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Abstract. Long-term satellite measurements of nitrogen 1 Introduction

dioxide in the troposphere are used in combination with

a continental scale air quality model in order to verify It is widely recognized that the ability of atmospheric mod-
and improve available estimates of multi-annual change&£ls to represent the current state and to predict possible future
of emissions of nitrogen oxides (N{in Europe and the changes of the chemical composition of the atmosphere de-
Mediterranean area between 1996 and 2005. As a result, Bends strongly on the quality of available information about
measurement-based data set ofNnissions on a°lby 1° sources (emissions) of atmospheric pollutants. One promis-

grid and averaged over summer months is elaborated. ing approach for the validation of the available emission in-

The results are compared with emission data based on théentories and for generation of improved emission data in-

EMEP emission inventory. Our data are in agreement withVOIves inverse_ modelling of sources of atmosphe_ric gases
the EMEP estimates suggesting a general decline in the Ievé?ee' e.%., Enting, 20_02)' In th|_s ”_‘ethOd' observatlonhql gata
of NOy emissions in Western and Central European countrieé'© duse 1 as c;onstramts to r:ermssmr:j plarahmetersr; V(;’ IC llare
(France, Germany, Great Britain and Poland). Over SoutherffS€d as input for an atmospheric model. The method implic-

Europe and for shipping emissions, neutral to positive trendéﬂy assumes that the model comprises an adequate descrip-

are found both for the inverted and bottom-up emissions fion of the chemical and physical processes, which determine

In contrast, considerable differences between both data sefgiamount gnd dlstrl?utlohn O]f thﬁ spzmesl in the atmfosphere.
are found in some other countries. In particular, significant ~ S'ONg Impetus for the further development of atmo-

negative trends instead of the positive ones in the “bottom-SpheriC inverse modelling studies has been provided by re-

up” inventory are found for the Balkan countries, Russia €Nt remarkable progress in satellite measurements of the

and Turkey. The NQemission trends derived from satellite colmposmon of thef Iow;a}r_atmosphere. The troposphenc
measurements demonstrate larger spatial heterogeneity th&'Umn amounts of such Important trace gases as nitrogen

those calculated with the EMEP data, especially in Russid0X1de, NG, sulphur dioxide, S@ carbon monoxide, CO,
and Ukraine. methane, Chl, formaldehyde, HCHO, glyoxal, CHOCHO,

he obtained esti  the decadal dsi . and methanol, CEDH, derived from almost global satellite
The obtained estimates of the decadal trends i BiOIS- measurements (e.g., Eisinger and Burrows, 1998; Velders et

sions for Great Britain are found to be _consistent with in- al., 2001; Palmer et al., 2001: Richter and Burrows, 2002:
dependent data from the U.K. Automatic Urban and R”ralBuchwitz et al., 2004: Bowman, et al., 2006; Wittrock et

Ne‘,WO”‘ (APRN)' It is also found that using our EMISSION 4 '2006; Dufour et al., 2006) contain valuable information
estimates yields better agreement of model calculations Wltf};‘bout the sources, transport and sinks of these gases. The re-
near-surface ozone measurements of the European EMEfe, oq tropospheric data products have already been used in
network. several studies aimed at obtaining better estimates of emis-
sions of respective gases. In particular, tropospherie NO
columns derived from the GOME and SCIAMACHY mea-

Correspondence td: B. Konovalov surements (Burrows et al., 1999; Bovensmann et al., 1999)
BY (konov@appl.sci-nnov.ru) have been used for the estimation of total N€missions
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on the global scale (Leue et al., 2001; Martin et al., 2003,cell are almost independent from any prior knowledge. Such
2006; Miller and Stavrakou, 2005) and on the regional scalean approach strongly reduces the role of “subjective judge-
(Konovalov et al., 2006a, b), as well as for estimations of ment” regarding uncertainties (frequently unknown) in avail-
NOy emissions from different kinds of sources such as light-able emission inventory data as well as in measurement and
ning (Boersma et al., 2005; Beirle et al., 2006; Martin et simulated data and allows our estimates to be considered as a
al., 2007), ships (Beirle et al., 2004; Richter et al., 2004) ormeasurement-based alternative to respective data from emis-
soils (Jaegle et al., 2004; Bertram et al., 2005; Wang et al.sion cadastres. Note that the focus in this study is the deter-
2007). Satellite measurements have also been used to inmination of relative inter-annual changes in NE&missions

prove emission estimates for carbon monoxidet(& et al.,  and not the estimation of absolute values of emissions, which
2004; Yurganov et al., 2005; Stavrakou andilMr, 2006) is a more common goal in inverse modelling studies. Accu-
and isoprene (Palmer et al., 2003; Millet et al., 2006). rate independent estimates of past changes ip &fiissions

The NGO time series from satellite measurements haveprovide new opportunities for the evaluation of the efficiency
also been used to study long-term changes in anthropogeniof air pollution control measures, the assessment of uncer-
emissions of nitrogen oxides (N®@ In particular, Richter tainties in emission cadastres, and the test of the ability of
et al. (2005) found a substantial decrease ofNOlumn  chemistry transport models to reproduce past and predict fu-
amounts over some areas of Europe and the USA in a decadalre changes in atmospheric composition.
period from 1996 to 2005, but highly significant increase The manuscript is organised as follows. The data used for
over the industrial areas of China. They argued that the in-our analysis are introduced in Sect. 2. Our inversion scheme
crease of N@ column amount over China is a result of cor- is described in Sect. 3. The results of the inversion and their
responding increase in N@missions. The increase of NO  validation are discussed in Sect. 4. Sect. 5 summarises the
column amounts over Eastern China during the same periodesults of this study.
was independently reported by van der A et al. (2006). Kim
et al. (2006) used the same satellite measurements to confirm
reduction of NQ emission from US power plants. Note that 2 Measurement and model data
although multi-annual changes in emissions of atmospheric
gases can, in principle, be estimated from analysis of ground2.1  Satellite data
based measurements (see e.g., Dentener et al., 2003; Bous-
quet et al., 2000), the near-global satellite measurements arropospheric N@ columns derived from satellite measure-
indispensable in areas where monitoring networks are spars@ents by IUP, University of Bremen, are used. Seven years
or absent, such as in many Eastern European and Asian coufl996-2002) of the GOME measurements (Burrows et al.,
tries. 1999) are complemented with three years (2003—-2005) of

In this study, we use data of the multi-year measurementghe SCIAMACHY measurements (Bovensmann et al., 1999).
performed by the GOME and SCIAMACHY satellite instru- The GOME and SCIAMACHY instruments provide mea-
ments in order to estimate decadal changes ip Biissions ~ surements of N@ columns with a horizontal resolution of
in Europe and the Mediterranean and to compare with and®20x40 kn? and 60<30 kn?, global coverage at the equa-
validate the data of emission inventories, which are basedor being achieved in 3 and 6d, respectively. We use the
on the “bottom-up” approach. In order to take into accountsame data-products for tropospheric Néplumns derived
chemical transformations and the transport of emitted nitro-from satellite measurements and analysed earlier in Richter
gen oxides as well as natural variability of tropospheric,;NO et al. (2005), where a general description of the retrieval
column amounts, we combine the satellite data with cal-method can be found. The same data were also used by Kim
culations performed by a continental scale chemistry transet al. (2006).
port model (CTM) in the framework of an inverse modelling A pre-processing stage (specific for this study) includes
scheme. This technique is considered to be complemen(l) projection of daily data for tropospheric N@olumns
tary to the earlier papers deriving emission trends directlyonto a £ x1° grid, (2) averaging of all data for three summer
from satellite measurements (Richter et al., 2005; Kim et al.,months (June—August) of each year, and (3) deconvolution
2006), because it attempts to take explicitly into account theof the data obtained from the GOME measurements. In this
role of the chemistry and transport in determining the rela-study we consider only summertime measurements because
tionship between N@columns and NQemissions. Besides, of prevailing cloudy conditions in Eastern Europe during the
the inverse modelling approach allows estimating emissionsold season. In addition, the relatively short lifetime of NO
on a regular grid, so that these estimates can readily be usad the summer troposphere, which is determined in large part
in other modelling applications. In contrast to a more com-Dby its reaction with OH and the night-time removal of®§
mon inverse modelling approach, where the improved emisvia deposition at the surface, facilitates the inversion proce-
sion estimates in each grid cell (or region) are searched fodlure.
as deviations from corresponding a priori (bottom-up) esti- The deconvolution of the GOME Nfdata is needed to
mates, our estimates of N@mission changes in each grid avoid systematic “jumps” in the time series of the gridded
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NO» columns between 2002 and 2003 between the lower res- 06—+ 1 v 1 4 | L
olution GOME data and the higher spatial resolution SCIA- £ J +
MACHY data. The method of deconvolution of the GOME T 0564 /l‘
data is very similar to the one suggested in our earlier study § ] / \\ =
(Konovalov et al., 2006a). The basis of this approach is to su- g 052 ] P &
perimpose the spatial structure of the Nélumns derived _2 | / \
from the SCIAMACHY measurements over the spatial struc- g % a5 g
ture of the NQ columns derived from the GOME measure- g ] P ‘\ //
ments. In this study, three-year averages of SCIAMACHY & i
data for summer months were used. Uncertainties in our re- = 0.44 v/
sults which arise from poorer spatial resolution of the GOME 5 T \ /’
data are estimated as discussed in Sect. 3.4. = 04+ .

By comparing overlapping data derived from the GOME g 7
and SCIAMACHY measurements in the period from August 03671 T T T
2002 to November 2003, Richter et al. (2005) clearly demon- 1996 1998 20$£ar 2002 2004
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strated the consistency of NQolumn amounts obtained
from these instruments and averaged over Eastern China . . .
9 ' %Slg. 1. A test of consistency of tropospheric N@olumns derived

well as the absence of any significant systematic drift in the, = " ~\e (1996-2002) and SCIMACHY (2003-2005) mea-

measurements (e.g., as a result of the ageing _Of the GOM urements. The figure shows the RMS differences between NO
instrument). In order to make sure that the consistency of theolumns in the neighboring years. The differences were calcu-

GOME and SCIAMACHY data is also preserved for each |ated for each grid cell and averaged over the whole model’s grid.
grid cell of our model domain (see Sect. 2.4), we performedThe transition between the GOME and SCIAMACHY data between
an additional simple test. Specifically, we considered the2002 and 2003 (red circle) does not indicate any exceptional change
quadratic differences between N€olumns in the neighbor- in the data.
ing years #, n—1) in the same grid celland averaged these
differences over the whole grid:
daily mean NQ concentrations and to calculate the 90 per-
N centile of the ozone concentration daily maximums. The data
D" =) (¢f —f~H?M? (1) used in the study from the two networks were chosen by
i=1 considering the criteria of availability, representativeness and
where N is the total number of grid cells considered. Val- quality of data. The high percentile of ozone concentrations
ues of D" are shown in Fig. 1. If there was a strong sys- have been chosen for this study because this characteristic is
tematic difference between the GOME and SCIAMACHY believed to be less sensitive to changes in background ozone
data, then the differences betweenN@lumns for the years  1€vel, which are not necessarily caused by changes in local
2003 for which only SCIAMACHY data were available and €Missions (e.g., Vautard _et al., 2006). _21 stations from the
2002 for which the GOME data are used, would be excep-AURN and 36 EMEP stations that prqwded data for at least
tionally large. There is no evidence of strong systematic bias?0 Percent of the total number of days in each summer season
which would be comparable with the typical level (about @ré considered. The locations of the monitors are discussed
5x10%molec/cn?) of inter-annual fluctuations in the NO ~ Delow (see Sect. 4).
column amounts. These fluctuations are caused by natural
variability of NO, in the troposphere, inter-annual changes 2-3 “Bottom-up” emission inventories

in NOyx emissions and random uncertainties in the retrieved
data. The anthropogenic emission data used in this study are based

on the so-called “expert” annual data of the EMEP emission
inventory (Vestreng et al., 2005) for the years 1996—2004.
We have used the two versions of the expert data that were
In order to validate results of the inverse modelling, the available at the EMEP web sitatfp://webdab.emep.intbn
following measurements have been used: (i) measurement&s 0.5 x0.5° grid in autumn 2006 (before 30 November) and
of near surface concentrations of nitrogen oxides fromin spring 2007. As emission data were not available for the
the United Kingdom Automatic Urban and Rural Network year 2005 a linear interpolation between the years 2004 and
(AURN) (www.airquality.co.ulkbetween 1996 and 2005 and 2010 has been performed to generate the values for 2005.
(i) measurements of ozone at the EMEP netwolnktp(: For 2010 a “projection” has been used. The comparison of
Iiwww.nilu.no/projects/ccy/available for all years consid- the older and newer versions of the emission data gives some
ered except 2005. The raw hourly data have been processedea about uncertainties in the bottom-up inventories and is
to yield the seasonally averaged (over the summer monthselpful for validation of emission estimates obtained in this

2.2 Data of ground-based measurements
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Fig. 2. Linear trends (molecule&:mfzxyrflxlol“) over the decade from 1996 to 2005(a) the measured N&columns in comparison
with the trends in the simulated NGcolumns obtained with th&) “new” and (c) “old” EMEP data along with(d) magnitudes of the
tropospheric N@ columns (molecules cm~2x10'®) derived form the SCIAMACHY measurements in summer 2003. The trends are
shown only for those grid cells for which, according to our model calculations, the contribution pfffd@ anthropogenic sources is
dominating the total tropospheric N@olumn amount.

study, particularly because more recent emission data are exphere; advective transport, eddy diffusion and deep convec-
pected to be more accurate than the older ones. As itis showtion. A detailed description of CHIMERE is available on the
below (see Sect. 4), the differences in trends between the twaveb athttp://euler.Imd.polytechnique.fr/chimererhe sim-
versions of the EMEP data are, in some cases, large. Unfomlated NGQ columns were sampled consistently in space and
tunately, an explanation for these differences has not yet beetime with the measurement-based daily Nédlumns. The
made publicly available. same model was used also to simulate data for comparison
Biogenic emissions of isoprene, terpenes and NO are pawith the measured near-surface concentrations of s
rameterised as proposed by Simpson et al. (1999), using diszone.
tributions of tree species on a country basis provided in their
work and the inventory of NO soil emissions by Stohl et In this study we use a spatial domain that covers all of Eu-
al. (1996). No inter-annual changes in biogenic NO emis-rope, the Mediterranean area and the Middle East with a hor-

sions were specified. izontal resolution of 1x 1°. The extension of CHIMERE be-
yond Western Europe is discussed in Konovalov et al. (2005).
2.4 Simulated data In this study, the standard model domain has also been ex-

tended in the vertical up to the 200 hPa pressure level. The
To generate the simulated NCQolumns, the CHIMERE model runs were performed with 12 layers defined as hy-
CTM was used (Schmidt et al., 2001). The model takes intobrid coordinates. Meteorological input data were calculated
account all important processes that determine the evolutionff-line with horizontal resolution of 100100 kn? using
of nitrogen oxides released into the atmosphere, such as gatiie MM5 non-hydrostatic meso-scale modatt://mwww.
phase reactions which define the chemical balance betweemmm.ucar.edu/mmb/ MM5 was initialised with NCEP
NOx species and their transformation to nitric acid, dinitro- Reanalysis-2 datah{tp://www.cpc.ncep.noaa.gov/products/
gen pentoxide and organic nitrogen compounds; dry depowesley/ncepdataj. Lateral boundary conditions are pre-
sition and wet scavenging which are responsible for the rescribed using monthly average values of the climatologi-
moval of the reactive nitrogen compounds from the atmo-cal simulations by the second generation MOZART model
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(Horowitz et al., 2003). The other specific features of theunderestimate the measured Nélumns (with the average

model configuration are the same as described in Konovalobias about %10 molecules/crf) but shows a rather good

et al. (2005, 2006a). spatial correlation/{=0.87) between the measured and mod-
CHIMERE was run independently for each summer sea-elled NG, columns (see also Konovalov et al., 2005, 2006a,

son starting on 24 May with the same initial and boundaryb; Blond at al., 2007). We took into account possible uncer-

conditions. Although changes in atmospheric compositiontainties in results that may arise due to the systematic differ-

outside of the CHIMERE domain may, in principle, influence ences between the measured and modelled &umns as

the evolution of NQ columns inside the domain, the results discussed in Sect 3.4.

presented below (see Sects. 2.5 and 4.1) indicate that the ef-

fects of the long-range transport on N©olumns can gen- .

erally be disregarded. A “base” decadal run of CHIMERE 3 nversion scheme

was performed with the EMEP emission data for the year

2001, while the annual EMEP data were used for “control”

runs. Only the results of the base run are used in the inverggefgre going into the details of our method, we would like

sion algorithm. Additional control runs were performed with o tline some general principles and assumptions of this
emission estimates obtained in this study. study:

3.1 Preliminary remarks

sured and simulated N@olumns linear trends in N@ emissions. We do not assume a

) ) priori that the trend has any particular value. As there is
Figure 2a—c presents decadal trends in the measured NO  |imjted information about the uncertainties in the EMEP

columns in comparison with corresponding trends in the sim- emission data and in the measured and simulates NO
ulated NQ columns obtained with two versions of the EMEP columns, such an assumption could lead to subjectively

data. The magnitude of the trends is estimated in a standard  pi55ed estimates. In this sense, our method is strongly
way as a best fit to a linear regression model. The trends are  yyjven by measurements. However, the possible range
given in absolute values and for convenience Fig. 2d shows 4 y4jues of trends in a given grid cell is constrained.
magnitudes of the tropospheric N@olumns derived form

the SCIAMACHY measurements in summer 2003. Only the 2. Our method also yields the interannual deviations from

grid cells, for which, according to our model calculations the linear trend: the a priori for the interannual devi-
performed with and without anthropogenic N®missions, ation from the linear trend being zero. The a posteri-
the contribution of NQ@ from anthropogenic sources is dom- ori estimate for the inter-annual deviation is sought as
inating the total tropospheric N@olumn amount, were cho- a “compromise” between the a priori estimate and the

sen for this study. Such selection, which is used throughout =~ measurements following a Bayesian approach.
this study, helps in interpretation of our results. The mag-
nitudes of NG columns over remote regions are relatively
small; their significant changes (i.e. above the noise) have
not yet been identified.

Large negative changes in N@olumns dominate over
Western Europe (especially over Great Britain and Germany) 4 although satellite measurements reflect changes in to-
both in measurements and simulations. Considerable dif- (both anthropogenic and biogenic) N@missions,
ferences can be seen, however, outside of Western Europe. e estimate only changes in anthropogenic emissions.

In particular, much larger areas have positive trends in the  Tpis is because for the regions selected, the changes in

simulations than in _the measgrements. In Eastern Eurqpe, anthropogenic emissions are assumed to dominate and
there are also considerable differences between simulations 5\ arwhelm any systematic changes in emissions from

produced with different versions of the EMEP data. It is lightning or natural soil sources of NO The argu-
also important to note that the spatial structure of bothb, NO ments supporting such an assumption are discussed in
column amounts and their changes features strong gradients  ggct 3.4

(which can be clearly seen, for example, along the coast of

Great Britain). This observation provides strong evidence 5. The relationship between NOemissions and N®

3. Asour goal is the estimation of the long-term changes in
emissions, we do not attempt to estimate the magnitudes
of emissions themselves. Only emissions for summer
are investigated in this study.

that the long-range horizontal transport of tropospherig NO columns is assumed to be linear. Using our model,
in the summertime does not play an important role in thg NO we determine first the linear relationship between small
change/trend. However, the comparison of magnitudes and  random perturbations in NOemissions and resulting

spatial distributions of N@ column amounts simulated by changes in N@columns, and then we use this relation-

the model and derived from satellite measurements is beyond  ship to estimate actual NCemissions changes which
the scope of this paper. Note only that the model tends to could be the cause of the observed changes in NO
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columns. This assumption should not be confused withtotal number of grid cells considered,is the number of a
the assumption of constant concentration of the OH rad-year, andp,, is the a priori probability distribution (specified
ical or other species, because their concentrations arbelow) for interannual changes in emissions. This distribu-
also allowed to change consistently in response to thdion assumes that, in the absence of any a priori informa-
perturbations of NQ emissions. As it is argued in tion, the most probable value &fC,, would beAC,. After
Sects. 4.1 and 4.2, the impact of the neglected effectperforming a symmetric Taylor's expansion of the modelled
associated with the nonlinearities on results of our studyrelationship between perturbations of the Nédlumns and

is rather small. The effects associated with changes irNOy emissions and disregarding non-linear terms, the distri-
emissions of other pollutants (CO, VOCs, g@re also  bution (2) can be re-written as follows:

disregarded; the related uncertainties in our results are

n
discussed in Sect. 3.4. P(AE"|AC,) N (e )
A Coi+Chi
ngAE;l 20E;

N

1

6. For this study transport of NQis taken into account exp{ -2 =~ [( E=Eo—
over three neighboring grid cells (that is, 200-300 km), =

2
and longer range transport of N@ disregarded. A(Cn _cn |E £ )> 0—2”1) (AE)
i0 im|E=E0 i a

®3)

Ci
7. The uncertainties of the retrieved emission trends are
estimated by means of tests described in Sect. 3.4. livhereEg are emissions for the base case, corresponding here
should be noted, however, that some potential uncerto the year 2001. The idea behind this distribution is very
tainties cannot be quantified with sufficient accuracy. simple: if we have some differences between inter-annual
Specifically, it is hardly possible to accurately quantify changes in N@ columns from observations and the model
any not yet identified systematic biases in the long-termwith constant emissions, we assume that this difference is
changes in N@ columns derived from satellite mea- probably due to corresponding changes in@issions. In
surements and similarly those obtained from the model.accordance with the assumption defined above (see Sect. 3.1,
Accepting these limitations and potential inaccuraciesitem (4)), E represents only anthropogenic N®missions.
of both the measured and simulated data used in théA\s common in inversion methods, we are looking for the
study, we provide evidence (see Sect. 4.2) that our estimaximum likelihood a posteriori estimates AE that yield
mates provide valuable information of an adequate ac-a maximum ofp. In order to insure that the a posteriori esti-
curacy, at least in comparison with available alternativemates of emissions are always positive, we seek the solution
data, derived from “bottom up” emission inventories.  in terms of natural logarithms of emissions, which are de-
_ . o noted below ag (that is, we replac& with exp(e)).
3.2 Basic formulations and specifications As it is common in geophysical studies, we characterize

A . . the long-term changes in the considered atmospheric charac-
Th? prpbabll|st|c Bayesian apprqac_h (seee.q., Er_mng, 20_02)('eristicg by the Iine%r trend and the year-to-yegr variability
which is common for atmospheric inverse modeling studies, ; )
| : - ) ) ) superimposed over the trend:
is applied here. Specifically, the Bayesian estimate of inter-
annual changes in NCemissions is retrieved by combining e" =e+ (n — n)A;e + Age" (4)
the available information about inter-annual changes in the
measured and modelled N®@olumns with the a priori con-  Of
s:trai.nttc, on the emissi.or? changes. Assuming.that uncertain-Aen — Ave+ Age" .n=1, M—1. (5)
ties in interannual variations of N@olumns satisfy the nor-
mal distribution, we get the following conditional probability Here (and below) the subscriptsandd denote a trend (in-
distribution function: dependent on the year) and a deviation from the trend, re-
P(AE"|AC,) o spectively, andV is the_total numb_er of years considgre_d.
N Note that the trend defined as a linear fit for the emission
exp| — % 3 [(Acinm [En AE”]— logarithms corresponds to the assumption of constant rela-
i=1 (2)  tive changes of emissions from year to year. In most cases
A\2 o considered in this study, the difference between the linear
Acio) Oci pa(AE) and exponential trends in emissions is small because trends
do not exceed several percent per year. Accordingly, our in-
whereE is a matrix of NQ emission estimates for differ- version procedure consists of two major steps.
ent grid cellsi and years:, C, andC,, are the observed Firstly, we estimateA,e by finding values of Ae"
and modelled N@columns (the modelled NOcolumns are  which provide a maximum of the distribution (3) in which
a function of NQ emissions) A is an operator of an inter- A(Co—C,,) is replaced by the linear trend in the difference
annual variation (e.gAE"=E"t1—E"), o is the standard  (Co—C,,); the estimates\e” for each pair of neighbouring
deviation for the uncertainties in the N@olumns,N is the years are averaged. The trend@p{C,,) is defined similar
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to the trend in emissions (see Eq. 4) and is denoted below asf o, from one grid cell to another is of interest in Eq. (6) and
A;(Co—C,,). In this step we have also to define the prob- not its absolute value):
ability distribution function for a priori emission estimates,

pa- As we do not dispose of any specific information on un- 1 W™ kG, j) kG, j)
certainty in the EMEP emission data which could provide ala = N_w Z (ACO —ACn (90))
priori error estimates for the emission trends, we pyias J=1

a constant inside realistic limitéy{n<A,e<Imax) and zero  where n,, (which here equals 100) is the number of data
outside. Such choice gf, reduces our task to the following  points in a “window” comprising grid cells having similar

2
. i=1,...,N(7)

minimization problem: magnitudes of the measured N€plumns andj is the inter-

nal index of a grid cell inside the window, amglare the base
Ae" = case emissions. This approach is described in Konovalov et

N [N . a(CHrcn ) al. (2005). Such defined values @f are found to increase

arg m'”__zl gl(exp(Aej) — D" e monotonically from about 0.25 to 28.0*> molec cm™2 as

=T 2 ) C, increases from about zero to 150! molec cm2.
-2
—Ai(Cly = €, |e=eo )) Oci 3.3 Numerical method
Ae" € [lmin, Imad A mathematically exact solution of our inversion problem

is computationally too expensive, especially taking into ac-

. .. . fcount the need for additional calculations and tests aimed at
Limits are chosen as the mini mum and maximum values o

linear trends in the EMEP NQemissions data considered estimating uncer_ta|nt|es n _the resglts. Approximate meth-
. S ods, developed in our earlier studies, have therefore been
on a 1 by 1 degree grid of our model. This gives values of

Imin=—0.07 and ha=0.1. Such procedure gives an estimate used. The original model is substituted by a set of linear

of the spatial distribution of the NQCemission trends pracii- statistical models describing the relationships between per-

cally independent from the corresponding distribution baseaturb":ltlon.S of the N@colump na gf'd celt. with respect .to
N " ; - - perturbations in the NQemissions in a grid celj approxi-
on the “bottom-up” inventory, while avoiding unrealistically

larae maanitudes of emission trends mately (Konovalov et al., 2006a). Such an approximation is
9 9 ) T possible because the lifetime of freshly emitted,N©short
Secondly, we estimate deviations from the trendie, i, summer (several hours). Our method takes into account
that provide the maximum of the distribution (2) where the transport of NQon the scale of three neighbouring grid
A(Co—Cyy) is replaced byA;(Co—Cyn) and p, is @ Gaus-  cg|is (that is, 200-300 km). The statistical models were cre-
sian dISt'rIbutIOI’l 'forAde with thg standard FieV|at|on equal gied by performing 100 model runs with randomly perturbed
0.14. This value is chosen to adjust the variance of the a posy 0, emissions for each year independently. The coefficients
teriori deviations from the trends in Great Britain to the vari- of the statistical models provide estimates for the derivatives
ance calculated for the deviation from the trends in the “new“aleaE in Eq. (3). Once these derivatives are evaluated, the
EMEP data for the same country (about 4.2%). Note that typnaximum of the probability distribution can be easily found
ical magnitudes of interannual variations in our a posteriorip,, means of standard numerical methods. Here the optimal
emission estimates are determined not only b_y parameters Qfgtimates of\,e andAge for each pair of years are obtained
Pa, but also by values of .. Although the choice of Great 1,y means of the iterative steepest descent method using zero
Britain is rather arbitrary, it seems reasonaple t_aklng into aC4g jnjtial guess. Two hundred iterations (per year) are found
count that ground based measurement okNQhis country 4 pe sufficient to reach the maximum of the considered prob-

are used for validation of our results. Note that if we were ity distribution, requiring only few minutes of CPU time.
interested only in estimates of linear trends in emissions, this

second stage of our algorithm would not be needed. How3 4 Uncertainties in results

ever, as the evolution of real emissions is not necessarily lin-

ear, an attempt to estimate; e seems justified. In this section, uncertainties associated with the inversion
Values of the standard deviation for uncertainties in themethod, as well as uncertainties causeddndomerrors in

NO, columns,o ., which are involved in our formulations the input data will be estimatedSystemati@rrors in input

(see Egs. 2, 3, 5), are estimated from differences betweedata and the model used for inversion are difficult to estimate

simulated and observed N@olumns. Such estimates yield in a quantitative way and will be discussed below qualita-

an upper bound for the uncertainties. Specifically, they ardively.

estimated as a function of magnitude of the measured NO In principle, the uncertainties in our emission trend esti-

columns by calculating the mean square differences betweemates may come from uncertainties in (i) the measured and

the inter-annual changes of the measured and modelled NOmodelled NQ columns, (ii) the numerical method, (iii) the

columns in a “running window” (note that only the variation a priori constraints to emission changes, and (iv) the initial
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assumptions outlined in Sect. 3.1. For the first part (i) of un-This test which, in particular, justifies our assumptions about
certainties inA,e, we consider, in particular, how deviations the unimportance of the long-range transport and potential
from a trend in the columngy;(Co—C,,), can influence the nonlinearities of the relationship between N&lumns and
estimates ofA,e. Although such deviations are not necessar-NOx emissions (see remarks (5) and (6) in Sect. 3.1) is con-
ily due to uncertainties, this approach allows us to estimatesidered in more detail in Sect. 4.1. Contributions from all dif-
at least, an upper limit of the respective uncertainties je. ferent sources of uncertainties discussed above are summed
Technically, we performed a Monte-Carlo experiment basedup quadratically to provide a rough estimate of overall uncer-
on the bootstrapping method (Efron and Tibshirani, 1993):tainty in the NQ emission trend for a given grid cell or coun-
each vector A(C;—Cy) )]s corresponding to some pair of try. Note that the importance of different sources of uncer-
years (i, n+1) is attributed to another pair (e.g§./+1), where tainties differs for different grid cells, regions and countries.
[ is a random number. The experiment included 100 inver-We present below only estimates of total uncertainties and do
sions with such randomly mixed deviations. Note that thisnot discuss the relative contributions of different sources in
experiment allows us to account for uncertainties caused, ietail, particularly because our uncertainty analysis is any-
particular, by irregular annual fluctuations in biogenic emis- way very simplistic.
sions (e.g., due to forest fires). Next, we discuss in a qualitative manner the impact of sev-
In addition the uncertainty arising from the relatively large eral systematic error sources. The a priori constraints chosen
spatial resolution of GOME measurements is estimated. Thign this study can cause a bias in an estimated trend only if the
is achieved by using high resolution measurements, smoothactual emission trend is smaller than 7 percent and larger than
ing them in the longitudinal plane and then evaluating thel0 percent per year. However, it seems very unlikely that
differences between NQemission trends produced with the NOy emissions can change so rapidly in many regions. On
original proxy data and their smoothed counterpart. Thesdhe other hand, these constraints allow us to avoid unrealistic
differences can be calculated either for a single grid cell orestimates of trends in the regions where the anthropogenic
averaged over a whole country. As the proxy for the ac-emissions are small and uncertainties in the inverted emis-
tual spatial distribution of the decadal trends in measuredsions are large. Therefore, we presume that, on the whole,
NO, columns, we used the trends calculated for three yearso significant uncertainty is associated with the a priori con-
of SCIAMACHY measurements only. Trends estimated for straint.
such a short period have limited meaning, but are used to Uncertainties in our estimates of the trends in anthro-
characterise the expected heterogeneity of the spatial distripogenic emissions may also be introduced by unaccounted
bution of changes in actual N@olumns during the longer for trends in biogenic emissions. However, available data
period. The smoothed (convoluted) counterpart of SCIA-(e.g. FAO, 2004; EFMA, 2005) indicate that changes in the
MACHY data were obtained in a similar way to that used consumption of nitrogen fertilizers in Western, Central and
in Konovalov et al. (2006a). Eastern Europe during the considered period were rather
In an attempt to account in a simple way for uncertain- small (less or about 5 percent). It seems reasonable to assume
ties arising from systematic biases in the modelled and meathen that emissions from other sources of biogenic nitrogen
sured NQ columns (due to e.g. inaccuracies in emission (such as organic fertilizers and forest fires) also did not man-
rates specified in the model, see the remark (3) in Sect. 3.1)fest significant regular changes during the last decade. Then
we scaled the measured N©@olumns by the mean ratio of the bias in our estimates of the trends in anthropogenic emis-
the simulated (for the base case) and measuregldédmns  sions caused by changes in biogenic emissions should be, on
in a given grid cell and repeated the inversion procedure witha country- wise average, well below one percent per year.
such modified inputs. Differences between the results ob¥or information, Table 1 provides the mean rates of anthro-
tained with the original and with the modified input data are pogenic and biogenic NGemissions for several countries as
taken as a measure of the uncertainty in our emission trengpecified in our model. For particular grid cells, trends in
estimates. biogenic NG emissions still may be larger than the average
In order to estimate uncertainties in emission trends asOnes.

sociated with the numerical method and approximations the Another potential source of uncertainty in our estimates is
following procedure has been used: associated with systematic uncertainties in the trends in the

measured and modelled N@olumns. As the instruments

1. the observed N@columns were substituted by columns are measuring absorption of N(at least to a first order the
calculated by the model with the a posteriori emissions@3€ing of instrument should not introduce an error. However,

(serving as a substitute for an exact solution), strong reduction of transmission of the instruments would re-
sult in larger noise in more recent years which has not been
2. the inversion was performed, and observed. Onthe whole, the GOME and SCIAMACHY mea-

surements agree well for the period of overlap from August
3. the difference between the results and the “exact” solu-2002 and June 2003 as shown by Richter et al. (2005). Never-
tion was determined. theless, some second order impacts of ageing may be present
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in the data set. The systematic shifts in the retrievals fromy,, .« 1 Mean summertime anthropogenic and biogenicde@is-
satellite data may result from unaccounted changes in aerosQ|yp rates (in 18’ molecules cm2s—1) for several countries, as

properties, in surface and cloud albedo and in vertical dis-specified in CHIMERE CTM. The anthropogenic emissions corre-
tribution of NG,. According to Richter et al. (2005) these spond to the year 2001; the biogenic emissions do not change from
possibilities may account only for a small fraction of the ob- year to year in the model. In accordance to a general selection cri-
served trends. Some biases in the trends produced by therion applied in this study (see Sect. 2.5), only those grid cells are
model may be caused by global tendencies (such as changésunted, for which, according to CHIMERE calculations, the con-
in the composition of the stratosphere and in stratospherembUtion of .NOZ from anthropogenic sources is dominating the total
troposphere exchange), which may be partly responsible folFoPospheric N@ column amount.

not accounted for trends in the atmospheric lifetime ofyNO
Within the domain of our study, the major NQoss path- Emission rates
way is reaction with OH in the continental boundary layer.

Continental boundary layer OH is influenced by many fac- Country Anthropogenic  Biogenic
tors including ozone, water vapor, UV radiation, lNGOC France 8.9 4.2
and CO levels. Among these factors, only trends in VOC and Former Yugoslavia 5.4 1.8
CO emissions are of the same order as the estimated trends Germany 20.0 5.7
in NOy emissions. In order to check the impact of an un- Great Britain 18.0 1.0
accounted trend in VOC emissions on the derived trend in Greece 5.6 12
NOy emissions, we performed the following test: simula- Iraq 13.1 2.2
tions were performed with VOC emissions specified on the ltaly 118 2.0
. . Poland 9.3 2.3
EMEP annual data rather than with constant VOC emissions Russia 58 13
(asin _the base ca_se)_. This test yielded very S|m|_lar results Spain 10.8 1.2
for derived NG emissions trends. Thus the impact in factors Turkey 58 1.0
influencing OH on estimated NGemission trends is small. Ukraine 6.4 23

This is partly due to the observation time between 10:00 and
11:00 LT which leaves little time for fresh emissions of NO
to chemically react. In conclusion and based on our cur-

rent understanding of systematic uncertainties in observed og; al., 2006a and references therein), their strong changes in

modelled NQ columns, the associated uncertainties in oursome regions may also contribute to the difference between
results are considered to be smaller than the statistical uncegyr estimates and EMEP data.

tainties estimated.

The data of the bottom-up inventory, which are com-
pared below with the observation based emission trends, rept  Results
resent annual EMEP emissions processed by the standard
CHIMERE interface to yield the daily average emissions4.1 Decadal trends in NQemissions
for the summer season only. Seasonal factors applied to
the annual data are provided for different SNAP (Selectedrigure 3 presents our estimates of N®mission trends
Nomenclature for Air Pollution) sectors by IER, University in comparison with corresponding trends in anthropogenic
of Stuttgart (GENEMIS, 1994). Differences in trends for emissions specified in the CHIMERE CTM for the summer
both data sets can thus be partly due to trends in these setime. The white dots on Fig. 3a mark grid cells for which the
sonal variations. It should also be taken into account that thelifference between the emission trends found in our study
changes in the observed M@olumns mainly reflect changes and calculated with the latest EMEP data is statistically sig-
in the morning emissions, rather than in the 24-h averagenificant (in terms of & roughly estimated as discussed in
emissions. The relative fraction of different sources ofyNO Sect. 3.4). It is evident that both the similarities and dif-
emissions can be dependent on whether they are considerderences between our estimates and the expert data are nu-
only in the morning hours or on a twenty-four hour basis. merous. Among the similarities are predominantly negative
This factor may also contribute to the differences betweentrends over Western and Central Europe. This includes coun-
the NQ; emission trends derived from the satellite data andtries such as Austria, Belgium, Bulgaria, the Czech Repub-
those calculated using the EMEP inventory. In particular,lic, France, Germany, Great Britain, the Netherlands, Poland,
the changes of emissions from mobile sources could conSlovakia and Switzerland. In contrast, positive trends are de-
tribute more strongly to the derived than to the calculatedrived over ship tracks in the Mediterranean Sea and along
trends. In addition, the EMEP inventory does not take intothe coast of Portugal both by our inversion method and by
account NQ emissions from aircraft. Although these emis- EMEP. These results are important, because they allow a di-
sions are relatively small on the average as compared to emisect confirmation of the estimation of emission trends made
sions other sources in Europe (see discussion in Konovaloby EMEP with satellite based measurements.
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Fig. 3. Decadal trends (percent per yr) in summertime anthropogenig &fissionga) estimated in this study and calculated w{t)

the most recent angt) older EMEP data along witfd) magnitudes of the summertime anthropogenicyNgthission rates prescribed in
CHIMERE for the year 2001 (in moleculesmfzxsflxlog). Blank dots mark (&) grid cells for which the difference between the emission
trends is significant in terms o#1 (b) grid cells (in UK) for which near surface N@neasurements are available, and (c) locations of EMEP
sites selected for the study.

Large differences are seen, in particular, in Balkan coun-interesting to note that our estimates of the trends are in better
tries, Georgia, Russia and Turkey, where our analysis yieldagreement with new EMEP emission data than with old ones
predominantly negative trends in contrast to positive trenddor all countries shown in Fig. 4. It is further interesting,
obtained with the expert data. It is especially interesting tothat for several Mediterranean countries (Greece, Italy and
note that the measurement based trends feature larger spatpain), neutral or positive trends are predicted from satellite
heterogeneity than the new EMEP data. In particular, theradata, contrary to the negative trends for Western and Central
is a clear evidence of positive trends in the regions arouncEuropean countries.
the largest Russian cities such as Moscow, St. Petersburg and e differences between our results and the expert emis-
Nizhniy Novgorod, while the rest of Russia shows predomi- gio gata are larger outside of Western Europe. In particular,
nantly negative trends. Strong positive trends are also founghe girections of the trends in the measurement-based and the
in industrial regions of the Eastern Ukraine, while the West-,o\v EMEP data differ in Turkey, Ukraine, Russia and For-
ern Ukraine manifests mostly negative trends. These resultg,q, Yugoslavia. The differences between the old and new
are pinpointing particular regions where the EMEP trend es-g\gp data are relatively large here, especially for Ukraine
timates could have problems for whatever the reason. and Russia. For these countries, the new EMEP emissions

Figures 4 and 5 present the time series ofN@nissions do not compare bett_er yvith our estimates than the old ones.
averaged over several countries. Rather close agreement b&n€se observations indicate that the current knowledge about
tween the new EMEP data and our estimates is found fo€missions and their inter-annual changes in former USSR
France, Germany, Great Britain and Spain. Statistically sig__countrles, in the Balkans _and in the Middle East is still very
nificant differences between our results and the expert estil"complete and probably inadequate.
mates are found for Italy, where our data suggest that the de- As aresult of large uncertainties in the input data, the year-
crease in N@ emissions in the EMEP inventory is strongly to-year variations superimposed on the trend could not be
overestimated. In Greece, the expert data show rather irreglestimated sufficiently accurately. Probably, such variability
lar behavior, and our estimates are also rather uncertain. It ign our data mostly reflects uncertainties in the model and
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Fig. 4. The time series and linear trends in anthropogenig E@issions averaged over several countries. Values provided in round brackets
are estimates of uncertainties (see Sect. 3.4). Values reported in square brackets are the statistical uncertainty (the standard deviation) of
linear fit to the EMEP data (not including systematic uncertainty).

measurements, but in some cases (e.g., in Russia betweémter-annual changes of N@missions and can be compared
1998 and 1999 and in Iragq between 2002 and 2003), it mayvith the emission trends shown in Fig. 3a. The agreement
also be due to actual emission changes. The deviations frorhetween Figs. 3a and 6 would be perfect if (1) the inver-
the trends for Russia and Iraq are zoomed and shown by pinkion scheme was perfect, (2) the input data (the K@umns
lines in Fig. 5. A stronger, than on the average, decrease dirom the measurements and simulations) did not contain any
NOx emissions in Russia in 1999 could be attributed to con-uncertainties, and (3) there were no a priori constrains to the
sequences of a severe economic crisis which happened in Awestimates of the emission trends. As neither of these con-
gust of the previous year. The magnitudes of these variationslitions is satisfied exactly, the agreement is not ideal, but
are probably strongly underestimated as a result of the uncesstill it is obvious that the spatial distributions of the emis-
tainties in input data and a priory constraint on the interan-sions trends shown in Figs. 3a and 6 are very similar. This
nual variability of emissions (see Sect. 3.2). In other words,similarity indicates that our scheme works properly and the
whenever the information on actual change in emissions iapproximations made are legitimate.
insufficient, our method yields a near-zero deviation from a
linear trend as the best solution. We checked that when the The differences between estimates of emission trends re-
a priori constraint on the interannual variability of emissions trieved in this study and those from EMEP may yet be ex-
is relaxed, our estimates become more uncertain as indicatgalained by unidentified systematic errors in either of the ap-
by results of their validation by ground based measurementsroaches (see discussion in Sect. 3.4). However, the rather
Note that the uncertainties and corresponding variations irgood agreement of our trend estimates with the EMEP data
emission estimates which have a quasi-random character fan the regions where the bottom-up inventories are likely to
individual grid cells tend to be mutually compensated whenbe most accurate lends confidence to satellite derived trends
our estimates are averaged over the whole country. in regions where larger differences with the EMEP trends ap-
Figure 6 presents results of the special test which was depear.We hope that our results will give rise to further studies
scribed earlier (see Sect. 3.4). The emission trends shown a@@med at clarifying the reasons for the disagreement between
derived from NQ columns calculated with our estimates of the “top-down” and “bottom-up” inventories.
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Fig. 5. The same as in Fig. 4, but for other countries. Additionally, the pink dashed lines show deviations from the measurement-based
emission trends for Irag and Russia.

4.2 Checking the agreement between the measurement data
and simulations obtained with the measurement-based
emission estimates

The optimization of N@ emissions should lead to improve-
ments in the agreement between the modelled and measured
data. The comparison between trends inoN®lumns de-
rived from satellite measurements and trends calculated with
the optimised N emissions is presented in Figs. 7 and 8 for
the same countries that were considered earlier (see Figs. 3
and 4). The trends in N&xolumns calculated with the “new”

% 4 - 1 5 1 3 s T EMEP emissions are also shown in Figs. 7 and 8. In or-

der to facilitate the comparison of the trends, the modelled

Fig. 6. The NO, emission trends (in percent per yr) derived from time series have been preliminary centred, so that they co-
NO, columns that were calculated with our estimates of inter- incide with the measurements on the average, but without
annual changes of NOemissions. These trends can be comparedaltering relative trends. In most cases considered, both the
with the original NQ emission trends shown in Fig. 3a. The agree- measured and simulated time series demonstrate strong inter-
ment is not expected to be perfect due to uncertainties in input datannual changes superimposed over linear trends. This vari-
and a prior_i c_onstraints, _but th_e e_vident similariFy of t_he results ability may reflect changes in the meteorological situation,
shown in this figure and Fig. 3a indicates that our inversion schemg, + it also may be due to uncertainties in the model and mea-
operates properly. surements. In some cases (e.g. in Iraq in 2003), the devia-
tions from a trend may also be caused by strong changes in
emissions.
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year have been multiplied by a ratio of the mean values of measured and modefjexbN@ns.
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Fig. 8. The same as in Fig. 7, but for other countries.

It is easy to see that the measurement-based emission esions and the long-range transport of N@h our estimates of
timates yield an excellent agreement (within the uncertaintyNOy emission changes is indeed rather small. Itis interesting
of the linear fits) between trends in the satellite data and simto note that for many countries (but not for all), the trends in
ulations for all countries considered. This agreement is obthe measured NOcolumns and the derived NGemissions
viously better than that in case of N@olumns calculated are rather similar. From the theoretical point of view, trends
with the EMEP emissions. These results indicate, in particuin NO> columns and in anthropogenic N@missions can
lar, that the impact of neglected effects associated with nonindeed be similar but should not be exactly the same, ex-
linearities in the dependence of N©Oolumns on NQ emis- cept for the special case when the transboundary transport is
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Fig. 9. Comparison of NQ results of a model run for which  Fig. 10. Comparison of @results of a model run for which changes
changes of N@ emissions were specified using either (1) results of NOy, VOC and CO emissions were specified using either (1) re-
of this study or (2) the most recent and (3) older expert data of thesults of this study or (2) the most recent and (3) older expert data of
EMEP inventory with (4) measurement data for fl@ear surface  the EMEP inventory with (4) measurement data for ozone concen-
concentrations at AURN in Great Britain. The measurement andtrations from the EMEP monitoring network. The time series shown
modelled data from individual monitors were combined to equaliserepresent 90 percentile of measurement data and their counterparts
contributions from sites with different level of air pollution (see averaged over all 36 EMEP sites selected for this study. One sigma
Sect. 4.2 for details). One sigma uncertainties in trends are indi-uncertainties in trends are indicated in brackets.

cated in brackets.

of comparison of the ground-based measurements with cor-

negligible, the horizontal mixing is homogeneous, the life- responding model results are summarized in Figs. 9 and 10.
time of NG is the same everywhere, and the contribution  while performing simulations of near surface concentra-
from other sources of NQis also negligible. An in-depth  tjons of 0zone and NQwith our estimates of NQemissions,
analysis of these similarities and differences goes beyond thg,e ysed two different options regarding CO and VOC emis-
scope of this study. sions. The first option was to assume that the relative inter-

Of course, the improvement in the agreement between thannual changes of emission of CO and hydrocarbons are the
measured and modelled N@olumns can only be consid- same as those of NGemissions. Indeed, VOC and NCas
ered as necessary but still insufficient evidence that our emiswell as CO have many common sources, and thus the multi-
sion estimates are sufficiently accurate. The comparison wittannual changes of their emissions likely covariate to some
independent data such as near surface ozone andchi® extent. Another option was to use the annual EMEP data for
centrations provides a much more critical test of our results.emissions of CO and VOC, but we kept in mind that their

The locations of the ground-based monitors that we con-uncertainty is probably as large as the uncertainty in the ex-
sidered in this study are marked by blank dots in Fig. 3b, c.pert data for NQ emissions. When it is not specified other-
Specifically, Fig. 3b shows the coordinates of the UK AURN Wise, the results are reported for the first (main) option. The
monitoring stations, and Fig. 3c indicates locations of EMEPSecond option is discussed below only in the case of ozone
monitors. Unfortunately, the ground-based measurement§imulations, since the results for N@olumns and N¢@near
are available only for areas where the differences betweegurface concentrations obtained with the expert annual data
our estimates and the EMEP data are not so large. Note als®r VOC and CO emissions do not differ significantly from
that the UK stations tend to be clustered within and arouncthe respective results obtained with the first option.
major cities. In particular, 7 stations out of 21 considered In case of NQ measurements (Fig. 9), we considered a
are located in London and its nearest suburbs; these statiommbined time series in which measurement data from dif-
correspond to only two grid cells of our model. The results ferent monitors and simulated data for the monitoring sites
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are weighed in order to equalize contributions from sitesfluxes larger than in Great Britain, and thus it is more fa-
with very different level of air pollution. The weights have vorable to oxidation processes. A bias which these artifacts
been defined such that the seasonally-meagr diidcentra- may cause in the measured negative trend iry M@nhcen-
tions averaged over 10 years at each of the sites is equal afrations in UK is likely positive, because concentrations of
ter weighing to the total average (both over years and sitesPH and Q, which are responsible for the oxidation of RO
of the seasonally-mean measured,Nfoncentrations before species, are likely to increase in urban sites ag Biissions
weighing. It is useful to note that direct comparison of the decrease. The magnitude of this bias is quite difficult to as-
NOx measurements and model calculations performed withsess; most probably, it is less than 10 percent of the measured
1-degree resolution would hardly make any sense because ¢fend. Such bias cannot change any conclusions of this study.
the large representativeness errors which, nevertheless, are Tropospheric @ is exhibiting two diametrically opposed
expected to be less important when the goal is to compardehaviors being observed world wide, the peakv@lues
relative inter-annual changes in simulated and measurgd NOin urban areas of EU and US has been coming down (es-
concentrations. pecially during the 1990s) as a result of regulation, but the
It can be seen that clear improvements both in the trend$ackground is continuing to increase. For the ground based
and RMSE (defined as the RMS difference between respecszone in this study (see Fig. 10), we compared the aver-
tive time series) calculated for N@oncentrations take place age (over all EMEP sites considered) of 90 percentiles (de-
when the old EMEP data are replaced either with new experfined for each monitoring site during the considered summer
data or our own estimates. In particular the use of oug NO seasons) of measured daily maxima of ozone concentrations
emission estimates reduces RMSE from 5.1 tq@0n° and  with the average of daily maxima of simulated ozone con-
reduces the difference between the time series for 9 yr (coneentrations sampled on the same days when the respective
sidered individually) out of 10. The binomial statistics indi- 90 percentile in the measured concentration was observed.
cates that the hypothesis that such changes are entirely raft-can be seen that the observed trend is near zero, while all
dom must be rejected with high confidence (about 98 permodel calculations show small negative trends. The differ-
cent). The difference between results obtained with our emisence between the observed and modelled trends is not statis-
sion estimates and new EMEP data is very small and statistically significant and, most probably, it should be attributed
tically insignificant: the RMSE calculated with our emission to “random” uncertainties in the model (caused, e.g., by im-
estimates (3..g/m?) is slightly larger than that obtained precision of meteorological data and chemical scheme). Our
with the new EMEP data (2,/8g/m®), the trend in simulated  results do not allow us to completely exclude the role of some
data gets slightly closer to the trend in the measurement datamore “systematic” reasons for differences in the trends such
and the improvements in agreement between the data for inas positive trends in boundary conditions (Simmonds et al.,
dividual years take place only for 6 yr. These results indicate2005; Ordonez et al., 2007) or changes in reactivity of hy-
that the new EMEP data for Great Britain are already ratherdrocarbons. But still, the improvements which take place
good. with our emissions are rather considerable both in the trend
Note that chemiluminescence analyzers which are emand in RMSE. In particular, RMSE (defined for the time se-
ployed in the UK automatic network may overestimate theries shown in Fig. 10) is reduced by 20 percent (from 7.4
actual concentration of NfObecause of interference of non- to 5.9.9/m°) in comparison with the simulation based on
NOy reactive nitrogen (N¢) species. For example, Dun- the new EMEP emissions. The improvements in RMSE take
lea et al. (2007) found that, during the MCMA-2003 field place for the majority (27 out of 36) of sites and 7 (out of
campaign in Mexico City (April 2003), the interference of 9) annual data points (see Fig. 10) considered independently.
NO; species resulted in average p@oncentrations mea- The binomial statistical test indicates that the “null” hypothe-
sured by the chemiluminescence monitors up to 22 percensis (“the changes are completely random”) applied to the sta-
greater than that from co-located spectroscopic measuretistical ensembles of individual monitors or individual years
ments. Steinbacher et al. (2007) found that, on the averageshould be rejected with the probabilities of 99.6 in the case
only 70-83 percent of NOmeasured at a non-elevated ru- of sites and 82 percents in the case of annual data. The im-
ral site could be attributed to real NOWe have no specific provements are distributed rather homogeneously across re-
information about possible artifacts in the consideredsNO gions where the long-term measurements took place. Specif-
measurement in Great Britain, but it seems probable that thejcally, the numbers of sites, for which RMSE was reduced,
should be much smaller than those mentioned above. Inversus the total numbers of sites in different countries are as
deed, the majority of the selected N@onitors (19 out of  follows: 5/9 in Austria, 2/2 in Belgium, 2/3 in Switzerland,
21) are located in urban areas, and, therefore, the ratio o/1 in Czechia, 3/4 in Germany, 1/1 in Denmark, 0/1 in Fin-
concentrations of secondary pollutants containing nitrogerland, 1/1 in France, 6/6 in Great Britain, 0/1 in Ireland, 1/1
(such as HN@ and alkyl nitrates) to those of primary NO in Norway, 3/4 in Poland, and 2/2 in Sweden.
pollutants at the selected AURN sites should be significantly Some (smaller) improvements are found when the changes
smaller than at the rural sites considered by Steinbacher et abf VOC and CO emissions were specified using the EMEP
Similarly, the climate in Mexico City is warmer and actinic data. In this case, the RMSE is reduced by about 4 percent

www.atmos-chem-phys.net/8/2623/2008/ Atmos. Chem. Phys., 8, 26232008



2638 I. B. Konovalov et al.: Decadal trends in European, d@issions

(from 7.4 to 7.1ug/m3), the improvements in RMSE are served surface ozone (higher percentiles) over Western Eu-
found in 22 individual sites (with the probability that the rope in the nineties. Rather stable emissions are calcu-
“null” hypothesis is wrong to be 76 percent), the magnitude lated for Mediterranean countries (Spain, Italy, Greece), and
of the trend remained the practically same. increasing emissions on Atlantic and Mediterranean ship
In conclusion, our estimates of N@mission changes are tracks. Significant decreasing trends are also found for some
consistent (within the range of uncertainties caused by otheof the biggest Eastern European and Middle East countries
factors) with measurement data both for tropospherig NO such as Poland«2.7+1.5), Russia+{2.5+1.6 ) and Turkey
column amounts and near—surface concentrations of ozon¢—2.0+1.0). In Russia, the spatial structure of the mea-
Although we cannot claim that our estimates are more presurement based trends demonstrates strong heterogeneity,
cise than the emission data based on the EMEP inventoryith positive trends concentrating around the largest Rus-
everywhere, our analysis has shown that they are at leastian megacities such as Moscow, St.-Petersburg and Nizhny
not worse on the whole. Our estimates may yield largestNovgorod. Strong heterogeneity in the distribution of NO
improvements in simulation of near surface concentrationsemissions trends is also found in Ukraine, where the eastern
in the regions where the directions of the trends in the top-industrial regions show strong positive trends, whereas neg-
down and bottom-up estimates of N®missions are oppo- ative trends are dominating in western regions.
site (e.g. in Russia and Turkey), but unfortunately no mea- Our “top-down” estimates of emission trends were com-
surements are available there. The disagreement betwegrared with trends calculated with “bottom-up” emission data
different emission data can be considered as evidence thditased on the most recent EMEP inventory. The differences
the knowledge of emissions in these regions is currently in-between the trends calculated with these two kinds of data are
adequate. found to be within the range of uncertainties for most of the
countries considered, but there are also several exceptions.
In particular, our estimates suggest that the negative trend is
5 Conclusions much smaller than predicted by the experts in Italy. Negative
trends instead of positive ones in the expert data are found
In this study we used the data on troposphericd@umns  for Balkan countries, Russia and Turkey. Additionally, we
amounts derived from long-term satellite measurements otompared our results with those calculated using N@is-
GOME and SCIAMACHY in order to investigate and es- sions from an older version of the EMEP data (obtained from
timate decadal changes (between 1996 and 2005) in NOthe EMEP website before 1 December 2006). We found that
emissions in Europe, the Mediterranean and the Middle Eastour estimates better agree with the more recent EMEP data
To this end, the measurement data were combined in théhan with older ones for the biggest Western European coun-
framework of an original inverse modelling scheme with cal- tries, as well as Greece, Former Yugoslavia and Turkey, but
culations performed with a continental scale CTM. In con- no improvements are found for Russia and Ukraine.
trast to more common approaches, our algorithm does not Model runs using the obtained estimates of emission
rely on a priori estimates of the inferred quantities and doeschanges were found to demonstrate a satisfactory agree-
not require explicit assumptions about the magnitudes of unment with data of independent near-surface measurements
certainties in emission inventories, measurement data andf NOy in Great Britain and ozone at stations of the Euro-
model results. We constrain a priori only maximum mag- pean EMEP network. In case of NOwe found the simu-
nitudes of the emission trends and inter-annual variations sutations performed with our estimates to be more consistent
perimposed on the trend. Results obtained with this methodvith the measurements than the simulations performed with
are highly relevant, because they allow confirmation and im-the older version of the EMEP data (obtained before 1 De-
provement of “expert” emissions trends by means of inde-cember 2006), while no significant difference is found be-
pendent information. In contrast to surface measurementsween simulations performed with the measurement-based
satellite measurements have the necessary spatial coveragad more recent EMEP emissions. In case of ozone, sta-
needed for such a study and can be extended to other regionstically significant improvements of the agreement between
lacking high quality monitoring networks. simulations and measurements are found when the simula-
Our results indicate that, in agreement with expert esti-tions are performed with our emission estimates in compar-
mates, NQ emissions in Europe have been generally de-ison with simulations produced with both versions of the
creasing (with some exceptions) in Western and Central EUEMEP data. The demonstration of greater potential of our es-
rope. Stronger decreases are calculated for Great Britaitjmates in improving simulations of near surface concentra-
Germany and France, where we found the trends ik NO tions is hampered by the fact that the long-term ground based
emissions to be-4.7+0.6, —3.7+0.7, and—2.8+1.3 per-  measurements are available mostly for regions where the dif-
cent per yeatr, respectively. These results are also in quaference between “top-down” and “bottom-up” estimates of
itative agreement with independent studies (Jonson et allNOy emissions trends is relatively small. Data from different
2006; Vautard et al., 2006), which conclude that ,N&ahd national monitoring networks in EU countries may provide
VOC emission reductions are not in contradiction with ob- more useful information for validation of emission estimates
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