION

This paper describes the spatial and spatiotemporal variability
of the regional background UFP concentrations in the
Netherlands. We found substantial spatial differences between
the regional background UFP concentrations, especially
between the north and the more populated southern parts of
the Netherlands. We found a moderate temporal correlation
between the UFP concentrations at simultaneously measured
sampling locations, which varied by distance.

Spatial Variability. We designed a long-term UFP
measurements campaign because routine monitoring, nation-
wide chemical transport modeling (CTM), and satellite
observations of UFPs are not available in the Netherlands
and in most countries. We then used a pooled kriging approach
to assess spatial variation in this study because of the limited
number of sites. While relatively old, kriging can still be
considered state-of-the-art modeling in settings with smoothly
changing concentration patterns and limited local sources.
Alternative methods, such as the LUR methods are not well
suited to describe large-scale concentration patterns related to,
e.g., coagulation of ultrafine particles or new particle formation,
especially when the number of sites drops below 20.*7%*
Moreover, the LUR models are limited to represent differences
in the background concentrations well for scales larger than
about 10 km.”*°

Regional background UFP concentrations differed across the
Netherlands, with higher concentrations in the more urbanized
southern parts of the Netherlands and lower concentrations in
the north. This north—south difference is consistent with the
measured and modeled concentrations of other combustion
source-related air pollutants (such as soot, PM, 5, and NO,) in
the Netherlands.””" The lower concentration in the north of
the country has been attributed to a combination of the lower
regional emissions from traffic, households, and industry and
larger distance to major foreign sources areas in Germany and
Belgium particularly.”> Relative differences (maximum/mini-
mum) in that study were 1.5 for PM,  and 2.2 for NO,,
respectively. In our study, we found a ratio of 1.9.

Interpretation of the spatial variation of UFPs has mostly
focused on the urban and local (roadside) scale.'” Relatively
little is known about the sources and the factors at the regional
scale. Compared to fine particles, UFPs are expected to travel
over shorter distances due to their short atmospheric
lifetime.”>*> While our monitoring sites were located away
from major roads and small local sources, there is increasing
evidence that large source areas do affect the UFP
concentrations at distances of several tens of kilometers.**™*°
Several studies have now documented contributions of major
airports to UFP concentrations at least 10 km away from the
airport.”*™"” In the Netherlands, measurable UFP contribu-
tions of a major airport and a large industrial area including
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refineries were found at a re§ional background site up to 40 km
away from the source area.”"*® Ultrafine particles may travel
relatively large distances because the relatively slow coagu-
lation processes in the diluted plumes or new particles may be
formed from gaseous precursors. Our measurements may
further be affected by residential sources including domestic
heating, which in the Netherlands is primarily based upon
natural gas. Wood burning is an increasing residential source as
well. Regional nucleation events can have a large impact on
UFP concentrations.'” Because the Netherlands is a flat and
small country, it can be considered as one airshed. Regional
nucleation events therefore would contribute to smooth spatial
patterns. Background concentrations of UFPs are mainly
driven by wind speed, precipitation, temperature, and relative
humidity.”® These weather factors do not differ much across
the country.

Understanding the regional differences in the UFP
concentrations is of great importance. While most people
live in urban areas, it is not feasible to measure in every city or
town in a country. Our measurements suggest that cities equal
in local and urban sources but are located in different regions
of the country experience different concentrations due to
variation in the regional background concentration. On top of
that, the regional differences we found in this study are often in
the same order of magnitude as the predicted differences
between the streets within a city. For example, the measured
annual average UFP concentrations in the city of Augsburg,
Germany, ranged from 7000 to 13 000 particles/cm?'* and
predictor variables in a previously developed UFP model in the
Netherlands were able to distinguish differences of up to 5000
particles/cm® between the 90th and 10th percentile for each
predictor.'’ Klompmaker et al.*® measured the short-term
concentrations in two Dutch cities and found an average
difference of 5601 particles/cm® between traffic (15.464
particles/cm®) and urban background sites (9.863 particles/
cm?). Regional background differences up to 3000 particles/
cm® are therefore important to consider in health studies
covering populations in a large geographic area. Regional
background variation may contribute significantly to the
overall variability in exposure in a nationwide health study.
We specifically used the kriging map of this study to represent
the regional background component in a national land-use
regression model. The national LUR is now further derived
from mobile monitoring data and local and urban source
predictors.”” The importance of the regional background data
is therefore mostly in distinguishing the UFP exposure in
towns and cities in different parts of the country.

Spatiotemporal Correlation. The median cross-correla-
tion of 0.54 indicates a moderate temporal relationship
between the sampling sites and the reference location. Hofman
et al."* compared the long-term UFP measurements in four
different European cities and found similar patterns. The
highest correlation they found was between London and
Leicester (143 km, Spearman correlation = 0.50). Such
moderate correlations support the use of a reference site to
correct for the temporal variation over distances of up 200 km
(like the Netherlands) but suggest that this adjustment is of
limited value, as supported by our variance reduction analysis.
Therefore, sampling designs to minimize bias due to temporal
variation in assessing the spatial variation are needed. Studies
analyzing acute health effects of UFP exposure, like time-series
studies, are still restricted to measurement stations that are
close to all participants.
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Most studies that sample air pollution concentrations at
different locations at various time points use a central reference
site to adjust for temporal variation. The range of the
variogram of 181 km indicates the presence of spatial
autocorrelation up to about 200 km. The maximum distance
between the sampling sites and the reference location in this
study was 165 km. We did find higher correlations for sampling
locations close to the reference site but found only a small
decrease in the correlation with increasing distance.
Furthermore, the difference method for the correction of
temporal variation decreased the variation in the time-series of
the sampling location in only 63% of the cases.

The time lags of the maximum cross-correlations between
concentrations at a sampling location and the reference site
were 2 h or smaller in almost all cases. This supports our
averaging period of 2 h for all temporal analyses. Correlations
with (cross-correlation) and without (Pearson) lags were
therefore similar. Not many studies explore time lags between
time-series of air pollution concentrations between sampling
sites. A study in China, examining the PM, concentration
time-series lags between Beijing and Zhangjiakou, reported
time lags of 6—50 h between the two cities, approximately 200
km apart.”’ A lag of 1 or 2 h between sites that are more than
100 km apart based on the transport between the two locations
seems unlikely because this would require a constant wind
speed of 50—100 km/h, whereas the average wind speed in the
Netherlands is 8 km/h.

Strengths and Limitations. In this study, we were able to
measure the regional background UFP across a wide
geographic area over a larger period of time. So far, most
UFP measurement campaigns have been conducted within
cities as local UFP sources are concentrated in major cities and
monitoring is costly and labor-intensive. The sample size of
this study (20 sampling locations) was still rather small to
produce nationwide maps. Yet, with our kriging approach, we
were able to make interpolations with limited prediction errors
despite the small number of locations and measurements. The
distribution of the predicted concentrations throughout the
country was consistent for all three measurement periods
(Figure B.2). This indicates that the interpolated map gives us
a reasonably accurate general description of the spatial
variability of regional background UFP concentration in the
Netherlands, although we cannot exclude that we have missed
specific regional patterns due to the limited number of sites. A
higher density of the monitoring network would increase the
accuracy of the prediction.

The method of producing a pooled variogram assumes
independence between the three measurement periods.
However, the repeated measurements of concentrations at a
specific sampling site are likely (temporally) correlated
between periods because we expect the emission sources that
influence the difference between various sampling locations to
be largely consistent over time. We consider the temporal
independence between measurements at the same sites to be
large enough to justify the use of a pooled variogram because
the measurements were far apart enough in time. On average,
measurements at the same site were 165 days apart. Our study
was primarily empirical and not designed to elucidate the
physicochemical processes explaining the factors contributing
to the spatial and temporal variation.
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