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Summary

A methodology forcreating a new dataset of estimated backgraamg¢entrations

of NO,, O3, PMyo, andPM s that are representatiod a typical year over Norway,

was developed. The dataset has a spegmdlution of 10 kmx 10 km and an
hourly temporal resolution. Theinderlying methodology is based on two
components: First, annualean background concentrations are mapped from raw
station dataas well as auxiliary data using geostatistical techniques. Second, time
series of average annual and daily variability esenputed from hourlyraw
station data over all suitable stations in Norway. The variabilitgheyeby
expressed as a relati ve -tammmeamin ogrderftar o m
make the temporal variability representative fi@ighboringgrid cells tlat have
different annual mean concentratioksich grid cell is subsequentgsigned to a
specific station using a nearest neighbor approauth therelative anomaly
computed at that station is used to estimate the rhaekground concentration

for a given location and point in time. Thaataset is available as a NetCDF file,

an Excel spreadsheet, and as amline application on the website
www.luftkvalitet.info . The dataset significantly improves the amount of
information available about background cortcations in Norway, both on a
spatial as well as @&mporal dimension, as the result overview Rigur A
illustrates.

Whereas the previously used VLUFT method of 1993 only provided spatially
constant data at the county level, the new method presentedphavides
spatially continuous data at a comparatively high spatial resolution. Furthermore,
while the previous method only gave a range of values that were considered valid
throughout the entire year, the new technique provides continuous time series for
a typical year at hourly resolution at any location in Norway.

While the presented method provides reasonable estimates of background
concentrations in a typical year, significant uncertainty exists due to very low
station density within Norway. In order to improve continuous estimates of
background concentrationsisthighly recommended to increase the number of air
quality stations within Norwaywith a particular focus othe northern part of the
country.
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Figure A Comparison of the information content about background
concentrations obtained from the previooethod and the method
described in this report, shown for the example of..N€anel a)
shows 1993 VLUFT data for rural areas for the mediawel class,
panel b) shows the annual mean background concentrations for 2008
derived using the method presentedeh@anel c) shows an example
of temporal information available from VLUFT, here for Akershus
county, and panel d) shows the temporal concentration information at
Kjeller in Akershus country for a typical year as derived by the
method presented here. Ndteat the values from VLUFT given in
panel a) are oepisodic high hourly <conc
directly comparable to the annual mean values shown in panel b).
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Update of background comentrations over Norway

1 Introduction

For a variety of applications it is helpful to have estimates of several air guality
related variables such as N@, PM,, and PMs. Such applications include for
example calculations of air quigli in particular with respect to contributions from
emission sources such as roads, tunnels, or industrial plants. Furthermore there is
demand for air quality calculations with respect to areal planning within the
municipalities. Such applications are ianfant for reducing the vulnerability of

the population to the impacts of air pollution and for engaging in initiatives in
order to ensure that the various existing criteria for appropriate air quality are met
accordingly.

At the present time, a frequéntsed source for such information within Norway

is the ABakgrunnsatlas fra VLUFTO repor
useful source of information on rough estimates of background concentrations, the
information contained therein is nearly 20 geald and needs to be updated to

reflect more recent data on background concentrations and new technical and
scientific developments for estimating such values.

More specifically, in updating such a database on background concentrations over
Norway it gpears useful to include recent research on mapping Ewndge

mean annual concentrations of various species and to target the results and
methods used within this work for estimating background concentrations for the
major air qualityrelated indicatorspecifically over Norway. As the background
concentrations for all the above mentioned species vary considerably over time,
the information on spatial patterns obtained from such mapping can then be
combined with data on temporal patterns at existinguality stations to provide
estimates of background concentrations not only at locations throughout Norway
but also for a given date and time.

Therefore, the primary goal of the project was to deliver magmob@ialmean
background concentrations of N@s, PM,, and PMs over Norway for a given
reference year. A further objective was to provide estimated values for a given
day and time using annual and daily decomposition of time series at station
measurements, while maintaining ease of use.

2 Methodology

The estimation of Norwegian background concentrations foy, ) PM,, and

PM,s is based on two components. The first component consists of maps of the
average annual concentration for recent years that are derived from station
observationsin conjunction with spatially distributed auxiliary data using
geostatistical techniques. However, since most of the species considered vary
significantly with time, maps of annual averages alone are not sufficient. The
second component of the methodolomgy therefore based on a quantitative
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description of the average lotgrm temporal behavior of the observations at each
station. Both components will be described in detail in the following sections.

2.1 Data sources

A variety of data sources were dsgithin the framework of this project, both as
primary and secondary sources of information. The properties of the main datasets
used for this project are briefly summarized in the following sections.

2.1.1 ETC Data

Where possible, existing data sets generatatidoy:uropean Topic Centre for Air

and Climate Change (ETC/ACC) were used for the mapping component. The
methodology underlying the mapping procedure has been refined over many years
and the datasets have been extensively validated (Horélek et al., 2007, 20
Denby et al., 2011). Such data was available fog, N\, and PMs, however

not for Q. The annual average map foy @er Norway was produced at NILU

from raw datasets using a similar methodology (See section 2.2).

The mapping methodology used twe ETC/ACC is described in detail in various
reports, such as Horalek et al. (2007), Horalek et al. (2010), and Denby et al.
(2011), and therefore will only be summarized here briefly. The approach uses a
combination of a linear regression model whicthesn followed by the kriging of

the resulting residuals, a process also known as residual kriging (Goovaerts,
1997). Separate maps are created for urban and rural areas which are later
combined using specific merging rules based on population densityedebr
species and mapping type, a varying number of spatially exhaustive auxiliary
variables are used which guide the interpolation process in areas of low station
density. The type and number of auxiliary variables used within the mapping
procedure is demdent on their respective impact to an improved fit of the
regression model. For example, the interpolation of,HMural areas used output
from the EMEP model (see section 2.1.4), a digital elevation model for
information on altitude, data on wind gk and data on solar radiation. On the
other hand, for PMmapping in urban areas the used auxiliary variables consisted
solely of the output from the EMEP model. For more detail on the auxiliary
variables used for the mapping of N®M.,, and PM; seethe reports provided by
Horéalek et al. (2007), Horéalek et al. (2010) and Denby et al. (2011).

Once the multiple linear regression against the appropriate auxiliary variables is
accomplished, residuals are acquired at each location where station data is
available. These residuals are subsequently interpolated using ordinary kriging
(Cressie, 1993; Goovaerts, 1997; Wackernagel, 2003). This interpolation process
is based on variogram analysis, according to which the spatial autocorrelation of
the data is fted using a (often spherical) variogram model. Kriging weights are
obtained as a result of this process and the optimal prediction of residual
concentration is made at each 10 krhO km grid cell. Subsequently, a final map

of estimated concentrations abtained by adding the gridded result from the
linear regression and from tkaging of the residuals.

In addition to the linear regression and ordinary kriging techniques resulting in
estimated concentration maps for rural and urban areas, the ETC/ACC
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methodology further uses a fairly sophisticated merging procedure for combining
the separately interpolatanaps of urban and rural areas. The technique is based
on the population density for each grid cell and assign the interpolated value from
the rural map if the population density is less than a given threshatdl assigns

the interpolated urban valuerfall cells exceeding a population densitylbfin

case the population density is greater thhbut less thar, a joint rural/urban
value is computed using a weighting function and assigned to the respective grid
cell. Once all the grid cells aresagned their appropriate concentration values
based on their respective population density, a final concentration map of the
parameter in question is obtained.

As the production of maps on NCPM,, and PMs is summarized here and
described in detaihithe mentioned references, the remainder of the methodology
focuses primarily on the technique for creating the map of annuar©entration

for the reference year 2008, which was not produced by the ETC/ACC.

2.1.2 AirBase Database

Raw data from air qualitystations was used for both spatial mapping using
residual kriging as well as for temporal decomposition of the time series. All
station data was obtained from tiiropean Air quality dataBaseAirBase
(http://acm.eionet.europa.eu/databases/airpaseivever, different datasets were
acquired for each component. For the geostatistical analysis and the mapping of
0Os;, annual mean QOconcentrations were acquired for all European background
stations in order to achieve a large enough sample size for variogoaeling

and regression analysis. For the temporal characterization, only data for
Norwegian stations were acquired for all four species, however this was done for
the entire available record and at an hourly temporal resolution.

Table1 lists all background air quality stations located in Norway for which data
was retrieved from the AirBase datababBmffic and industrial stations were not
used because of their limited spatial representativeness. Therefore, only
background statiss (urban, suburban, and rural) were considerébe
geographical context is shown in Figure 1 which shows the location of all
available background air quality stations in Norwéth suitably long time series

for each component.

In addition, Table 2 gives an overview of station type and the components
measured at each station with suitably long time series, as well as the respective
long-term means for each componeNbte that only a small number of stations
provides suitable time series for N&hd only one stations provides data for,2M
Swedish and Finnish stations were not used here but could provide valuable
additional information in future work.

NILU OR 68/2011



Tablel: Overview of Norwegian background air quality stations that were
used for temporal characterization. All station data was acquired
from AirBase. Note that not all stations provide data for all air quality
indicators and that stations hbsted here were not considered due to
short time series or other reasons.

Station ID Station Name City Lat. [deg] Long. [deg] Elevation [m]
NOOO75A Barnehagen LILLEHAMMER 61.121 10.467 210
NOOOO1R Birkenes 58.383 8.250 190
NOOO81A Baerum 59.952 9.645 80
NOOO70A Grimmerhaugen AALESUND 62.472 6.166 21
NOO0077A Gruben MO | RANA 66.310 14.194 10
NOO0O62A Haukenes 59.200 9.400 25
NOO0O56R Hurdal 60.367 11.067 300
NOO045R Jelgya 59.433 10.600 5
NOOO55R Karasjok 69.467 25.217 333
NOOO39R Karvatn 62.783 8.883 210
NOOO16A Nedre Storgate  DRAMMEN 59.746 10.207 20
NOOO41R Osen 61.250 11.783 440
NOO0O043R Prestebakke 59.000 11.533 160
NOO0O15A Réadhuset BERGEN 60.395 5.327 5
NOO0052R Sandve 59.200 5.200 40
NOO0O72A Skgyen OSLO 59.920 10.733 10
NOOO073A Sofienbergparker OSLO 59.356 10.766 25
NOOO063A Stener Heyerdahl KRISTIANSAND  58.090 7.586 12
NOOO15R Tustervatn 65.833 13.917 439
NOO0O065A Valand STAVANGER 58.961 5.731 33
NOOOBOA @yekast 59.133 9.645 40
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Table2:  Overview of station type and components measured at each station as
well as their respective loAgrm mean. All means are givenunits
o f & §vhemno annual mean is indicated the data either did not
have sufficiently long time series for computing annual and daily
means or the component was not measured at that station.

Station ID Station Name Type NO, O, PM, PM,;

NOOO075A Barnehagen urban 19.2 - 19.0 8.8
NOOOO1R Birkenes rural - 552 - -
NOOO81A Baerum urban - 39.0 - -
NOO0070A Grimmerhaugen urban - - 131 -
NOO0077A Gruben suburban - - 174 -
NOO062A Haukenes suburban 5.6 548 - -
NOO056R Hurdal rural - 546 - -
NOOO45R Jelgya rural - 56.1 - -
NOOO55R Karasjok rural - 65.7 - -
NOOO039R Karvatn rural - 586 - -
NOOO16A Nedre Storgate urban - - 19.9 -
NOOO41R Osen rural - 558 - -
NOOO43R Prestebakke rural - 585 - -
NOO015A Radhuset urban 347 - 17.9 -
NOOO52R Sandve rural - 66.2 - -
NOOO072A Skgyen urban - - 218 -
NOOO073A Sofienbergparker urban - - 22.0 -
NOOO063A Stener Heyerdahl urban - - 22.1 -
NOOO15R Tustervatn rural - 700 - -
NOO065A Valand urban 16.7 - 158 -
NOOO8BOA @yekast urban 145 - 17.1 -
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Figure1l: Location of the Norwegian background air quality stations whose
data was used in this project for purposes of spatial mapping and
temporaldecomposition for a) NOb) O, ¢) PM,, and d) PM... The
station type is indicatkin the label as (u) for urbarfs) for suburban,
and (r) for rural. Note that only stations with sufficiently long time
series are shown

2.1.3 Topography

Elevation is one of the most important auxiliary variables used throughout the
mapping process. It is used for all four species. Spatihstributed data on
topography over Norway was acquired for this project from the globah 1
digital elevation model GTOPO30, which is available at 30 arcsecond resolution
(approximately 1 km) (EROS Data Center, 1996; Gesch et al., 1999). The data
was resampled to the final grid resolution of 10 km10 km using cubic
convolution.

2.1.4 EMEP Model

As the density of air quality stations over Norway is very sparse, it is particularly
important to guide the interpolation process of the station data usingoappeo
auxiliary variables. The output of a chemical transport model is helpful for this
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purpose as it can provide physically realistic estimates of concentrations, albeit at
a relatively coarse spatial resolution. For this projeetdeled Europewide
corcentrations were obtained from the Unified EMEP (European Monitoring and
Evaluation Programme, (Fagerli et al., 2011)) model (Simpson et al., 2003). The
Unified EMEP model isan Eulerian chemical transport model that has been
developed at the EMEP/MSW (Meteorological Synthesizing Centre West of
EMEP) and has been extensively validated (Fagerli et al., 2003). Emissions used
for the model are described in Vestreng et al. (2007).ndeeledannual average
concentrations were acquired as a grid with ax580 km horizontal spatial
resolution. They were resampled to the final grid resolution used herekof %0

10 km through cubic convolution.

2.2 Mapping methodology

The background maps are created using residual kriging with auxiliary variables.
Kriging is an interpolation technique that makes use of a model of spatial
autocorrelation (usually irthe form of a variogram model) to infer optimal
estimates of a variablat a given set of locations (Isaaks and Srivastava, 1989;
Cressie, 1993; Goovaerts, 1997; Wackernagel, 2003).

The mapping procedurapplied in this studys based on the previous work by
Horélek et al. (2007), Horélek et al. (2010), and Denby et al. (2011) and involves
a linear regression analysis against multiple auxiliary variables in conjunction
with kriging of the residuals. It should be noted thatdited work incorporates a
procedure for separately mapping urban and rural areas and then combining the
interpolated maps using a fairly sophisticated merging technique. This part of the
algorithm was not implemented in the f®apping procedure due to thearcity of
stations in Norway.

TheconcentratiorZ (s,) is mapped at a given locatisnusing the model

A

Z(sp) = c+a1X1(sg) + a2 Xa(sop) + ... + anXn(s0) + n(so) (1)

where c, a, & € a, are parameters of the multiple linear regression and
Xi(s)é X(s,) are the values of the auxiliary variables used at locaidrinally,
d(s) represents the results of the ordinary kriging of the residuals at losation

The first step in the process was therefore to establish a linear relationship
between the v#@ble in question and the auxiliary variables at each station.
Although the geographic region of interest here was Norway, this task was
performed throughout all background stations in Europe available within AirBase
in order to obtain a more representatielationshipThis was done here fdD;

only but the same method was applied by the ETC/ACC for mapping the other
componentsMultiple linear regression was used. In the casepel@vation and
EMEP model results were used as auxiliary variabiégseand other auxiliary
variables were also used by the ETC/ACC for mapping the other species.

Kriging makes use of a model describing the spatial autocorrelation. Most often,

the semivariograno(h) at a certain lag distance is used to describe this.
Different types of models are then fitted to the empirical semivariogram, with a

NILU OR 68/2011



12

spherical model probably being the most common. Figure 2 shows an example of
the empirical semivariogram and the fitted spherical model used for residual
kriging of O, over Europe.

140 . ' ' T
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Figure2: The empirical semivariogram for.@siduals after multiple linear
regression and the fitted spherical model.

For kriging of Q residuals, a model was fitted to the empirical semivariogram
with a nugget effect of 7B.eg m® and a spherical model of range = 21.0
degreesand sillc, = 49.7 eg m® such that the semivariangh) at lagh is given

. 3 _h 1 _h \3 .
49.7 for h > ag

The fitted semivariogram model is then used in the kriging process to determine

appropriate weighting factors for each data point. More detailed information about

the kriging process can be found in the literature, e.g. in Isaaks and Srivastava
(1989), Crssie (1993), or Goovaerts (1997).

The kriged residuals are then added to the results from the multiple linear
regression as indicated in Equation 1 and through this process the final maps
shown in Figures 4 through 7 are obtained.

2.3 Decomposition of staibn time series

While the maps of annual mean background concentration are helpful for
identifying spatial patterns, the actual concentrations at each location vary
significantly throughout the year as well as throughout the day. It is thus
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necessary to eobine the maps of annual mean background concentration with
information on cyclical temporal variability at varying frequencies for each
species. This information can be obtained by means of temporal decomposition of
reasonably long time series at air giyadtations.

This was accomplished within the framework of this project by averaging several
years of hourly measurements on an annual as well as on a daily basis. The
resulting time series for a typical year and a typical day were further smoothed to
ensure that thebservations are representative of cyclical temporal patterns and do
not just reflect shosterm variability. The representative annual and daily time
series are subsequently converted from absolute concentrations gagemitto
anomalies from the lonterm mean at the station given in percent. This ensures
the applicability of the temporal information foeighboringareas with differing
annualmeanbackground concentrations.

Due to the often short time series available at each station and thetasksstiall
sample size, random noise which is not representative of the overafielomg
temporal variability is abundant in the time series and needs to be removed before
using the relative anomalies for estimating concentrations at other locations. Such
a task can for example be performed by using a moving average filter as is shown
in Figures 15 through 22. However, for practical purposes this smoothing was
performed here in the operational application by applying adiwensional low

pass filter on amourby-hour anomaly matrix for an average year. This results in

a simultaneous smoothing of both the annual and daily average time series. The
effect can be seen for all species and stations in subfigures c) and d) of Figures 31
through 58. It should beoted that the application of the filter was performed
while the matrix was augmented by itself on all four sides in order to avoid
erroneous edge effects caused by the filter.

The smoothed relative anomalies can then be appligteigghboringlocations

with different absolute annual mean concentratiges Sectio2.4 andFigure3),

and as such the average concentration can be estimated for a certain location given
a certain day of the year and a time of day. The end result is then a simple offline
or online application that can give an estimate of mean concentration of a certain
species after the user provides a location (given as a latitude and longitude pair)
and day and time.

2.4 Station representativity of time series anomalies

In order to apply relative anomalies calculated at air quality stations on a-nation
wide scale it is nexssary to decide for all grid cells in the country which air
quality station and thus which temporal pattern it is best represented by. For this
purpose a fairly simple method was chosen that assigns a station to a grid cell
based on the distance betwebam. In other words, each grid cell is assigned to
the geographically closest station. Figure 3 provides an overview of the way in
which the gridcells were assigned to the available stations with sufficiently long
time series for each analyzed species.afye more sophisticated approaches
could be used here (and would be necessary if the final goal was computing entire
maps for each point in time), however we found that for providing reasonable
estimates of time series a simplearestneighborapproachs sufficient. Further

work could expand upon this approach for example using a weighting scheme for
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the stations or an approach using expert knowledge for determining the area of
influence for each station.

60°N
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Figure3: Maps depiting the representativity of air quality stations with
sufficiently long time series for temporal averaging (4 years minimum
with less than 60 days of missing data per year). The maps shown are
for a) Nitrogen Dioxide, b) Ozone, c) RiMand d) PM.. All gridcells
shown in the same color are using the same information on temporal
anomalies from the closest station. The green triangles mark the

available stations for each species.

3 Results and Discusssion

As mentioned previously, the methodology for thiady consists of two major
components. Firstly, spatial patterns in concentrations for all four species were
derived from raw station data and various auxiliary dataset using geostatistical
methods. Secondly, temporal patterns were derived from statgarvaltions for
estimating the annual and daily cycles at each location. Here we first describe the
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resultingmaps of annual mean background concentrations, show some examples
of annual and daily variability at selected stations and present a simple
visualization for estimating the mean anomaly for a given hour and day at any
station. Finally, we briefly demonstrate offline and online tools that were
developed for easily obtaining approximate quantitative estimates of the
background concentration of the fogpecies at any location in Norway for any
given day and time in a year. Note that only a small set of representative figures
can be shown in the results section. For a complete set of figures of results for all
species and stations please see the Appendix

3.1 Maps of background concentrations

The spatial patterns in annual mean concentrations were derived by means of
geostatistical techniques using raw data from air quality station and auxiliary
variables such as model output, elevation etc. ETC/ACC datd® was only
available for 2007. However, 2008 was chosen as a reference year for the
remaining three species since existing data from the ETC/ACC was available for
that year for PM and PMs. The map for @was consequently computed using
2008 data aswell. We assume that interannual variability in annual mean
concentrations iseasonablysmall and that the years 2007/2008 can be seen as
approximately representative of the current annual mean background
concentrations.

Figure 4 shows the 2007 annuakan background concentration of N@ver
Norway. As would be expected the area of highest meanchi@entrations can

be found over the greater Oslo area where population density and thus road traffic
andotheremissions are highest. Estimated mean and@alconcentrations in the

city of Oslo reachvalues of up t®2 eg m® whereas the greater Oslo area still
sees concentrations arounid7&g n®. Mean annual concentrations are estimated
to be moderately high throughout most of Western and Southern Norway with
values aroundi® €g m* and hotspots with values over 8§ m® over the cities

of Kristiansand, Stavanger and Bergen. The situationmgasiin Trgndelag with
mean values around gg m® and a hotspot over Trondheim. The rest of the
country, the mountainous inland areas of southern Norway as well as most parts
of Northern Norway, shows generally very low mean annual concentrations of
lessthan 1eg m®. None of the grid cells exceed the legally allowed annual mean
limit of 40 eg m®>. However, several grid cells exceed an annual mean NO
concentration of 2Ceg m? namely the greater Oslo area, Kristiansand, and
Bergen. It should be notelddt the spatial resolution of the grid cells with 10%km

10 km is relatively coarse for any type of urksrale analysis. Although several
urban areas are likely to have annual mean values exceeding thg @0
threshold, they do not appear in the mapge the affected areas are relatively
small and the supixel heterogeneity is significant, such that the average value
over the gri d *arealis réasivelylow andrdees noOréflecksonch
localized subgridcell hotspots.
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Figure4: Map of annual mean N@oncentration for 2007 over Norway. The
spatial resolution of the grid is approximately 10 krdO km. The
map is based on data provided by the European Topic Centre on Air
and Climate Change implementiagnethodology described in
Horalek et al. (2010).
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Figure5: Map of annual mean {&oncentration for 2008 over Norway. The
spatial resolution of the grid is approximately 10 kO km. The
map was computed based on geostatiktexzhniques using raw
station data and auxiliary variables.

Figure 5 shows the 2008 mean annual background concentrations fof O
Norway. In Southern Norway, the concentrations are mostly betweeg 5@’

and 60eg m® in the coastal areas and readghler values of 7@g m®to 90eg m

® in mountainous inland areas. In the northern half of the country mostly low
values of 5060 gg m*® can be found although some areas with high
concentrations of around 706 eg m® can be observed in some inland areas near
the border to Swedetit should be noted that this map is strongly dependent on
altitude,asa digital elevation model wame of the primanauxiliary variables for

the interpolation process.
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Figure6: Map of annual mean PMconcentration for 2008 over Norway. The
spatial resolution of the grid is approximately 10 kO km. The
map is based on data provided by the European Topic Centre on Air
and Climate Change implementing a metHodg described in
Horalek et al. (2010).

Figure 6 shows the 2008 average values of, R Norway. The hotspots with

the highest concentrations can be found in the city of Oslo where annual mean
values over 2&g m? are indicated. The greater Oslo area shows annual mean
concentrations of around 113 eg m®. Whereas the mountainous inland areas in
the southern half of Norway appear to have quite low annual mean concentrations
between &g m® and 5eg m®, the situabn is quite different along the coastlines.
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The southern coast of Norway consistently shows concentrations b2 49 m®

and the coastline in the western part of the country even reaches relatively high
values between 129 m?® and 15¢g m®, presumablylue to sea salt effedtisatare

likely introduced by the EMEP model which was used as an auxiliary varrable
the interpolation processThe northern half of the country has mostly lower
concentrations betweengg nmi® in the inland areas and ilT2 eg m?® in coastal
areas.

-3
PM, . [ng m™]

Figure 7. Map of annual mean PMconcentration for 2008 over Norway. The
spatial resolution of the grid is approximately 10 krdO km. The
map is based on data provided by the European Topic Cent@ on
and Climate Change implementing a methodology developed by
Denby et al. (2011).
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Figure 7 shows a map of estimated 2008 mean annual concentrationss &M
Norway. The highest values of around 12eg m* can be found over the city of
Oslo, wherea the greater Oslo area still shows concentrations betwegm

and 10eg m® The rest of the country exhibits very low mean anrfisl;
concentrations of less thane§ m?®, with the exception of several hotspots over
the main urban areas of Kristisand, Stavanger, Bergen, and Trondheim, where
annual mean values of 80 £g m* are indicated.

It should be noted that the maps shown in Figures 4 through 7 should be
interpreted with care. While the underlying methodology involving geostatistics
and miktiple linear regression of auxiliary variables is quite robust and can deliver
good results, the fact remains that it is an interpolation technique and as such
prone to potentially significant errors. As with any spatial interpolation technique,
themethd s performance i s proportional to the
number of usable air quality stations in Norway is quite limited (in fact,
Scandinavia has one of the lowest station densities in all of Europe), the multiple
linear regression with ailary variables plays a very important role and is
actually close to the only source of information in areas that are far from the
nearest applicable air quality station.

Besides adding further observation sites to increase station density, the ofuality
the maps could therefore be significantly improved by making use of more
detailed or more accurate auxiliary variables. This could be accomplished, for
example, by making use of highersolution model output, such as the 10 km

10 km regionalreanalysis developed within the framework of the Monitoring
Atmospheric Composition and Climate (MACC) project (Rouil et al., 2011a,b) or
the use of satellitderived NQ observations as provided by sensors such as the
SCanning Imaging Absorption spectrofde for Atmospheric CartograpHY
(SCIAMACHY) (Bovensmann et al., 1999; Gottwald et al., 2006), the Ozone
Monitoring Instrument (OMI) (Levelt et al., 2006), or the Global Ozone
Monitoring Experimen2 (GOME-2) (Munro et al., 2006).

3.2 Annual Variability

The emporal patterns of concentrations express themselves in both annual and
daily variability. The characteristic temporal behavior at each station was obtained
by averaging long time series based on daily or hourly sampling intervals.

Annual variability wasthus computed for each day of the year by averaging all
such days occurring in the time series, while ensuring that only stations that can
provide a minimum of 4 years of data were considered. This number was found to
be a good compromise between obtagnanrelatively representative mean value

for each day, while at the same time ensuring that a reasonably large number of
stations throughout Norway could be used.

The temporal anomal at timet in percent was computed as

A, =2_".100 3)
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where x is the observed concentration at timmand X is the longterm mean
concentration computed over all observations in the time series.
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Figure8: Examples of longerm average annual variability of a) N®) O, c)
PM,, and d)PM,s in the Lillehammer ar@ given asabsolutevalues
of concentrationThe solid line shows therhonth moving average,
whereas the shaded area represents theohth moving standard
deviation. NG@, PM,, and PM; are shown for the statioNO0075A
Lill ehammeBarnehageNote that no measurements qfa@e
available at this station, therefore the plot foygshows the annual
variability at the closest available,Gtation,NOOO41R OsenThe
constant values at the beginning and end of the year are dstiflae
to the moving average filter.
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Figure9: As Figure 8 but given aglativeanomalies from the lontgrm mean
concentration.

Figure 8 shows examples of observed average annual variability at one station,
namelyNOOO75A LillehammeBarnehage (with exception of @which is shown

for the closest neighboring station which measurgsc@ncentrations). The
Lillehammer station was selected as it was the only station in Norway that
provides sufficiently long time seriesf at least three of the four species.
Corresponding anomalies from the letegm mean were computed using
Equation 3 and are shown in Figure 9.

All four species show distinct patterns throughout the year.Nd® a very clear

and symmetrical annual cycle, reaching its maximum in the winter months
between December and February when it exhibits values afg361® or an
anomaly of 65%. The concentrations then drop off rapidly throughout the spring
until they reah their annual minimum of around Beg m* in the month of July

and August, which corresponds to an anomaly of approximailf. The
concentrations then rise throughout the autumn to reach their winter maximum.
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The Q concentrations start out early the year slightly above 56g m*® and
increase rapidly until they reach their annual maximum at@0m® or an
anomaly of about 50%. They subsequently exhibit a gradual decrease over the
summer months until they reach their annual minimum ofgt@n? or -30% in
October.

The concentrations of PMhover around 20eg m® (0i 10%) in the first three
months of the year before they rapidly increase to a brief annual maximum of 30
eg m® or 60% in April which is likely due to road dust -Beispension
Throughout the summer months the Pkbncentrations lie between ®@ m?®

and 15eg m® (or between40% and-50%) until they reach the fairly constant
winter values of 2@g ni® again in October and November.

The concentrations for PMalso show a elar annual cycle with the maximum of
about 15eg m® or 50% occuring in the months of January and February. The
concentrations are significantly lower in the summer months and reach only
values of 67 eg m® (or -40%).

It should be noted that the annuglcles given here for the example of the
NOOO75ALillehammer Barnehagentation are not necessarily representative of
all other stations. While some wdihown general patterns exist throughout most
stations (e.g. higher N@oncentrations in the winter mths than in summer, or

the spring peak in {roncentrations), other more local or skerm patterns vary
significantly with region and station type. The reader is thus referred to Appendix
A for more detailed information on seasonal patterns throughewountry.

Time series of mean annual variability given as the anomaly from thetdomg
mean and as depicted in Figure 9 are very helpfuktiooscaling annual mean
concentration at other locations and in estimating concentrations throughout the
year. The complete set of figures depicting annual variability for all four species
and all stations is provided in Appendix A.

3.3 Daily Variability

Daily variability is just as important as annual variability. The anomaly of the
daily variability was computed in the same way as the anomaly of the annual
variability following Equation 3. Figure 10 shows example plots of daily
variability in the Lillehamme area. In addition, Figure 11 depicts the
corresponding plots as anomalies.

The daily cycle of N@reaches a minimum of &g m® or -60% at 4:00 in the
morning, subsequently increases rapidly during the morning rush hour to a local
maximum of 25eg m® (30%) at 8:00. The NQOconcentrations then drop off
slightly during the day before they reach the overall maximum @g2%° (or an
anomaly of 40%) during the evening rush hour at 18:00. The average daily cycle
of O, at the NOOO41R Oserstation is muchdss complex. It approximately
resembles a sinusoidal wave with a minimum otg5n° at 4:00 in the morning

and a maximum of 6Zg m? at 14:00.

The concentrations of PMollow a mean daily cycle quite similar to that of NO
A minimum of just below @ eg m?® occurs at 4:00 in the morning, followed by a
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rapid increase towards the first local maximum ofeg3m® at 8:00. The second
local maximum occurs again during the evening, reachingg2¥® at 19:00and
is caused also by woodburning

Finally, PM,s exhibits a slightly different daily cycle in that its temporal features
are not as succinct. The first local maximum of the day with a value@h®® is
reached after the main morning rush hour at 10:00 in the movsigr PM,, the

main maximum of 12g m?® is reached at 19:08nd is caused by woodburning

The lowest values again occur at 3:00 and 4:00 in the morning and reach as low as
6£g m>.

It should be noted that the daily cycles given here for the example of the
Lilehammer Barnehagenare not not necessarily representative of all other
stations. While some wellnown general patterns exist throughout most stations
(e.g. relatively high N©concentrations during the morning and evening rush
hours, the afternoon peak of €dncentrations, or the evening peak of jfMther

more local or shofterm patterns vary significantly with region and station type.
The reader is thus referred to Appen&ix which includes the complete set of
figures depicting daily variability for allour species and all stations, for more
detailed information on typical daily cycles throughout the country.
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Figure 10: Examples of longerm average daily variability of a) NCb) Q, c)
PM,,, and d) PMs in the Lillehammer area. NOPM,, and PM; are
shown for the statioNNO0075A LillehammeBarnehaggegiven as
absolute values of concentratidyote that no measurements qfa@e
available at this station, therefore the plot foygshows the annual
variability at the closest available GBtation,NO0O041ROsen
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Figure11: As Figure 10 but given aslativeanomalies from the lontgrm mean

concentration.

3.4 Matrices of temporal variability

While plots showing anomalies of annual and daily variability as for example in
Figures 9 and 11 as well as in Appendices A and B are useful in their own right,
for computational reasons it is advantageous to work with anomalies that combine
the deviatiorfrom the longterm mean value for each individual hour of the year.
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Figure 122 NO. at stationNOOO75A Barnehagemnnual matrices of hourly
averages computed over entire available time series, shown as a)
Observations, b) numbef years with available data, c) the anomaly
computed from the loatgrm mean, and d) the anomaly from the long
term mean smoothed using a pass filter.
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Figure 12 shows an example of a matrix plot illustrating both annual and daily
variability, in ths case for N@at theNOOO75A LillehammeBarnehage station.

The matrix of observations in Figure 12a was obtained by finding all existing
samples in the time series that correspond to each of the 8760 hours in the year,
and then averaging the concentrations reported over all the corresponding samples
suchthat an average hourly value for all hours of each day of the year was
obtained.

As the figure shows both the annual and daily variability as the same time it is
very valuable for studying how the daily cycle of Néhanges throughout the
year. In thiscase we can clearly see not only that the highest concentrations at this
location occur in late January and early February but also that their absolute
maxima occur in the hours between 15:00 and 20:00.

Often the time series of observations at air qya#itations in Norway are not
particularly long it is important to keep in mind the number of samples during the
averaging process in order to ensure that a valid mean is computed. Figure 12b
shows the number of samples (which is equivalent to the numbgeao$ of
available data in this case) that was used to compute each hourly average in
Figure 12a. In this example the number of samples is about 5 between November
and April but drops to 4 throughout the summer months and even reaches 3 in
June. The aveges obtained during those times of low sample size are therefore
less reliable and more prone to snslale temporal variability which is not
representative of the lortgrm average behaviolt. should be noted that stations
exceeding a number of 60 dgyar year for which the sample size was less than 4,
were not considered in the analysis.

Figure 12c then shows the observed concentrations of éXfressed as an

anomaly, i.e. the percentage above or below the-termg mean. It can be seen

that the valug throughout the winter months are generally above 50% during the

day with many days exceeding 100%. Finally, Figure 12d depicts the same

anomaly as shown in 12c but after smoothing the matrix using-pasw filter in

order to eliminate spurious variabjl not representative of the lofigrm average

variability. This is the type of matrix that was used to estimate concentrations at

any ti me at any day of t he year for any
representativity area (see Section 2.4).

The complet set of figures depicting matrix plots for all four species and all
stations is provided in Appendix C for reference.

3.5 Excel Prototype

A simple prototype tool was developed in Microsoft Excel to provide easy access

to the data. It consists of four sprehdets, one for each considered species.

Figure 13 shows an example of the user interface for estimating background NO
concentrations. Each spreadsheet contains several tabs for data and calculations,

however the user only deals with the spreadsheetelabel i Mai nFor mo . Her e,
user enters the coordinates of the location of interest in latitude and longitude

given as decimal degrees. The user further enters information on the requested day

of year and the hour of day and the output cell immediaselypdated with the

estimated concentration for the selected species. Note that the input values are not
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tested for their validity, i.e. the user will not get an error message if a wrong
datatype or a value outside the valid range is entered. The valid rangacfor
input value is provided next to the input fields.

Behind the scenes, the requested coordinates are then compared to the coordinates
of all available grid cells over Norway and the spatially closest one is selected.
Together with the input on day of year and hour of day, this information is then

used to acess the corresponding concentration value in a@mguted lookup

table. This value is then displayed in the output field. Due to the limitation of
Excel 6s ability to handle | arge datase
species had to be savedseparate files due to the size of the underlying-lgok

tables (200300 MB per file).

5] no2.xlsb - = X
A B c D E F i
1
2
: PARAMETER VALUE VALID RANGE
4 Latitude [decimal degrees] 61 (58.03 N to 71.18 N)
5 Longitude [decimal degrees] T 10.745 (4.54 E to 31.07 E)
6 Day of year 150 (1to 365)
7 Hour of day (local time) 18 (0to 23)
i 2 6.1
. NO2 Concentration [pgfm] OUTPUT
9 Uncertainty [1 5t. Dev.] 14.1
10 |
11
12 - 25
13 E
14 E 20
=
15 2
16 ,E 15 1
17 E
18 8 10 &
19 E
20 g -
2
21 -
™
22 g D T T T T T
23 0 2000 4000 6000 8000 10000
24 Hours of the year
25
26
4 4 » M| MainForm ~ Metadata .~ Calcutions no2 %1 0| I

Figure 13. Screenshot of a simple Excel user interface kaaining estimatesf
background concentrations for a given day of year laowar of day at
any location in Norway, here shown for NDime seriesf
background concentration at hourly resoluticen also le plotted.

The Excel prototype also contains a simple estimate of uncertainty. This estimate
was obtained by combining theiging uncertainty with an estimate of the hourly
uncertainty due to temporal variability, which was obtained by validation against
station data that were not used in the analysis. Note that the given uncertainties
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are only very approximate estimates ant ihighly recommended to perform a
more detailed validation and uncertainty analysigiture work.

3.6 Online version

An online version of the dataset will be made accessible on the website
www.luftkvalitet.info . In addition to displaying maps of annuatam
values, it will enable the user to select a location in Norway and to acquire
numeric values of concentrations for specific days and times or time series of
concentrations at that location. Furthermore, the Eblaséd version of the
dataset as well ahe same data in NetCDF file format will be made available
online.

3.7 Assessment of error sources and uncertainty

The methodology for estimating Norwegian background concentrations developed
within the scope of this project is prone to several sources of error that are
associated with some of the simplifying assumptions listed in the following.

First, one of the mosundamental assumptions made as a part of this work is that
concentrations of NO O,, PM,,, and PM; are strongly autocorrelated in both
space and time. In the spatial domain this assumption is of course used within the
applied geostatistical techniquas that a model of autocorrelation such as the
semivariogram model is used (see Section 2.2). The autocorrelation in the
temporal domain is analyzed and considered by using hourly observations at air
quality stations.

A second major assumption is thaickground concentrations can be estimated at

a reasonably high accuracy by using geostatistically derived maps of mean annual
concentrations in conjunction with average relative daily and annual anomalies
computed from time series at air quality statio@gostatistical methods have
been shown to be Aoptimal o in the sense of
values (lsaaks and Srivastava, 1989; Cressie, 1993; Goovaerts, 1997,
Wackernagel, 2003), however even the most sophisticated interpolation
techniqes will produce highly uncertain predictions in the absence of
observations. As such, the kriged predictions at locations that are quite distant
from existing stations, e.g. in the mountainous inland areas of Norway, can be
associated with substantial uneenties, despite the fact that multiple linear
regression with auxiliary datasets was used to partially overcome this problem.
Figure 14 shows the spatial patterns of uncertainty associated with the residual
kriging process for Qover Norway. It is obwus from this figure that the lowest
uncertainties can be found in areas with relatively high station density (at least
compared to the rest of Scandinavia) such as in southeastern Norway, whereas the
highest uncertainties are located in the Lofoten aad/éry northeast of Norway
along the border to Russia. When considering mapping the entire country of
Norway it would thus be most helpful if additional €%ations were located in the

area of Narvik or Tromsg as well as in the area of Kirkenes or thenara
Peninsula. It would further be helpful for mapping purposes to have additional
stations in the area between Bergen and Alesund, as well as in the mountainous
inland region in the area of Sognefjord or Jotunheimen. The latter stations should
be able toreduce the mapping uncertainty for the entire southern half of the
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country to approximately the same levels that are found in the greater Oslo area
(see also Figure 3b).

15 E 20'E 25 E

8.5 9 9.5 10 10.5
Kriging std. dev. [ug m'3]

Figure 14: Uncertainty resulting from the geostatistigabcessing for € shown
as the standard deviation. Note that this map only shows the
uncertainty associated with the procedure of kriging the residuals and
does not take into account additional uncertainty resulting the
multiple linear regression of auidry variables or other sources of
error.

It is important to stress that the uncertainty map provided in Figure 14 does not
indicate the uncertainty of the final estimate qfe® seen in Figure 4. Instead it
only shows the uncertainty that stems from the process of ordinary kriging of the
residuals of the linear regression. Uncertainty due to multiple linear regression or
other error sources is not considerédshould also benoted that the given
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uncertainty is computed based on a variogram derived over all of Europe which is
likely to provide uncertainty estimates for Norway that are biased low.

Third, it should be notethat only background concentrations for one year 200

for NO, and 2008 for all other species) were considered and used as data for a
reference year. While it reasonable to assume that the interannual variability in
annual means is small and that the spatial patterns of the concentrations are
somewhat constd, the use of this background concentration in years whose
annual mean values differ substantially from those observed in 2008 will
obviously lead to significant errors. It would be therefore helpful to average the
annual means over several years to elate spurious artefacts and spatial
variability that is not consistent with the lotgrm average background
concentrations.

As a fourth and final point, it should be noted that the use of thepéss filter for
smoothing the matrices of temponariability can in some cases increase the
uncertainty associated with the predictions. While useful for eliminating spurious
shortterm variability that is not representative of the lbegn average
variability, the smoothing of the temporal variabiliatrix as shown in Figure 12

and Appendix C using a loyass filter can also accidentally remove wanted
detail in the signal, such as the sharp onset of the dailyiid@ase during the
morning rush hour. More research will be necessary to determine dsé m
appropriate  smoothing techniques for teaspecies considered. However,
smoothing the temporal variability matrix is only necessary because for most
stations and species the available time series are relatively short and thus the
computed hourly averageare prone to large uncertainties. The importance of
smoothing will decrease with a growing length of the time series as the averaging
over significantly longer time series will serve the same purpose and will
inherently provide a smoother results.

In general, it should be noted that no comprehensive validation has been
performed with respect to the final values obtained from both the geostatistical
mapping and the temporal analysis. While the background map data obtained
from ETC/ACC has been extensiyelalidated, the values given for individual
hours of the year as provided by the Excel prototype and the online version of the
dataset are associated with significant uncertainties due to several simplifying
assumptions and a variety of error sourceh@dpplied methodologyt is thus
recommended to always doulnbeck the results for potentially erroneous
outliers and ideally to get advice from experts who might be able to judge the
realism of the results and can provide warnings about potentiallylepnatic
predictions.

3.8 Station distribution and density

In comparison to the rest of Europe the density of suitable air quality stations in
Norway is very low. A considerable increase in mapping accuracy could be
achieved through establishing additionialcuality stations in various parts of the
country. As can be seen in Figule, the entire northern half of Norway is lacking
suitable background stations measuring long time series of E€ablishing
suitable NQ background measurements in the Trorasea alone would be very
helpful. Additional measurements in the Trondheim and Kirkenes areas would
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further reduce the uncertainty. With respect tpiOhas already been mentioned
previously that additional observations in Tromsg, Kirkenes, and possitig

area of Bergen and Alesund would have the greatest effect. As far tRbI
southern half of the country is reasonably well represented in terms of
observations, so the biggest gains could be achieved through additional
measurements in Trondheim,ofnsg, and Kirkenes. Finally, as Figdiee shows,

only one station in Lillehammer provides suitably long time series of;,P3d
additional measurements of this variable are welcome almost anywhere, but
would have the greatest effect in the northern hathe country (e.g. Tromsg)

and in the western part of the country (e.g. Bergen).

4 Possible improvements

The methodology developed for this project and the associated results are
primarily intended to provide an update to the previously Wis&la k gr unns at |
fra VLUFTO report which was developed i
accomplished as the provided results can give estimates of background
concentration at a much finer spatial and temporal resolfseaFigure A).

However, to achldve this goal within the given time and budget constraints
required the use of some techniques that might be somewhat simplifying. A
variety of more advanced techniques could be applied in the future to improve the
current results.

A modification with pasibly significant impacis to performthe mapping of
background concentration for the last several years instead of just for 2007/2008.

This would have significant implications on the results in that the datasets could
either be used individually if thaser is interested in estimating concentration

during one of those past previous years, or the maps for all available years could

be averaged to result in a much represe
is interested in current or future estiemt

For example, the mapping could be substantially improved by using more detailed
auxiliary datasets. In particular the output from the EMEP model that was used
has a quite coarse spatial resolution (50%B0 km). There is work currently in
progresshan can deliver similar gridded output of model reanalysis results at a
much finer spatial resolution, e.g. the regional reanalysis results obtained within
the MACC project (Rouil et al., 2011a,b). It is also conceivable that using satellite
data as an alitional auxiliary variable could be quite beneficial. For example, the
mean annual tropospheric column of N@btained from instruments such as
SCIAMACHY, GOME-2, and OMI appears to be a good source of information
for the spatial distribution of NQalthough observations gaps due to cloud cover
and polar night could be problematic for the use in Norway.

In conjunction with more detailed auxiliary datasets it might also be useful to
increase the spatial resolution of the mapping procedure, possiblylewento a

grid cell size of 1 kmx 1 km. While such a resolution is currently impractical at
the European level due to the computational demands, it might be a realistic
resolution for a single country such as Norway.
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As mentioned previously it would @$e useful to improve the methodology for
estimating the representativity of the existing air quality stations in Norway. The
currently usednearest neighbomapproach is very simple and it would likely
improve the results if more sophisticated methodsewesed for this purpose.

Such methods could involve computing a station weight for each grid cell (for
example based on the inverse of the square distance) and thus using the weighted
average temporal pattern from several stations at a given grid cetintrast to

these automated methods, another approach might be to use expert knowledge in
manually identifying the local area for which each station can be considered as
representative.

The mapping procedure for,@as simplified with respect to the motemplex
mapping algorithm operationally used by ETC/ACC. Improvements in O
mapping could be likely obtained by implementing some of the more
sophisticated techniques used thetech as separate mapping for urban and rural
areas and a combination of ttwo maps based on population densltywould
further be valuable to perform a validation of tha€3idual kriging results.

Finally, the value of the reported results could be improved by performing a
comprehensive validation of the estimated backgdoooncentrations for each
hour of the year. Doing so is challenging as it requires the use of one (or several)
of the existing air quality station, which then in turn would have to be eliminated
from the station dataset used for the mapping. Since thenstensity is already

low over Norway, the loss of an additional station is likely to have a detrimental
effect on the quality of the predictions. Nonetheless, such a task would be
valuable as it would not only allow for estimating the accuracy of thatscbut

could also provide some form of uncertainty estimate.

5 Summary

Knowledge ofthe approximate background concentration is valuable for a variety

of applications, in particular for estimating air quality in conjunction with various

sources and foplanning purposes within the municipalities. In Norway, a major

source of information on background concentrations has previously been the
ABakgrunnsatlas fra VLUFTO, which is now
dataset with higher spatial and temporad el uti on and wutili zing
advances data sources and technology is therefore desirable.

In order to address this problem a methodology was developed to provide
estimates of background concentrations for, NG, PM,, and PM; over Norway

at both relatively fine spatial and temporal scales. The methodology involves two
major components: Spatial patterns of annual mean background concentrations
were obtained using geostatistical methods and mapped on a2Q6&rkm grid.

In pat, and where available, these datasets were acquired from the European
Topic Centre on Air and Climate Change (ETC/ACC) and then modified
accordingly to be usable within the framework of this project, and in part they
were computed from raw station and #iaxy data using a similar methodology.
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The second major component of the methodology involves the construction of
representative time series of annual and daily variability at all available stations in
order to provide a temporal dimension. For thisppse, air quality stations in
Norway were selected based on the length of their data archive and time series of
relative anomalies from the lotgrm mean were computed for each station as
well as each of the four species considered. These time sedgashastation are

then assumed to be representative for the area surrounding the station such that
the background concentration of neighboring grid cells can be determined at a
given time and day of year. The representativity of the stations is computgd usi

a simplenearest neighboapproach.

The result of the project is a dataset estimating the Norwegian background
concentrations for NQ O,, PM,, and PM; at a spatial resolution of 10 ksm10

km and for each singl e hangthe matkgraumd A av e
concentration of the year 2008 as a reference (2007 faj. M@cess to the

dataset is provided through a very simple Excel spreadsheet, a NetCDF file, as
well as an online application on the websitew.luftkvalitet.info . All

three metbhds provide the user with easy access to the estimated values of various
speciesd6 background concentration for
time and day of year.

Compared to the previously used VLUFT dataset, the method presented here has
clearadvantages in that it provides a significantly higher information density in
both the spatial as well as the temporal dimension Kgp&re A. The method
provides quantitatively reasonable estimates of background concentrations,
although the uncertaintgt the hourly level is quite high. The main source of
uncertainty is the low number of suitable background stations located in Norway.
A major advantage of the technique is further that it is automated and can be
easily updated with new data.
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Appendix A

Annual variability at all stations for all four species
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Figure 15: Average seasonal variability of absolute observed diidcentrations at

each station with sufficiently long time series of data. The solid line shows the 1
month moving average, whereas the shaded area representsitimthimoving
standard deviation.
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Figure 21: Average seasonal variability of absolute observedsRlghcentrations at
the only station with sufficiently long time series of data. The solid line shows the
1-month moving average, whereas the shaded area representadn¢hlmoving

standad deviation.

100 R S oo ool :
LILLEHAMMER - Barnehagen k ' : : : '
B e S S o i ot B e e
ﬁ . [ . . . . . . . . . .
=
[48]
£
8 0 ........................................................
<
w
™
E . . . . . . . . . . . .
504 --- R RERCEREE T PR TR el
-100L—

J FMAMUJ J A SONDJ
Figure 22: Average seasonal variability of relative RNMnomalies with respect to the
long-term mean at the only station with sufficiently long time series of data. The

solid line shows the-fnonth moving average, whereas the shadedrapasents
the Emonth moving standard deviation.

NILU OR 68/2011



48

NILU OR 68/2011



49

Appendix B

Daily variability at all stations for all four species
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Figure 23: Average daily variability of absolute observed Nf©oncentrations at each
station with sufficiently long time series of data.
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Figure 24: Average daily variability of relative NOanomalies with respect to the
long-term mean at each station with sufficiently long time series of data.
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Figure 25: Average daily variability of absolute observed €@ncentrations at each
station with sufficiently long time series of data.
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Figure 26: Average daily variability of relative fanomalies with respect to the leng
term mean at each station with sufficiently long time series of data.
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Figure 27: Average daily variability of absolute observed Ptbncentrations at each
station with sufficiently long time series oftda
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Figure 28: Average daily variability of relative PManomalies with respect to the
long-term mean at each station with sufficiently long time series of data.
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Figure 29: Average daily variability of absolute observed RNoncentrations at the
only station with sufficiently long time series of data.
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Figure 30: Average daily variability of relative PManomalies with respect to the
long-term mean at the only station with sufficiently long time series of data.
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Appendix C

Matrix visualization of annual and daily variation
at all stations
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C.1NO,

Figure 31: NO, at stationNO0015A RadhusefAnnual matrices of hourly averages
computed over entire available time series, shown as a) Observations, b)
number of yearsvith available data, c) the anomaly computed from the-long
term mean, and d) the anomaly from the lb&ign mean smoothed using a low
pass filter.
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