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ABSTRACT OF THE THESIS

Trend and Trend Reversal Analysis of Ambient NO2 Concentration in Europe

by

Yuhua Situ
Master of Science, Graduate Program in Environmental Sciences

University of California, Riverside, September 2021
Dr. King-Fai Li, Chairperson

A recent study based on a compiled dataset of satellite NO, retrievals covering ~21
years revealed changes in the NO; trends, both from positive to negative and vice versa,
over some European and Asian regions, contradicting the expected monotonic decreasing
trend. In this study, we analyzed the trends in the surface level NO> over the European
Environment Agency (EEA) member countries. Some studies used station data up to 2013
while some only after 2013. In this study, we compiled a monthly-averaged hourly surface
NO: dataset that covers the whole period of observation, including before and after 2013.
As a result, data availability in some cities extended to about 40 years. To compare the
station surface NO; with the satellite NO2 column retrievals, we converted the surface NO»
into tropospheric NO> column by matching the surface NO> with that of the NO, profile
assimilated in the European Centre for Medium-Range Weather Forecasts (ECMWF). 18
European cities were later selected where the converted NO> column agreed well with the

satellite NO, column. We also converted the satellite NO> column to surface NO> using
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the ECMWEF profile, but our selection remained unchanged. The long-term trend, changes
in diurnal and seasonal cycles, and trend reversals of the selected cities were studied. The
selected cities all showed a decreasing trend, and most of the cities already comply with
the annual NO> limit by EEA. All the cities showed similar diurnal and seasonal cycles,
but the morning peaks of NO» over some cities have shifted 1-2 hours towards noon, which
may imply a shorter NO> lifetime over those cities. Trend reversals were detected in most
of the cities. However, the time of the reversals detected in ground station data could be
quite different from those in the satellite time series, the latter mostly in the early 2000s.
The trend reversal points seem to be a part of decadal variability, whose cause needs further
investigation. Given the limitation in the trend reversal detection algorithm over finite time
series, the reversal points detected in the previous study using short NO> records may

subject to large uncertainties.
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1 Introduction

1.1. Research Background

Nitrogen dioxide (NO.) is a member of the NO, (NO+NO>) family and is one of
the primary pollutants in car exhausts (Haagen-Smit, 1950, 1952). Besides thermal NO
formed by thermolyzed air during high-temperature combustion, combustion of fuels that
are rich in nitrogen (e.g., biomass, coal) also contributes to NO, emission. It was estimated
that about 22 Tg N in the form of NO, was released global in the year of 1980; about 0.85
Tg N per year was released by civil and military aviation in 1992 (Dignon, 1992; Gardner
et al.,, 1997). The presence of NO, may cause acute respiratory irritation and lead to
tropospheric ozone formation, which is yet another lung irritant (Jacob, 2019; Mauzerall et
al., 2005). In the meanwhile, ozone’s absorption of infrared (IR) radiation causes the
troposphere to warm up. In the US, the Environmental Protection Agency (EPA) sets a
National Ambient Air Quality Standard (NAAQS) (U.S. EPA, 2016), regulating the hourly
NO:2: level below 100 ppb.

As a result of emission reduction efforts in last few decades, significant decrease in
global NO; concentration has been observed from ground-based and satellite NO>
observations (van der A. et al., 2008; Georgoulias et al., 2019; Kim et al., 2006, 2009;
Konovalov et al., 2010; McDonald et al., 2012; Russell et al., 2010; Stavrakou et al., 2008;
Xing et al., 2013). Such efforts include: (1) Reducing combustion temperature to reduce
the formation of NO, during combustion, which is achieved by injecting cooled flue gas,
injecting water/steam or using fuel rich or fuel lean mixture to avoid the stoichiometric
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ratio; (2) Reducing residence time within internal combustion engines to prevent excess
ionization of nitrogen; (3) Reducing NO, chemically to N, using ammonia, urea or
unburned hydrocarbons as the reducing agents; (4) Oxidizing NOy, using ozone, H>O or a
catalyst, in order to raise nitrogen to a higher valence to enhance its solubility in water; and
(5) Removing nitrogen from combustion, which can be achieved by using oxygen instead
of air in the combustion, or using fuel low in nitrogen content.

Several space-borne instruments, including Global Ozone Monitoring Experiment
(GOME) and GOME-2, SCanning Imaging Absorption SpectroMeter for Atmospheric
CHartographY (SCIAMACHY), and Ozone Monitoring Instrument (OMI), have been
providing global NO» measurements, in the form of Vertical Column Density (VCD).
These data can be combined to provide a near-continuous NO> record since 1995 (Behrens
et al., 2018; Geddes et al., 2016; Georgoulias et al., 2019).

Among the space-borne instruments mentioned above, GOME was the first to
measure NO;, VCD. It was launched onboard the second European Remote Sensing satellite
(ERS-2) in 1995 by European Space Agency (ESA) and served until September 2011.
GOME was an across-track nadir-viewing spectrometer, flying on a solar-synchronous,

polar (inclination 98.5 degrees) orbit with a repeat cycle of 35 days and an equator crossing

time of 10:30 local time (https://earth.esa.int/documents/10174/1596664/GOMEQS.pdf).
With the largest footprint, the nominal spatial resolution is 320km across-track and 40km
along-track. In this mode, GOME could provide global coverage at the equator every 3

days. In June 2003, when the ERS-2 tape recorder became permanently unavailable due to



a technical failure and the coverage was greatly reduced (https://earth.esa.int/sppa-

reports/ers-2/gome/reports/yearly/anomalies 2003.html).

Launched by ESA in March 2002, ENVISAT flew an orbit similar to ERS-2 with

an equatorial crossing time at 10:00 (https://earth.esa.int/web/guest/missions/esa-

operational-eo-missions/envisat/instruments/sciamachy-handbook/wiki). SCIAMACHY

onboard ENVISAT provided data from August 2002 to April 2012. With a spatial
resolution of 60 km x 30 km, SCIAMACHY provided more detailed observations of
polluted areas, such as cities and large power plants (Kim et al., 2006; Richter et al., 2004).

As a successor of GOME and SCIAMACHY, two identical GOME-2 instruments
were deployed by 2017, one on the MetOp-A satellite and the other on MetOp-B. The
MetOp satellites are part of the EUMETSAT Polar System (EPS), whose equator crossing
time is 09:30 local time. MetOp-A was launched in October 2006. MetOp-B was launched
in April 2013 to replace MetOp-A as the EPS’s prime operational polar-orbiting satellite.
Both satellites fly on the same orbit but are separated by 48.93 min (Munro et al., 2016).
The third GOME-2, onboard the last of MetOp satellites, MetOp-C, has been launched in
December 2018. It is designed to further improve the quality and frequency of the data.
The corresponding GOME-2  products will come out in mid-2021

(https://directory.eoportal.org/web/eoportal/satellite-missions/m/metop).

With data from the aforementioned satellites, Georgoulias et al. (2019) compiled a
dataset that’s about 21 years long. Taking into account the different spatial resolutions of
the different sensors, they took some steps to create a consistent dataset. First, Georgoulias

etal. (2019) corrected for the low horizontal resolution of GOME, using a correction factor



generated from SCIAMACHY data. By taking the ratio of the original and smoothed
SCIAMACHY data in the 9-year overlapping period, areas with constant high pollution
levels will have a large ratio. Applying the ratio to GOME data helps to the polluted areas
which are averaged out due to GOME’s coarse resolution. When the ratio is applied to
GOME data, highly polluted areas are emphasized when both datasets are sampled to the
same resolution. Then, the corrected GOME data (GC1) was used to compare with
SCIAMACHY data in the overlapping period to get a shift factor, which was later used to
further correct GC1 for instrumental bias between the two sensors, generating GC2. The
overall mean amplitude of each month of GC2 and SCIAMACHY data was used to correct
for different seasonal amplitudes that may not be accounted for in GC1 or GC2, generating
GC3. GC3 is the corrected GOME data to be used in the compilation.

OMI onboard NASA’s Aura was launched in 2004. It has been monitoring
atmospheric NO> at a much higher resolution than GOME (13 km x 25 km), but it has an
afternoon crossing time. Considering the significant diurnal variability of NO; (Boersma
et al., 2008), the OMI data were not used in Georgoulias et al.’s data compilation.

Using the compiled dataset, Georgoulias et al. (2019) studied trend changes in
selected areas around the world. They showed that the NO; trends have reversed over large

cities in the US, Western Europe, and Eastern China.

1.2. Statement of the problem

Unlike VCD measured by satellites, ground-level concentration of NO2 is more

relevant to public health. In the US, EPA’s AQS (Air Quality System) has been collecting



ground-level NO> concentration since as early as the 1980s. EPA’s network of AQS is
mainly located in cities and urban agglomerations where a lot of human activities happen.
Therefore, the EPA NO, measurements are more representative of the urban environment.
Even though the lifetime of tropospheric NO, is short (~1 day against OH oxidation), and
the concentration reported by AQS may not agree with the surface-level concentration
derived from satellite tropospheric columns very well. Nitric oxide (NO) is a colorless gas
which is difficult to observe from space, therefore only ground-level NO; is comparable to

satellites and only NO» data are collected and analyzed for this research.

Los Angeles, CA
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Figure 1-1 The EPA’s data in Los Angeles, California shows a constant decrease over the
40-year period, while the satellite time series shows an increase before 2000 and a decrease
afterwards.



Houston, TX
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Figure 1-2 The trend reversal in Huston, Texas was not captured by the satellite time series.

Besides those in the US, Georgoulias et al. also found trend reversals in several regions in
the world. For instance, the Iberian Peninsula in Europe showed trend change in about 2005.

Georgoulias et al. found trend reversals in several cities of the US, including Atlanta,
Los Angeles, and San Francisco. No trend reversals were detected for Philadelphia, New
York, Washington, D.C., and Huston. However, our preliminary studies show that cities
having trend reversals showed no trend reversal in EPA’s AQS data (also see Chapter 4).
For example, the satellite time series showed a positive-to-negative trend change in Los
Angeles, CA in 2000, but there does not seem to be a trend change even though ground-

level data show a decreasing trend in the long term (Figure 1-1). In the meanwhile, trend



reversals were found for some other cities which was claimed to have no trend reversal
(Figure 1-2).

In the preliminary data analysis, we analyzed EPA data in some major urban areas
of the US, as well as European Environment Agency (EEA) data from major cities of EEA
member countries. Using the methods described in Georgoulias et al (2019) and a few other
studies, we investigate whether the change in NO: trend can be found in ground

observations.

1.3. Organization of the Thesis

In Chapter 2, we review the EPA and EEA air quality data collection system, data
format, and previous studies on the EPA data and the EEA data. In Chapter 3, we introduce
the creation of an EEA NO, dataset which combines two periods of EEA data. After the
selection of European cities for this study, we utilized the ECMWF in different ways to
directly compare the ground station data and satellite data, then kept a smaller selection of
European cities for trend change detection algorithm, which is introduced at the end of the
chapter.

In Chapter 4, we discuss the diurnal and seasonal cycles in the EEA data, as well
as the results of trend and trend change detection. The possible causes of the trend changes
and the disadvantages of the trend change detection algorithm will be discussed in Chapter

5.



2 Dataset Review

2.1 Review EPA data

2.1.1  Studies using EPA NO; data

In the US, the human-induced NO, emission estimation in 2011 was 14 Mt N, or
14 Pg N. It is quite high, considering the world anthropogenic NO, emission in 1980 was

22 Tg N globally (https://www.epa.gov/sites/production/files/2017-

05/documents/final_assessment_of non-

egu_nox_emission_controls_cost_of controls_and_time_for compliance final tsd.pdf).

EPA’s AQS monitoring network adopts the EPA NO; chemiluminescence
automated Federal Reference Method (FRM). Most NO-measuring instruments operate in
two modes: In NO mode, NO reacts with O3 to emit a luminescence which can be used to
determine the concentration of NO; in NO, mode, NO; is converted to NO using a
converter, which is mainly MoO, (molybdenum) catalyst heated to about 400°C. Then NO
(original NO + converted NO) is converted to NO; and the emitted luminescence is
measured. Taking the difference between NO, mode and NO mode readings, one gets NO>
concentration in the atmosphere. For photolytic converters, the heated MoO, catalyst is

replaced by a UV emitting device to induce NO> photolysis:

NO2 +hv - NO + 0O



The NO generated can then be converted to NO> by Oz where luminescence intensity is
proportional to NO concentration.

While the NO» records in EPA’s Air Quality System (AQS) can date back to
January 1980, their use for long-term NO> trend studies have been limited because of the
sparseness and non-uniform distribution of air quality stations. Possible biases in NO>
readings caused by MoO, catalytic converters may also have made the use of these station
data difficult: Not only NO; is reduced in those converters (e.g. MoOy), but NO; (reservoir)
species, such as HONO and HNO; are also converted. Thus, NO> measured using
chemiluminescence may be overestimated, especially in background regions where NO,
emission is low and NO: is transported from nearby emission sources (Matthews et al.,
1977; Ordoniez et al., 2006; Winer et al., 1974).

In Lamsal et al. (2015), NO; trend derived from EPA’s AQS was compared to that
derived from OMI tropospheric VCD. OMI has an afternoon passing time, therefore EPA
hourly data between 13:00-15:00 was used in the study. After removing stations that ceased
operation between 2005-2013, 208 sites remained. The trend analysis showed an average
reduction of 37.7+5.4% over all stations. A time series measured by a photolytic converter
NO:> analyzer at a rural site in Yorkville, Georgia was used to compare with that measured
by a MoOx converter in the same area. There were larger biases in 2010 compared to 2005,
and MoOy instruments were more biased in afternoon hours compared to morning hours.

Zhang et al. (2018) used the EPA NO» as “ground truth” when analyzing long-term
trends in original and improved OMI NO; data. They used Mann-Kendall method with

Sen’s slope estimator to calculate the relative trend of NO; for each season (DJF, MAM,



JJA, SON) from 2005 to 2014. OMI product using DOMINO v2 algorithm. Mann-Kendall
method is a non-parametric test where each point is compared with all preceding points to
determine whether there is a trend in the time series. Their study focused on correcting
OMI data using lightning data and MODIS surface albedo to match with AQS data.
Previous studies have attempted to use ground-based NO» measurements to
evaluate OMI’s tropospheric NO> column retrievals (Dunlea et al., 2007; Lamsal et al.,
2008; Steinbacher et al., 2007). Ground-level NO> concentrations were derived from
satellite column retrievals, which will also be attempted in this study. Since EPA’s AQS
data were used for validation, an algorithm was developed to correct for the interference
with NO;> mixing ratios measured by MoO, converters (Lamsal et al., 2008, 2010, 2013,

2014).

2.1.2 Data format and contents

EPA data used in this study are all pre-generated datasets and are all in Comma
Separated Value (.csv) format. Both daily and hourly data are used.

The daily data product we use is called “daily summary files”, and the hourly data
we use is called “hourly data files”. Most EPA monitors make one measurement per hour,
and in the “daily summary” files are the NO; arithmetic mean of all qualifying observations
in a 24-hour period. The daily summary contains data for every monitor in the EPA
database. If the monitor only takes one sampler in a 24-hour duration, that value will be
used as the daily summary record and will not be included in the hourly dataset.

Both daily summary dataset and hourly dataset are separated into smaller files by

the year of observation and parameter (e.g. O3, SO2, NO»). For stations with more than one
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NO:> monitor, hourly data from each monitor is recorded, and can be distinguished by
“Parameter Occurrence Code” (“POC”), “Method Code” and “Method Name”.

Both EPA datasets, in the form of tables, contain a lot of fields. And a lot of them
are redundant for this research. For all NO; observations by EPA, the “Units of Measure”
is ppbv; since all data is NO», the “Parameter Name” (NOy) and “Parameter Code” do not
change with the station. For NO, the EPA Parameter Code is 42602. In the EPA monitor
and site listing files, the location setting (urban, suburban, rural) and land use (residential,
agricultural, commercial...) are described, which can be used to study a specific kind of
station. For the description of other research-related fields in the csv table, please refer to

Appendix 1.

2.2 Review EEA data

2.2.1  EEA previous studies

The European Environment Agency (EEA) has 32 member countries (as of October
2020). As an agency of the European Union (EU), its goal is to help improve Europe’s
environment by providing timely and reliable information. The European environment
information and observation network (Eionet) is a partnership network of the EEA and its
member and cooperating countries. The member and cooperating countries are bound
under Decision 97/101/EC to exchange air quality information. By the Exchange of
Information (Eol) procedure, each station has a unique reference code (Eol code). The
stations are also classified and labelled according to Decision 97/101/EC, so that one can

tell their area type from the metadata or the data table.
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Two datasets from two versions of EEA’s air quality database are used in this study:
AirBase v8 and Air Quality e-Reporting (AQ e-Reporting). Both datasets contain multi-
annual time series of air quality measurements, corresponding statistics, and air quality
stations’ metadata. AirBase v8 is the name of the dataset collected before 2013, hence
referred to as BEF2013 from now on; Air Quality e-Reporting is referred to as AFT2013
from now on. AFT2013 consists of datasets Ela and E2a, tested by automated quality
check. For more information, please refer to Appendix 1.

Unlike EPA’s AQS data, academic studies using EEA’s AirBase data are very
limited, and to our knowledge, there has not been any study using a complete EEA dataset.
The reason for this limited usage of the EEA data may be the difficulty to compare NO>
changes caused by different policies and economic factors of different countries across the
EU. Since EPA NO; data have been used in previous studies but EEA NO> data have not
been widely used to date, this thesis will examine the EEA data quality for academic use.

Previous studies have examined the NO; trends over individual cities (Gualtieri et
al., 2014; Mangia et al., 2011), compared NO: trends in several cities (Henschel et al., 2013,
2016; Keuken et al., 2009) and used only one dataset to do pan-Europe NO> trend analysis
(Chen et al., 2019; Guerreiro et al., 2014). Like studies using EPA data, the issue with
chemiluminescence analyzers using catalytic converters was also addressed in the studies
using EEA data.

In general, the NO; level in the EU has dropped significantly since the 2000s. In
the period 2002 to 2011, it was estimated that NO, emission in the EU dropped by 27%.

The transport is the major emission sector; the next largest source of NO: is the energy

12



sector. EEA sets a standard that annual NO> mean should be below 40 pg/m?, and should
not exceed 200 pg/m? for  more than 18 times a  year

(https://www.eea.europa.eu/themes/data-and-maps/figures/air-quality-standards-under-

the). These limits are often exceeded, often over stations that are located by the roadside

traffic (TR) (Guerreiro et al., 2014; Henschel et al., 2016).

222 Data format and contents

Product description , metadata, and BEF2013 download link for each country can

be found at: https://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-

quality-database-8.

Files containing observations are called “raw data files”, which are located in the
“/raw” folders in the zip files. Raw data are tab-delimited text files containing date and
time (for hourly data) of observations as well as the corresponding quality flags. For daily
data, each row has data of all days in one calendar month; for hourly data, each row has
data for all hours in one calendar day. Quality flags less than or equal to 0 indicate invalid
or missing data.

The zip files for each country also contain the metadata of the monitoring network.
The “stations.csv” table includes the European code, station local code, longitude, latitude,
city, station name, station start/end date, station type, area type, etc. These data, especially
the station longitude and latitude, will later be used to help concatenate BEF2013 and
AFT2013 into a single dataset. The “Measurement configurations.csv” table includes
different components and corresponding component codes, as well as measurement unit,

sampling frequency and measurement technique principle.
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Member countries of EEA may have their own naming conventions for the stations.
In EEA, the Eol code is used to identify the stations. The file names of BEF2013 contain
Eol code, pollutant code (00008 for NO»), and data type (daily, daily maximum (“dymax’),
8-hourly and hourly). That information can be used to find station type and longitude and
latitude in the “stations.csv” tables.

For AFT2013, one can build request URLs to download the data from

https://discomap.eea.europa.eu/map/fme/AirQualityExport.htm. Each URL points to one

file, and usually one file corresponds to one monitoring station. Columns relevant to this
study are station local ID (“AirQualityStation”, “AirQualityStationEolCode”), station
measurements (“Concentration’), measurement time (“DateTimeBegin”, “DateTimeEnd”)
and quality flags (“Validity”, “Verification). For quality flags, “Validity” must equal to 1
for the data point to be valid and above instrument detection limit

(http://dd.eionet.europa.eu/vocabulary/ag/observationvalidity/view); “Verification” must

be equal to 1 to be “verified”. For the verification flag, 2 means “preliminary verified” and
3 means “not verified”.

Longitude and Latitude of the stations can be retrieved from station information
files using station local IDs. For more details, please refer to Appendix 1.

In both BEF2013 and AFT2013 datasets, air quality stations are given an “area type”

29 <¢

and a “‘station type”. Area types may be “urban”, “suburban” and “rural”, and station types
may be “traffic”, “industrial” and “background”. In this study, although all those data were

processed, only background stations in urban and suburban areas were used for analysis.

In the EEA’s definition, “suburban” areas are “largely built-up”, and can be suburban on
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their own without any “urban” part. Therefore, suburban areas are treated as urban areas in

this study.
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3 Methods

3.1 Data Processing

Since EEA data are separated into a pre-2013 dataset (BEF2013) and a post-2013
dataset (AFT2013), either needs to be treated specifically before concatenation.

The quality flags in BEF2013 were used to remove unqualified measurements.
Quality flag QA = 0 means the value in that hour is invalid, and the measurement value is
to be filled in by a large negative number —999. Thus, both either QA = 0 or value =-999
represents an invalid observation.

For AFT2013, “Verification” and “Validity” are necessary fields to filter out
invalid data; The flag “AveragingTime” = “hour” is also needed to make sure that the
extracted data points correspond to hourly measurements instead of daily. For BEF2013,
hourly data and daily data are in different files, so the identification is more straightforward.

For more detailed information in processing of EEA datasets, please refer to

Appendix 2.

3.1.1 Dataset Generated

3.1.1.1 EEA station information
EEA station information is stored in tables for both BEF2013 and AFT2013. The

two tables were merged using the unique longitude and latitude of the stations, rounded to
the third decimal place. The methods, area types and station types were string fields and

were all converted to lowercase.
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3.1.1.2  Station-wise monthly mean of hourly mean (SMA)
The output data are in the form of .nc (NetCDF4) file. Variables in the final output

file are: [‘longitude’, ‘latitude’, ‘date’, ‘hour’, ‘no2’]. In the file, “date” and “hour” are
fixed dimensions. “Date” variable is the number of days since 1970-01-01, to include some
stations which started to collect data in the 1970s. There are 556 months in total. The
months containing no data will be filled with NaNs. Dimension “hour” has a size of 24.

Longitude (“lon”) and latitude (“lat”) can be used to retrieve station information.
Station type and area type can be retrieved from the merged “EEA station information” csv
files, using longitude and latitude range as the reference.

Dimensions of the NO> variable are [station index, hour, date]. The “station index”
dimension is aligned with longitude and latitude variables, so the indices of longitude and
latitude values can be used to retrieve NO; data of corresponding stations. Without merging,

there are 8817 records for “index”, hence also for “longitude” and “latitude”.

3.1.2 Satellite data
Georgoulias et al. (2019) archived their composite NO> satellite data at the

Tropospheric Emission Monitoring Internet Service (TEMIS):

https://d1gb6yzwaaqg4he.cloudfront.net/airpollution/no2col/GOME_SCIAMACHY_GO

ME2ab_TroposNO2 v2.3 041996-092017_temis.nc. The file is a NetCDF4 file with the

following variables: [ ‘lon’, ‘lat’, ‘time’, ‘TroposNO2’]. Tropospheric NO; data layers were
binned into 0.25°x0.25° longitude-latitude grids, and were stacked along the time

dimension. The dataset contains NO> data from April 1996 to September 2017 (258
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months), and ‘TroposNO2’ variable has a dimension of (258, 720, 1440). Longitude and
latitude of the cities can be used to retrieve the corresponding time series along the time

dimension.

3.2 Selection of cities to study

A number of cities were selected for this study. The selection of cities was based
on the following criteria:

1. High pollution levels. Due to the high-bias in some chemiluminescence NO,
analyzers, the higher the NO; level, the smaller the relative error and therefore the
closer the reading is to the actual NO> level. An example of a “good” month with
good satellite NO» data coverage over the EU was October 1996 (Figure 3-1),
where there was high NO; levels near the English Channel and in the south of the
Alps.

2. Distant from one another. If the cities selected are scattered across the European
continent, the NO» trends are less likely to be affected by a nearby pollution source.

3. It needs to be a city with multiple stations. With more stations, the NO> data are
collected from different parts of a city and is less likely to be affected by a single
pollution source.

4. Long NO; record. This is important to test whether the trend changes reported in

Georgoulias et al. (2019) is robust or not.
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Figure 3-1 One slice of monthly average data from the Georgoulias’s NO, dataset showing
the NO; hotspots in the Europe.

Large cities are more likely to satisfy above criteria. Capital cities are usually large
cities with multiple stations, and are more likely to be the first cities to set up air quality
stations in the country.

For this study, we selected 24 cities in the EU (Table 3-1, Figure 3-2). When
retrieving EEA time series from the SMA file, stations in a 0.25°%0.25° bounding box
around a city center were selected. The central geo-coordinates of the bounding boxes were

the coordinates of the city title when viewing them on Google Earth.

London, UK Birmingham, UK Glasgow, UK
Hamburg, Germany Berlin, Germany Munich, Germany
Dusseldorf, Germany Rotterdam, Netherlands Madrid, Spain
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Paris, France

Barcelona, Spain Lisbon, Portugal

Zurich, Switzerland

Lyon, France Geneva, Switzerland

Rome, Italy Milan, Italy Bologna, Italy

Vienna, Austria Warsaw, Poland Budapest, Hungary

Brussels, Belgium

Athens, Greece

Prague, Czech Republic

Table 3-1 A list of the 24 cities selected for the analysis of NO> trend

Cities in EEA Member States
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Figure 3-2 A map of the 24 cities selected for the analysis of NO2 trend

3.3 Estimating NO> column density

There are two ways to compare satellite data with ground-level measurements. We

can either convert tropospheric column density to concentration near the surface, or convert
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concentration near the surface to tropospheric column density. Either way, a prior NO»
vertical profile is needed in the conversion.

We use the NO» vertical profile from ECMWF CAMS global reanalysis (EAC4)
monthly averaged fields, accessible via the climate data store (CDS) API:

(https://ads.atmosphere.copernicus.eu/cdsapp#!/dataset/cams-global-reanalysis-eac4-

monthly?tab=overview).

The CAMS reanalysis is the latest atmospheric composition product from the
Copernicus Atmosphere Monitoring Service, produced using 4DVar data assimilation in
ECMWEF’s Integrated Forecast System (IFS). It has 60 model pressure levels, with the top
level at 0.1 hPa. In monthly averaged fields, the pressure levels are interpolated to 25
pressure levels, from 1000 hPa to 1 hPa.

Since CAMS reanalysis NO> profile product start only from 2003, it is impossible
to compare satellite and ground-level NO> from 1996 to 2003. Our approach is to compare
the CAMS-converted vertical NO2 column over the common period (2003—2017) and
select cities where the CAMS-converted and satellite vertical NO> column agree well. The
selected cities can then be used as proxies for the vertical NO> column before 2003.

The ground-level measurements from EPA are unitless (mixing ratio, ppb), and that
from EEA are in the unit of pg/m? (mass concentration). But ECMWF’s NO, variable is in
the unit of mass mixing ratio (kg/kg). We used the molar mass of air and NO2 (Mair=29

g/mol and puno2=46 g/mol) to convert ECMWEF’s data (mno2) to volume mixing ratio:

Cno, = Myo, * .uair/:uNOz
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Then, we replaced the surface level of ECMWF NO» profile, and integrated over the
adjusted ECMWF profile in the troposphere (1000 hPa to 200 hPa) to get a column density
time series which can be used to compare with the satellite observations.

The column density (in the unit of molecules/cm?) is the integral of number density

(in the unit of molecules/m?) over an altitude interval (in meters) and divided by 10*cm?/m?:

z2
D :f cno,Nair dz
z1

where cno2 1S volume mixing ratio and Nair is the number density of air. Here Ng;, =

PairVav \here Ny is the Avogadro’s number, 6.02214x10%3/mol; and dz = — —2—, where

Hair Pair 9

g =9.8 m/s%. Thus we have:

D=— j-PZ mNOZ Uqir pairNAv 1 dp
pl Uno, Hair Paird

Here p,;;- 1s cancelled out. Taking the negative sign into account, and we get:

1
D= p Myo, Nay
p2 9 HUno,

Figure 3-3 compares the ECMWF profile with ECMWF profile using ECMWEF for

the surface level (“modified” ECMWF) and with the satellite time series.
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Integration of ECMWF data vs Satellite
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Figure 3-3 Comparison of the integrated ECMWF reanalysis data, the ECMWF
reanalysis data with EEA data as the surface level, and the satellite data. The integrated
ECMWEF reanalysis data do not match the satellite observations in many cities.

23



The difference between ECMWEF and satellite data turned out to be small in many
cities: Birmingham (UK), Hamburg (Germany), Berlin (Germany), Lyon (France), Milan
(Italy), Bologna (Italy), Vienna (Austria), Warsaw (Poland), Budapest (Hungary), Prague
(Czech Republic). In some cities, the integrated NO2 column density using modified
ECMWEF was much higher than that created using the original ECMWF NO>; in Glasgow
(UK), Lisbon (Portugal), Rome (Italy) and Athens (Greece), the trend is also noticeably
different.

The ECMWF data has a lower spatial resolution than the satellite data and would
very likely smooth out the pollution hotspots that are seen by satellites. Thus, we generally
expect a lower column density in ECMWF than in the satellite data. Figure 3-3 shows that
the tropospheric column density in Munich (Germany), Geneva (Switzerland) and Zurich
(Switzerland) are much higher than that from the satellite and are therefore counterintuitive.

Directly comparing the ECMWF column density and surface concentration with
the satellite data (Figure 3-4), we notice overestimation of NO level in the ECMWF
Reanalysis dataset over Switzerland, Southeastern France, Southern Poland, Slovakia,

Czech Republic, and Austria in January 2005.
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The overestimation in the ECMWF NO; over these areas and cities may be due to

Latitude

subgrid processes that are beyond the scope of this thesis. Instead, our purpose is to validate
the satellite NO> trends using station measurements, which we achieve by picking locations
where ECMWF/station NO2 column and satellite retrievals agree. Thus, in the trend and
trend change analyses, the cities where ECMWF and satellite data do not match well will
be excluded. Cities to be excluded are: London (UK), Munich (Germany), Barcelona
(Spain), Geneva (Switzerland), Zurich (Switzerland) and Athens (Greece). Figure 3-5
shows a map without the 6 cities.

Figure 3-6 compares the seasonal cycles of original ECMWF NO; column and the
ECMWF-station combined NO> column. In this step, the seasonal cycles were taken as the

mean of corresponding months over the whole time series.
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Figure 3-5 A map of the 18 cities selected for the analysis of NO; trend. The cities where
ECMWEF and satellite data do not match well are excluded.
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ECMWF seasonality
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Figure 3-6 Comparing the seasonal cycles of original ECMWF, modified ECMWF and the
satellite time series. The seasonal cycles were computed from the whole overlapping time
span, from January 2003 to March 2017.

27



In regard to the mean seasonal cycle, the original ECMWF NO> column density is
always lower than the column density from the ECMWF-station combined product. Due
to the decrease in boundary layer height and in the photolysis of NO> during the winter,
the tropospheric column density of NO> is higher, as can be seen in both the reanalysis data
and the satellite data. However, the mean seasonal cycle of the satellite NO» column is
generally not sinusoidal, in contrast to the assimilated NO> column. In particular, the
satellite-retrieved NO> column in February to April over some cities is higher than that in
December and January, a temporal behavior that is not seen in the reanalysis data. Peak in
February to April in satellite data is the most significant in Berlin (Germany), Rotterdam
(Netherlands), Paris (France), Vienna (Australia), Budapest (Hungary), Prague (Czech
Republic) and Brussels (Belgium). Also noticeable is the low or even reversed seasonality
in some cities, such as London (UK), Hamburg (Germany) and Dusseldorf (Germany).
This is likely caused by the outliers in the time series, such as the spike in Paris (France)
in 2006 and in Vienna (Austria) (Figure 3-3). Since we do not know the cause of those

outliers, we could not design a way to remove them from the time series.

3.4 Estimating ground-level NO; concentration

For consistency, we also derive surface NO2 concentration inversely from satellite
retrievals, again using ECMWF vertical profile. The difference in the spatial resolutions of
ECMWF and satellite retrievals are taken into account using the method described in
(Lamsal et al., 2008, 2010, 2013, 2014). The method assumes that NO> in the planetary

boundary layer (PBL) is well-mixed, so one can use ECMWF data for the ratio of PBL
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NO: against the free troposphere and the whole column. Then the ratio is applied to satellite
retrievals [i.e. the dataset from Georgoulias et al. (2019)] to get an estimation of satellite-
based PBL mixing ratio. This approach compares ground station or satellite-derived

surface level mixing ratio or concentration.

QE,free S_E

S=lv+@w+1) -QSat,Box

'-QE,PBL 'QE

Here, Sg is the modeled NO» concentration (ECMWEF in this study) at surface level, 5 is
the NO2 column density over the whole troposphere and (2 pp;, is the NO2 column density

in the PBL. The difference in the spatial resolutions is taken into account by taking the

Dsat

ratio v = , Where (Jg,.1s the satellite column density and {2g4; oy is the mean

SatBox

satellite column density in the area of the model which provides the NO, profile. Here the

horizontal variation in free-tropospheric NO2 columns (£2g ¢, ) is assumed to be negligible,
because NO; has a longer lifetime in the free troposphere. The ECMWF dataset is in 0.75°

grids, and the satellite dataset is in 0.25° grids. One ECMWEF grid contains exactly 9

satellite pixels, thus there is no need for interpolation when retrieving £2s,¢ gox-

Since NO; in the PBL is assumed to be well-mixed, we need the PBL height to
determine the altitude (pressure level) to which the NO> from ground-level measurements
can represent, and get (2 pp; . In the ERAS dataset from ECMWF, the PBL height variable
is on “single levels”, in the “other” section. We used the monthly averaged PBL height to

match with the NO; data (https://cds.climate.copernicus.eu/cdsapp#!/dataset/reanalysis-
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eraS-single-levels-monthly-means?tab=form). The 2m temperature and surface pressure

product of ERAS5 were also used to convert the PBL height from altitude (meters) to
estimated pressure level (Pascal).

Another way to determine the PBL height Relative humidity (RH) data is one of
the fields in EAC4 monthly averaged fields product, but it only has data at pressure levels
such as 1000 hPa, 950 hPa, 925 hPa, 900 hPa, 850 hPa, etc. It is too sparse to determine
the boundary layer height solely based on the EAC4 data.

EEA data is converted to ppb using the surface temperature as the reference. The
surface temperature data used in this conversion is from ECMWF EAC4. The dataset came
with temperature at multiple data pressure levels in every three hours. We used this dataset
to be more persistent with the EAC4 NO; profile from ECMWEF.

The NO> concentration at surface level estimated using Lamsal et al.’s method is
quite different from what is observed by EEA (Figure 3-7). In the meanwhile, the selected
stations (i.e. ECMWF and satellite NO> agree) in the previous section also show
discrepancy. As a result, also considering the short temporal coverage of the dataset, the

ECMWEF’s NO; will not be useful to trend reversal detection.
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ECMWF+Satellite vs EEA
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Figure 3-7 Combining the satellite data and the ECMWF profile to generate the surface
level concentration and compare with the EEA data. The estimated surface level
concentration is too large in comparison.
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3.5 Diurnal cycle and seasonal cycle

Using the EEA SMA product, we can assess the diurnal cycle and the seasonal
cycle in the NO> time series. In this study, we used 5-year arithmetic mean for both cycles,
so that the change in diurnal & seasonal cycle through time can be easily observed on the

plot and is less affected by noise in some of the years.

3.6 Trend analysis

The trend analysis model in this study was also used by Georgoulias et al. (2019)
and was based on a method described in Weatherhead et al. (1998); the trend change
detection was based on the model used for trend analysis.

The trend analysis model uses a linear regression with a seasonal component. With

up to 6 periods per year, the model can capture both the trend and the seasonality.

: . (2T 2
Y =A+BX; + Z [ansm (TnXt) + bycos (TnXt)] + N;

n=1

Here Y is the monthly mean value for month t, and X is an ordinal value (0,1,2...) for the
month in the whole time series (X;). From the regression, we get A as the intercept, B as
the slope, the linear trend, and N; as the residual, or the remainder. In this study, T, the

period, is set to be 12 to match with the annual NO; variability.
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To include the possible effects of unknown or unmeasurable natural factors which
makes N¢ vary smoothly over time, here we assume N to be autoregressive of the order of

1, and it is stationary so that the autocorrelation in the residual, ¢ , has —1<<I:

Ny = @Ni_q + &

Here & is the white noise.
The standard deviation of the residual, on, along with ¢ and the number of years of

data, m, can be used to approximate the standard deviation of the trend B:

Oy 1+(p

%8 ¥ 32 1—¢

~

The trend B is considered statistically significant at the 95% level if |B/cg| > 2.

In this study, to avoid the influence of fluctuations in traffic amount and road
condition, only the background stations in urban (and suburban) areas were used. NO»
trends in the urban background (UB) stations are compared with traffic (TR) stations in the

trend analysis.

3.7 Trend reversal detection

The method used in this study to detect the change point in a time series was

introduced in (Cermak et al., 2010). This method is a moving window detection, where two
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neighboring five-year windows moves along the time series and the following metric is

computed for both windows:

_ min {(p(B),p(B,)}
S(t) B |Bl - Brl OBc

For any data point in the middle of the time series, we calculate the trend B; in the 5-year
window on the left of the data point; similarly, we also calculate the trend B, in the 5-year
window on the right of the data point. A score S(t) can be constructed by taking the smaller
p-value of B and By, divided by the absolute difference |B; — B,| and the standard error of
the trend for left and right window combined og.. Here standard error osc is computed with
the method described in section 6, and c=(/+r) is the combined left and right window. S(t)
is obtained at all data points (except the 5 years at the left and right edges). The minimum
value of S(t) would be at a data point where the p-value of trends in either the left or the
right window is relatively small, the absolute change in trend is relatively large, and the
standard error of the combined periods is relatively large. Thus, the data point at which S(t)
is minimum is a candidate of statistically significant trend change.

To make sure only trend reversals are detected, only the data points where B; and
B: are of different signs were analyzed, and S(t) is set to not-a-number (NaN) if neither B,
nor B; are significant. Only years with more than 8 months of valid data were considered

when detecting trend reversal.
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4 Results

4.1. Comparing traffic and background; EEA vs Sat, long term trend

We used the regression model described in chapter 3 to extract the linear trend in
NOa». The multi-year NO; linear trend from urban-background stations (UB) and traffic
stations (TR) in each city, along with that from the satellite time series, are shown in Figure
4-1. The amplitudes and the trends over the urban-background and traffic stations are quite
different. The trends over traffic stations showed much stronger decreases compared to
the urban-background stations in Rome (Italy), Bologna (Italy) and Warsaw (Poland),
where the annual decrease of NO> over the traffic stations are more than 2 times those over
the urban-background stations. Some traffic stations have shown an overall increase over
the years: Hamburg, Berlin, and Dusseldorf in Germany. Even though the trends over
urban-background stations and traffic stations can be similar, the pollution levels of NO»
are usually different. For instance, the trend in Vienna, Austria in the urban-background is
—0.482 ng/(m?® year), and trend over traffic stations is —0.64 pug/(m?> year), but the mean
NO:z level over traffic stations is slightly above the 40 pg/m? standard while the mean NO,
over urban-background stations is below it.

The availability of urban-background stations and traffic stations data can be very
different as well. In Birmingham, UK, the traffic stations only started recording after 2015,
while urban-background stations have been providing data since the late 1980s. Besides,

the traffic stations mainly capture pollutants from road traffic, and may not represent the
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well-mixed surface level air in urban areas. Therefore, only urban-background stations are
used for the rest of the analyses in this study.

Due to the precision of SCIAMACHY, Georgoulias et al. (2019) ignored trends
that are below 0.1x10"molec/cm? per year. If we follow their selection criterion, the NO2
trends in the following cities are not significant: Berlin (Germany), Lisbon (Portugal),
Lyon (France), Bologna (Italy), Vienna (Austria), Warsaw (Poland) and Budapest
(Hungary).

Most EEA time series are longer than satellite time series. Exceptions are Paris

(France), Rome (Italy), Milan (Italy) and Bologna (Italy).
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Longterm trend:
Urban Background (UB), Traffic (TR) and Satellite
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Figure 4-1 Comparing the long-term NO> trend in traffic stations, urban background
stations and the satellite.
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4.2. The overall trend

The seasonality in time series can be removed by the seasonal decomposition
function in Python “statsmodels” library. Since the EEA time series may contain missing
values, I used a moving window average function with a window size of 12 months to
remove the seasonal cycle instead. The deseasonalized NO; time series over the selected
EU cities has a decreasing trend, and most cities are approaching or are already below the
40 pg/m’ annual NO, limit by 2019. Interestingly, a slowing decrease or even a trend
reversal can be seen over the cities that had EEA records before the mid-1990s.

18 cities, moving window avg
90 yearly trend: -0.737 ug/(m?3*yr)

EEA NO,, ug/m?
S wn [@)] ~
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Figure 4-2 The NO; trend across the 18 European cities show an overall decreasing trend.

38



4.3. 5-year mean of diurnal cycle

The 5-year mean of hourly data help reveal whether the peaks and troughs of the
NO: diurnal cycle have shifted in time and in amplitude (Figure 4-3).

Similar to the long-term trends, the mean NO; level decreased over time. In the 5-
year means, the NO» levels in Bologna (Italy) and Prague (Czech Republic) are constantly
lower than the 40 pg/m? limit.

All cites show two NO2 peaks in one diurnal cycle, one in the morning and one in
the evening. The peak in the morning can be explained by the low planetary boundary layer
(PBL), the photolysis of NO, reservoir species, and the morning rush hours; the peak in the
evening can be attributed to the shrinking PBL, the conversion of NO to reservoir species,
and the evening rush hours.

Many cities show observable changes in the timing of the peaks. Cities showing
increasingly early morning peaks are: Dusseldorf (Germany), Rome and Milan (Italy),
Vienna, Austria. The time of the evening peak, in comparison, does not seem to change
significantly. On the other hand, the morning peaks in Lisbon (Portugal) and Brussels
(Belgium) are arriving later through time.

The evening peak in Rome and Milan, Italy is arriving earlier in recent years, but
the same trend was not observed in other cities.

One interesting observation is that the peak in the morning for many cities started
to arrive earlier and earlier before 2005-2010, but became late after that. Such cities are:
Birmingham (UK), Paris and Lyon (France), Prague (Czech Republic) and Brussels

(Belgium). The evening peaks in those cities seem to have the same pattern, but it is not so
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clear. For example, the evening peak in Paris, France in 2015-2020 arrives later than that
in 2005-2010.

Glasgow (UK) and Madrid (Spain) show special diurnal patterns. Glasgow, UK is
the only city where the evening peak arrived before 18:00. It is more like an “afternoon
peak” in Glasgow, UK, and the interval between two peaks is significantly shorter than that
in other cities. In Madrid, the mean NO> diurnal cycle before 2000 showed little to no
decrease in the afternoon, and one may reach the conclusion that there is only one NO>

peak during the day before 2000.

4.4. Trend of each hour

This section investigates whether the decrease in NO> is more significant at 12 pm
over the years, compared to 5 pm.
Comparing the trend of different hours or periods (e.g. 9 am—12 pm vs 3 pm—6 pm)

may reveal different trends at different hours.
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Figure 4-3 The 5-year mean diurnal cycle in EEA data shows that some of the cities have
experienced change in the diurnal cycle over the years.
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Diurnal Cycle Series

« 0 3 6 « 9 - 12 + 15 « 18 . 21
« 1 4 . 7 . 10 « 13 « 16 .« 19 . 22
2 5 . 8. 11 . 14 ., 17 . 20 . 23
Birmingham, UK, All Hours Glasgow, UK, All Hours Hamburg, Germany, All Hours
100 1
’ IM M
Berlin, Germany, All Hours Dusseldorf, Germany, All Hours Rotterdam, Netherlands, All Hours
100
"1 " VP -
Madrid, Spain, All Hours Lisbon, Portugal, All Hours Paris, France, All Hours
100
i % sy
Lyon, France, All Hours Rome, Italy, All Hours Milan, Italy, All Hours

EEA NO,, ug/m?
g 8

s M

Bologna, Italy, All Hours Vienna, Austria, All Hours Warsaw, Poland, All Hours

100

B VM M. '“

Budapest, Hungary, All Hours Prague, Czech Republic, All Hours Brussels, Belgium, All Hours

100
i ' W sy
1985 1995 2005 2015 1985 1995 2005 2015 1985 1995 2005 2015
Year

Figure 4-4 Monthly mean NO; time series of each hour of the day without the seasonal
component shows that the relative level of morning and afternoon NO> have changed
over time in some cities.
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Figure 4-5 In the long run, the daily mean NO> and 9-11am mean NO> are quite similar.

By removing the seasonality in the time series of each hour of day, the underlying

trend becomes more obvious (Figure 4-4). For example, starting in the early 2000s, the

morning NO; in Glasgow (UK) and Rotterdam (Netherlands) stands out compared to the

afternoon NO». The morning NO; in Birmingham (UK) and Madrid (Spain) is below the

afternoon NO> hours in the 1990s, but became higher in the 2000s.
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However, if we compare the time series of daily mean NO> with the mean NO,
between 9 am—11 am local time, the two series are very similar (Figure 4-5). In the

following studies, the 9 am—11 am local time mean NO> is used.

4.5. 5-year mean of seasonal cycle

In different seasons, NO> emission from human activity may change, such as the
need to commute or the need for heating; the dispersion of NO> near the surface is affected
by changes in the PBL height and the wind pattern. Taking 5-year averages of the daily
mean NO> of each month of the year helps to reveal whether the intra-annual cycles in
different cities have changed over time.

Figure 4-6 shows the change in 5-year mean seasonal cycles of the 18 cities selected.
All of them have a dip in the middle of the calendar year, which can be attributed to the
expansion of PBL in the Northern Hemisphere and increase in wind speed in the boreal
summer.

After 2000, the peaks in all selected cities are in December to February, except
those in the UK. Before the 2000s, we observed peaks in March—June in the UK and
Germany and a sudden rise of NO» in May and June in Warsaw, Poland, in 1995-2000.

Some other interesting observations are the universal peak in November across the
UK in the late 1980s, the weak NO, seasonality in the UK and Germany, the sudden
decrease in NO> levels across Germany in the early 1990s, the persistent low in Milan and

Rome, Italy in August and the significant peaks in Budapest, Hungary in 1995-2005 which
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disappeared afterwards. There is also a peak in March in Paris, France, which also
disappeared after 2005.

Some cities show strange NO, seasonality in their early NO> records: Madrid
(Spain) shows low seasonality and high NO> level throughout the year; Warsaw (Poland)

shows peaks in 1995-2000 April and September which was not observed afterwards.

4.6. Trend Reversal

Some EEA records have a gap in the middle of the time series, sometimes longer
than a year. Those records were divided into sections, and trend reversal detection is run

on each section to find possible reversals.
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Figure 4-6 The 5-year mean seasonal cycle of the EEA data in the selected cities. The
seasonal cycle in most cities is stable since the 2000s.

Using the trend reversal detection algorithm described in chapter 3, trend reversals
were found in most of the 18 European cities selected. However, the timing of the trend

reversal in EEA NO; time series are different from those in the satellite-derived
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tropospheric column density, leading to the question whether the trend reversals in the
satellite data are robust. In fact, among the 18 cities selected for analysis, the only 4 cities
showing agreement of trend reversal between ground station measurements (EEA data)
and satellite-derived NO are: Hamburg (Germany), Vienna (Austria), Warsaw (Poland)
and Budapest (Hungary). Based on the satellite data, trend changes in the early 2000s are
common across the EU, and one can see similar phenomena in Figure 4-5, but the trend
reversal detection results disagree (Figure 4-7). In some of the cities, such as Madrid
(Spain), Lisbon (Portugal) and Paris (France), trend reversals detected in ground stations
and satellite NO> are in the same year, but the trend reversals are different. For the three
cities, NO» trends in the satellite time series are from positive to negative, while in the
ground station measurements, the NO» trends are from negative to positive, even though
their long-term NO; levels are decreasing.

There are some cases where trend reversal is only detected in either the ground
station data or the satellite data. For instance, there is a positive-to-negative trend change
in Bologna, Italy according to the satellite-derived NO> column in the early 2000s, but no
significant trend change was detected in the EEA’s NO; time series. Another example is a
positive-to-negative trend reversal detected in Rome, Italy in around 2004. The trend
change was detected in the EEA data, but no trend change could be detected in the satellite
data. Even though some trend reversals can be detected in the overlapping observation
period, the point where they happen may differ. The trend reversal point in Birmingham,
UK was detected in the early 2000s in the satellite data, but the reversal point was about a

decade late in the EEA data.
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To gain more insight about the trend change detection, let’s focus on one city. For
example, a maximum trend reversal has been detected in the EEA NO; in Glasgow (UK)
between 19901995 while a trend reversal has been detected in satellite time series around
2004. If we restrict the detection only to data after 1996, then we obtain a maximum trend
reversal 2005, which seems to agree well with the satellite time series. However, because
the trend reversal detection algorithm is designed to pick only one change point in the
whole time series, our result indicates that there may be more than one trend change points
in the NO; time series but they have been ignored in the detection. More importantly, “trend
changes” is probably a misnomer; instead, what has been known as “trend change points”
might be turning points of a periodic signal. Because we have been using 5-year left and
right windows when searching for the trend change points, the periodic signal being
detected may actually correspond to a decadal process of period of about 10 years. We
found similar conclusions for Berlin, Dusseldorf (Germany) and Rotterdam (Netherlands),

where we identified trend change points outside the period examined by Georgoulias et al.
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Figure 4-7 Trend reversal point and trend line before and after the reversal in EEA and
satellite data. No trend reversals in the satellite data were detected in Lyon (France), Rome
(Italy) and Milan (Italy).
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5 Discussion

5.1. Conclusion

While a major disadvantage of air quality networks at the surface is their sparse
distribution and low spatial coverage, their high temporal coverage, both in length and
frequency, offer an opportunity for a definitive study of the NO> trends in different times
of the day, assuming the biases in chemiluminescence NO, analyzers using catalytic
converters do not vary on a decadal time scale. In this study, NO> data from two EEA
datasets were combined and compared with reanalysis and satellite data. The EEA data
presented more consistent seasonality, compared to the satellite data where the outliers and
noise caused weak and unrealistic seasonal cycles.

Another advantage of EEA data is the distinction between background and traffic
stations, as well as urban and rural area types. EPA only has location setting (urban,
suburban, rural) and land use (residential, agricultural, commercial...) therefore we did not
analyze the EPA data even though county-wise and station-wise monthly averaged time
series datasets have been compiled from raw EPA data.

The EEA data in 18 European cities have all shown long-term reduction in the NO>
concentrations over urban-background sites. The increased NO» concentrations over some
ground stations in Germany may be explained by increased traffic due to urbanization and
urban development, offsetting the potential effects of the implementation of emission

reduction efforts. In addition, several cities, such as Rome, Italy, have not met the long-
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term NO> standard, highlighting the need for further regulations in order to minimize the
health effect of NO; on human health.

The trend changes detected in the EEA data partially agree with the findings by
Georgoulias et al. (2019), where most positive-to-negative trend reversals in the EU were
found to be in the early 2000s. With longer NO> record from the EEA database, we showed
evidence that the trend change detection algorithm may have detected decadal variability
in the NO» time series rather than changes in the trend. The cause of the decadal variability
warrants further investigation.

In the European open power plants database created by Joint Research Centre (JRC)
in European Commission, 134 fossil fuel power plants were commissioned in 2000-2005,
while 121 were commissioned in 1990-1999 and only 58 were commissioned in 1990—
1995. Only 102 fossil fuel power plants were recorded to be decommissioned, and the first
one on record was in 2007. The sudden increase in the number of power plants may be a
reason why the NO> level rose in the early 2000s in Europe. The introduction of EURO 3
standard in 2001 which first set a limit on vehicle NO, emission by itself, and EURO 4
standards where the limit became about 53% of that of EURO 3. They may have played a
role in the change of trend to a decreasing trend in the EU after the early 2000s. The 11-
year solar cycle may also have an impact on the rise in the surface level concentration of
NOa> through O3 photolysis but this effect is not studied in this thesis.

There are also difficulties explaining some trend reversals detected in the EEA time
series. The financial crisis in 2008 should have an impact on the NO; trend as well, but its

effect on the NO> trend is only detected in Budapest, Hungary. The trend reversals in the
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1990s were also hard to explain, compared to the reversals detected in the 2000s in the
same city using the satellite data. In the meanwhile, there are also some cases where the

trend reversal is found only in the EEA or the satellite time series.

5.2. Systematic error

Ground stations may overestimate the NO> concentration (Matthews et al., 1977;
Ordoiez et al., 2006; Steinbacher et al., 2007; Winer et al., 1974). Some studies have tried
to correct for the bias in MoO, converters and get better NO» concentration data (Lamsal
et al., 2008, 2010, 2013, 2014), but we didn’t attempt it based on the following reasons:

1. Differences between MoO, readings and Photolytic readings are site-specific, and
depend on local NO., local meteorological conditions, site-source distance
(photochemical aging), individual monitor calibration, etc. Therefore the correction
factor from one MoO, + Photolytic AQS (e.g. 1.2) cannot be applied to other MoO.-
only sites (Lamsal et al., 2015).

2. We are looking at the long-term trend. The effects of NO. on MoO; converters
should not affect the long-term trend and change in trend.

3. In highly polluted areas, NO, is more dominant in NO,; at remote sites (less
polluted areas), we expect to see more NO; effects. We are looking at large cities,
and the NO:; effects should be minimized. Also, when taking the station readings in
an area, the spatial heterogeneity in ground NO; measurements will have reduced

effect and the trend should be robust (Lamsal et al., 2015).
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5.3. The disadvantages of the trend reversal detection algorithm

Our trend reversal detection shows that 10 out of 18 cities are showing negative-to-
positive trend reversals. That is more than half of the cities we selected for analysis but is
not consistent with the overall decreasing trend of NO> in those cities.

This is likely caused by the trend reversal detection algorithm itself, which only
detect the most significant trend reversal. If there are more than one trend reversals in the
time series, the trend reversal detection algorithm will not be able to capture them all; the
positive-to-negative trend reversals may not be detected if the trends before and after are
not statistically significant. For instance, the negative-positive-negative trend in
Birmingham, UK is obvious on Figure 4-5, where the negative-to-positive trend reversal
happened in early 2000s and the positive-to-negative trend reversal happened in around
2012. The trend reversal detection algorithm only captured the latter.

The continuous change detection and classification algorithm (Zhu and Woodcock,
2014) may be useful in detecting multiple trend reversals in a time series, but it will not be
so comparable with the satellite time series since it’s a different algorithm. Also, in the
continuous change detection and classification algorithm, the 3¢ limit for a trend change is
an empirical standard, which is unlikely suitable for the NO; time series.

Another possible way to improve the trend change detection algorithm is to use the
troughs in the S(t) values and detect the corresponding trend significance before and after
the possible trend reversal point(s). In practice, the S(t) values turned out to be too noisy

for continuous trough detection, and an empirical limit may need to be applied to filter out
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the spikes. In conclusion, the lack of ability to detect multiple trend reversals is an issue

that needs to be addressed in further studies.
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Appendix 1. EPA and EEA Data Description

1. Acquisition of EPA data

The EPA datasets used in this research are daily data and hourly data. They are
pre-generated data files downloaded from the EPA Air Data website

(https://ags.epa.gov/agsweb/airdata/download_files.html). The files in that website are

updated twice per year. In each June, the data are updated to cover the prior year; in each
December, the data are updated to include the Summer of that year.
Both daily and hourly data are Version 3.0.0 which was updated on December 01,

2015.

2. Fields of EPA data tables

Detailed description of each field in the data tables can be found in the following
links:

https://ags.epa.gov/agsweb/airdata/FileFormats.html# daily summary_files

https://ags.epa.gov/agsweb/airdata/FileFormats.html# hourly_data_files

Fields useful to this study:

Latitude: the monitoring site’s angular distance north of the equator measured in
decimal degrees.

Longitude: The monitoring site’s angular distance east of the prime meridian

measured in decimal degrees.
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Datum: The Datum associated with the Latitude and Longitude measures. The
datums for most stations are WGS84 and NADS3, and very few are NAD27. Stations
with NAD27 datum does not have values for longitude and latitude, therefore are omitted
when processing; after comparing the coordinates from NAD83 to WGS84, the
difference between the geo-coordinates are negligible, therefore the difference were
neglected when compiling the dataset.

Date Local: The calendar date of the sample in Local Standard Time at the
monitor.

Time GMT: The time of day that sampling began on a 24-hour clock in
Greenwich Mean Time. Using this field avoids dealing with different time zones in the
US.

State Name: The name of the state where the monitoring site is located. “Canada”
means the station is in Canada instead of the US. So is “Mexico”.

County Name: The name of the county where the monitoring site is located.

City Name: The name of the city where the monitoring site is located. This
represents the legal incorporated boundaries of cities and not urban areas. For some of the
stations, this field is “not a city”.

Sample Measurement: Only hourly data files have this field. The measured value
in the standard units of measure for the parameter. In this study, the measured NO; level.

Arithmetic Mean: Only daily summary files have this field. The average

(arithmetic mean) value of NO; for the day.
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3. Acquisition of EEA data

The EEA datasets used in this research are hourly data.

The data collected before 2013-01-01 and that after 2013-01-01 are in different
datasets.

Data before 2013-01-01 are AirBase v8 data, and it can be found in the following
site, which has already expired:

https://www.eea.europa.eu/data-and-maps/data/airbase-the-european-air-quality-

database-8

The page was archived on 25 Aug 2017, but the datasets from different EEA
member states are still accessible, as well as the information of all stations.

The datasets before 2013-01-01 contain observations of different components
(harmful substances), such as. CO, NO2, SO2, O3 and PMo. Each of the files in the
dataset contains hourly observations of one component by one station, or summaries in
one of the following ways: daily mean, 8-hourly mean, and daily max.

Information about stations and components measured comes with each EEA
member country’s data as a zip file. A table of all EEA stations can also be found in the
same site.

Observations since 2013-01-01 come from two dataflows, namely Ela and E2a.
Ela data are validated data reported by member states every September and cover data
from the previous year; E2a are up-to-date hourly data which will be deleted when
updating Ela data. In this study, since the E2a (unvalidated) dataset is small, both

datasets are used.
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URLSs to data of both Ela and E2a can be found in the following site:

https://discomap.eea.europa.eu/map/fme/AirQualityExport.htm

Information about the stations can be directly downloaded from the above site

which is updated on a daily basis.

4. Data format and contents

Product description of BEF2013 can be found in the same website as the
download site.

The files containing observations are called “raw data files”. Those raw data files
are tab-delimited text files and contain date and time (for hourly data) of observations as
well as corresponding quality flags for each of them. For daily data, each row has data of
all days in one calendar month; for hourly data, each row has data for all hours in one
calendar day. Quality flags <=0 indicate invalid or missing data.

Many member countries in the EEA have their own naming conventions for the
stations. In EEA, Exchange of Information (Eol) code is used to distinguish them. The
file names of BEF2013 contain Eol code, pollutant code (00008 for NO,), and data type
(daily, daily maximum (“dymax”), 8-hourly and hourly).

For AFT2013, the columns useful to us are station local ID (“AirQualityStation”,
“AirQualityStationEolCode”), station measurements (“Concentration’), measurement
time (“DateTimeBegin”, “DateTimeEnd”) and quality flags (“Validity”, “Verification”).

Longitude and Latitude of the stations can be retrieved from station information files

using station local IDs. Most AFT2013 files only contain 1 station.
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For EEA data, “Latitude” is the monitoring site’s angular distance north of the
equator measured in decimal degrees, and “Longitude” is the monitoring site’s angular
distance east of the prime meridian measured in decimal degrees. Stations to the west of
the prime meridian have negative “Longitude” values.

For quality flags, “Validity” must equal to 1 to be valid and above instrument
detection limit (http://dd.eionet.europa.eu/vocabulary/ag/observationvalidity/view);
“Verification” must be equal to 1 to be “verified”. For the verification flag, 2 means

“preliminary verified” and 3 means “not verified”.
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Appendix 2. EEA Data Processing

1. BEF2013 processing

1.1. Read table, get the first 7 characters of the filename as the station ID.

1.2. Any measurement succeeded by a quality flag that is not 1 is replaced by
NaN.

1.3. Drop quality flag columns, keep the date column.

1.4. Sort the table based on the date column, then get the start and end date of

the observation.

1.5. From start date to end date, create date windows by the step of 1 month.
For each date window, select all measurements within the date range, take the
average along the date axis (i.e. the column; the hour axis is the row), therefore the
monthly average.

1.6. Get the longitude and latitude from “bef2013 stations.csv”, based on the
station ID from the file name. Concatenate longitude and latitude to create “LonLat”
and attach it to the table. “LonLat” column will be used as the station ID for merging.

1.7. Using the append method to attach all data tables to one csv file:

hourly sma.csv. SMA stands for “station monthly average”.

2. AFT2013 processing

General processing is skipping France, Germany, Spain, and the UK, because

those 4 countries use the “AirQualityStation” column instead of
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“AirQualityStationEolCode”. Besides using the “AirQualityStation” column for station

ID, the steps to process the data are the same.

General processing:

1.

2.

For each country and each station, read data table

Drop rows: Verification != 0 (keeping verified data), Validity<l (keeping valid
data), AveragingTime != “hour” (so it’s not daily measurements).

Based on unique stations of the table, iteratively select stations in the table (most
tables only contain one station). Then, create variables: “date” based on the
“DatetimeBegin” variable; “month” and “year”, from the “date” variable.

Use table1[‘Date’].dt.hour == hour to select a specific hour from the whole series,
then table2.groupy(["year", "month"]) to group the subset based on year and
month. Then use “aggregate” function to create the average for each year-month.
Create a “station” variable (column) based on the station selected; “hour” column
based on the hour; “obs” column based on the number of observations in the year-

month-hour. “Obs” variable has not proven to be useful yet.
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