Atmos. Chem. Phys., 14, 779805 2014 Atmospherio
www.atmos-chem-phys.net/14/7795/2014/ .

doi:10.5194/acp-14-7795-2014 Chemistry
© Author(s) 2014. CC Attribution 3.0 License. and Physics

Characterization of OMI tropospheric NO ,
over the Baltic Sea region

. lalongo?, J. Hakkarainen®, N. Hyttinen?, J.-P. Jalkaner?, L. Johanssorf, K. F. Boersma4, N. Krotkov °, and
J. Tamminent

IFinnish Meteorological Institute, Earth Observation Unit, Helsinki, Finland

2Finnish Meteorological Institute, Air Quality Unit, Helsinki, Finland

3Royal Netherlands Meteorological Institute, Climate Observations Department, De Bilt, the Netherlands
4Wageningen University, Meteorology and Air Quality group, Wageningen, the Netherlands
SAtmospheric Chemistry and Dynamics, NASA Goddard Space Flight Center, Greenbelt, Maryland, USA

Correspondence td: lalongo (iolanda.ialongo@fmi.fi)

Received: 6 November 2013 — Published in Atmos. Chem. Phys. Discuss.: 23 January 2014
Revised: 27 June 2014 — Accepted: 30 June 2014 — Published: 5 August 2014

Abstract. Satellite-based data are very important for air- at high latitudes{ 60° N). The same methodology could be
quality applications in the Baltic Sea region, because theyapplied to similar-scale cities elsewhere, as long as they are
provide information on air pollution over the sea and whererelatively isolated from other sources.
ground-based and aircraft measurements are not available. Transport by the wind plays an important role in the Baltic
Both the emissions from urban sites over land and shipsSea region. The N©®spatial distribution is mainly deter-
over sea, contribute to tropospheric NiBvels. Tropospheric  mined by the contribution of westerly winds, which dominate
NO2 monitoring at high latitudes using satellite data is chal- the wind patterns during summer. The comparison between
lenging because of the reduced light hours in winter and thehe ship emissions from model calculations and OMINO
weak signal due to the low Sun, which make the retrievaltropospheric columns supports the applicability of satellite
complex. data for ship emission monitoring. In particular, both the
This work presents a characterization of tropospherie NO ship emission data and the OMI observations showed similar
columns based on case-study analysis in the Baltic Sea rerear-to-year variability, with a drop in the year 2009, corre-
gion, using the Ozone Monitoring Instrument (OMI) tro- sponding to the effect of the financial crisis.
pospheric N@ standard product. Previous works have fo-
cused on larger seas and lower latitudes. The results of this
paper showed that, despite the regional area of interest, it ]
is possible to distinguish the signal from the main coastall Introduction
cities and from the ships by averaging the data over a sea'il
sonal time range. The summertime N@mission and life-
time values £’ =(1.5+0.6)mols! andt =(3+1)h, re-
spectively) in Helsinki were estimated from the decay of th
signal with distance from the city center. These results agre

itrogen oxides (NQ=NO + NOy) play an important role

in tropospheric chemistry, participating in ozone and aerosol
eproduction processes. NO@s mainly generated in polluted
éegions by anthropogenic combustion and it is toxic when

within the uncertainties with the emissions from the existing present at high concentrations at the surface. An important

database. For comparison, the results for the cities of SaintoUrce of NQ is also from ship emissions, as they repre-

Petersburg and Stockholm are also shown. The method geent a sizeable fraction (3-6 TgN of the global NQ

. 1 .
veloped for megacities was successfully applied to smallerJprOdUCtlon (50 TgNyr™) (Beirle et al, 2004and references

scale sources, in both size and intensity, which are |0categwere|n). NQ Sh'P emissions are the most (_:iommant anthro-
pogenic source in the marine atmospheric boundary layer
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(MBL), far away from densely populated coasts; this is par-for air-pollution monitoring will further increase. Recently,
ticularly important, since ozone production efficiency is high the authorities postponed the application of the NECA rules
at the low NQ concentrations typically occurring in the until 2021.
MBL. The balance between NO and M@epends on the Satellite-based tropospheric NMOcolumns from the
photolysis rate of N@. Dutch—Finnish Ozone Monitoring Instrument (OMI), fly-
Satellite-derived tropospheric NQlata have been exten- ing onboard NASAs EOS (Earth Observing System)-Aura
sively used to monitor air quality over polluted and urban satellite, became available in 2004 and provide almost-
areas (see, e.g. some recent resultRussell et a].2012 daily global coverage with nominal spatial resolution of
Bechle et al.2013 David et al, 2013 Ghude et al.2013 13 x 24kn? at nadir Boersma et a).2011% Bucsela et al.
Hilboll et al., 2013 Lamsal et al.2013. Van der A et al.  2013. The Baltic Sea and its coastal region, however, are
(2008, for example, estimated the NQrends on global challenging; high-latitude regions may suffer from missing
scale using 10yr of satellite data, identifying the largestdata because the NQbbservations with high solar-zenith
increase over eastern China. Furtherm@astellanos and angle or snow/ice surface are not considered reliable and,
Boersma(2012 observed a reduction in nitrogen oxides therefore, excluded from the analysis. The ,Nénissions
over Europe driven by the 2008—-2009 financial recession anéh the Baltic Sea region are also much lesser than in other,
by the European NQemission regulation. Recentlgtreets  more-polluted regions, making signal detection more chal-
et al. (2013 presented an overview of the current capability lenging. Furthermore, because the Baltic Sea region is rel-
of emissions estimation from satellite retrievals. atively small, the contributions from the different sources
The tropospheric N@data from several satellite-based in- (land and marine) can be mixed.
struments showed also the capability to identify the major Most of the previous studies on monitoring tropospheric
shipping lanes in the worldBeirle et al.(2004 presented the NO; from satellite focused on middle—low latitudes (see, e.g.
first detection of ship tracks in NOnaps derived from satel- Beirle et al, 2011, de Ruyter de Wildt et 812012. One ex-
lite data using GOME (Global Ozone Monitoring Experi- ception is the paper bylcLinden et al.(2012, who looked
ment) data along the shipping lane from Sri Lanka to Indone-at air quality over the Canadian oil sands using satellite data.
sia. Richter et al.(2004), Franke et al(2009 andMarmer  The uncertainties of NEshipping and city emissions as well
et al. (2009 extended the analysis using combined tropo- as estimates of lifetime remain large (see 8tgvrakou et al.
spheric NG data from several satellite instruments. The 2013), especially for relatively weak sources located at high
global economical cycle and satellite-derived N@®ends latitudes. Thus, it is important to study the tropospheriNO
over the major international shipping lanes have been repollution in this region.
cently compared bge Ruyter de Wildt et a(2012. Vinken This paper will focus on monitoring the tropospheric NO
et al. (20149 used the GEOS-Chem model to produce a shiplevels over the Baltic Sea region, both over marine and
emission inventory based on OMI (Ozone Monitoring Instru- coastal areas. In particular, two case studies will be analyzed
ment) DOMINO tropospheric N@products, including the in details: the city of Helsinki and the main shipping lane
Baltic Sea region. in central Baltic Sea. The total emissions and lifetime will
Shipping contributes substantially to air pollution in Eu- be estimated in Helsinki using OMI NQlata and wind in-
rope and the health of coastal populations, and the Baltidormation and compared with existing emission information.
Sea ecosystem can be affected by increasing emissions froifhe results for Saint Petersburg and Stockholm will be also
maritime transportationCorbett et al.(2007) assessed that presented. In addition, the changes in Ni@vels over the
the shipping-related emissions are responsible for abouperiod 2005-2011 will be analyzed and compared with the
60 000 deaths annually and they estimated that, globally, théinformation derived from ship emission modeling.
annual mortalities due to ship pollution may have increased
by 40 % by 2012. In contrast to the N@missions over land,
currently there is no specific legislation to limit the NO 2 Data and methodology
emissions from ships. This produced an increase in shipping
emissions estimated by about 3% per yeayring et al, The OMI NO, tropospheric columns were used in this
2010. Furthermore, the Baltic Sea is one of the most in- work. Two NGO, products are available from OMI: NASA's
tensely trafficked marine areas in the world. According to standard product (SP) version 2.Bugsela et a).2013
IMO (2002, there are more than 2000 large vessels at anyand KNMI's (Royal Netherlands Meteorological Institute)
given time and about 3500-5000 different vessels are in opPOMINO (Derivation of OMI tropospheric N&) product
eration in the Baltic Sea region every month. Therefore, thereversion 2 Boersma et al.2011). Both products share the
is a strong need for monitoring the N@®missions from ships same slant column derivation based on the DOAS (differen-
in the Baltic Sea region, together with the land-derived mon-tial optical absorption spectroscopy) method, but differ in a
itoring of emissions. According to European directives, theway of converting slant columns into the tropospheric verti-
so-called SQ and NG Emission Control Areas (SECA and cal columns. The OMI N@standard product, SP version 2.1
NECA) will be implemented in the Baltic Sea and the needwas considered for this study. The algorithm is described in
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detail byBucsela et al(2013, as well as the initial compari-
son with DOMINO V2 product and aircraft in situ measure-
ments. Comprehensive validation with independent measurewhere the convolution of the exponentia) @nd the Gaus-
ments is presented dyamsal et al(2014. They show that  sian (G) functions, is scaled by a multiplicative fact&rand
OMI retrievals are lower in urban regions and higher in re- an offset factoB. The downwind exponential functianis
mote areas, but generally in agreement with other measure- < Y — X) -

M(x)=E-¢e®G + B, 1)

ments within=20 %. e(x) = exp
In this work, the tropospheric N{level 2 data were grid-
ded on a 0.1x 0.1° latitude and longitude scale and aver- While it is null upwind.X is the location of the source with
aged over seasonal time scales. Averaging over many day@spect to the city center ang is the e-folding distance
over a grid box smaller than the instrument pixel size, al- (|e the distance over which the linear density decreases by
lows an increased effective spatial resolutibioletov etal, @ factor ofe). The Gaussian functio@ is defined as
2011). The OMI pixels corresponding to SZA (solar zenith 1 2
angle) larger than P0and with effective cloud fraction (OM- G (x) = exp ( > 2) ; ()
CLDO2 product) larger than 30 % were removed before grid- Verao 7
ding the data. OMI pixel size ranges between134 kn? in whereos is the Gaussian function width. The parametgr
the center of the swath and about:2850 kn? at the edges.  derived from the fit, was then used to calculate the summer
Only the OMI pixel with number from 6 to 24 were included mean lifetimer = xo/w, wherew is the mean zonal wind
in the analysis to take into account only central small pix- speed in the direction from west to east. This lifetime must
els and to avoid the pixels corrupted by the row anomaly.be considered as a dispersion time, which includes the effects
The analysis focused on summer season (1 June—31 Augusff chemical conversion, wind advection, and deposition. The
when more data are available at the latitudes of the Baltic Segoefficient £ has to be considered as a burden parameter,
region. which refers to the total amount of molecules observed near
The methodology developed IBeirle et al.(201]) for  the source. The emission paramefr= E/z (in mols?)
megacities, was applied to OMI data in the Baltic Sea re-was also derived and compared to the emissions from the
gion, with some differences. The effect of transport by theEMEP (European Monitoring and Evaluation Programme)
wind was analyzed using the ECMWF (European Centredatabase (available at www.ceip.at). The background fac-
for Medium-Range Weather Forecasts) wind mean values &for B is also provided. The mathematical notation used here
12:00 UTC below 950 hPa altitude with 02%solution. The  is the same described Beirle et al(2011) in the supporting
local time in the area of interest ranges between YT ~ material. The estimation problem is nonlinear with five pa-
and UTC+ 2, which approximately corresponds to the nom- rameters to be estimated (xo, B, ¢ andX). The posterior
inal overpass time of OMI (13:45LT). The daily N@lata  distribution of these unknown parameters was solved using
were gridded, taking into account only the pixels where thethe Markov chain Monte Carlo (MCMC) sampling method,
wind speed ) is smaller than 5ms (while a threshold ~ Which is very useful in low-dimensional non-Gaussian prob-
of 2ms 1 was used in the original method), analyzing sep-lems allowing also the non-linearity to be properly modeled.
arately different wind directions (from north, south, east andNon-informative prior distribution was assumed for all the
west) once the weak winds were removed. The wind direcunknown parameters. For the practical implementation of the
tions were separated identifying four different sectors (fromalgorithm, the MCMC Toolbox bytaine (200§ was used
NW to NE, from NE to SE, from SE to SW and from SW and the adaptive MCMC algorithms tyaario et al.(2001,
to NW), while eight sectors were identified Beirle et al. 200§ were found to be easily applicable in this case. The
(2011). This allows one to improve the sample size, thus in-convergence of the MCMC algorithm was ensured by sam-
creasing the signal-to-noise ratio. pling a long-enough chain (100 000 points). The estimates
The city of Helsinki is considered to characterize an urbanof the parameter’, B ande-folding distancexo were com-
site with low emissions, and the central area of the Baltic Seduted as mean (expectation) values of the posterior distribu-
to evaluate the contribution from ship emissions. The,NO tion and the uncertainty was characterized using the standard
emissions and lifetime in Helsinki were estimated from the deviation of the posterior distribution around the estimate.
average decay of the signal with the distance from the cityThe same approach is used to derive the emission and life-
center. Westerly winds were taken into account in the analiime in Saint Petersburg and Stockholm.
ysis, because the largest part of the data is collected under The OMI NQ, tropospheric columns in the MBL were
these conditions. The model proposedBajrle et al.(201)  compared with the NQemissions of marine traffic as de-
was used to fit the N@line densities, which were derived rived from the model STEAM (Ship Traffic Emission As-
integrating the N@ data in across-wind direction over 2 lat- sessment Model), based on the messages provided by the
itude degrees interval. The fitting mod#l, as a function of ~automatic identification system (AIS), which enable the

the distance from the city center is described in Eq.1). positioning of ships with high spatiotemporal resolution
(Jalkanen et al2009 Jalkanen et a12012).
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3 Results of tropospheric N@are higher for the urban sites (especially
Saint Petersburg) and smaller for the central Baltic Sea. One
3.1 OMI tropospheric NO, time series must note that the largest ship activity in the Baltic Sea is ob-

served during summedélkanen et 812013, because of the

Figure 1 (upper-left panel) shows the map over the Baltic high season of passenger traffic. On the other hand, the pol-
Sea region of OMI N@tropospheric columns averaged over lution in the cities is generally smaller during summer than
the summer days 2005-2011. The major urbanN@urces in other seasons. Thus, the tropospheric,MOlumns over
(marked by their initials and white boxes), i.e. the city the shipping lane might be relatively large compared to the
of Helsinki (60.2 N, 25.0 E), Saint Petersburg (59.9h, signal over the urban sites.
30.3 E) and Stockholm (5923, 18.0' E), are visible as red-
black spots. In the same panel it is possible to identify the3.2 Helsinki case study
main shipping lane in the Baltic Sea, going from southwest
to northeast with a higher signal in the central area of theFirst, the distribution of wind intensity and direction in
Baltic Sea. The focus area (Fifj, white rectangle around Helsinki were analyzed. Figur2 (upper panel) shows the
the point 57.8N, 19 E) over the Baltic Sea was selected to distribution of the wind directions as a polar plot, together
minimize the influence of the emissions from land sources.with the histogram of the wind speed at 12:00 UTC during
Other regions over sea (i.e. Stockholm—Helsinki lane) weresummer 2005-2011 over Helsinki (corresponding to the pix-
not analyzed to avoid possible influence of urban sources. els in the white boxes of Fidl). The polar plots show that

Figurel (lower-left panel) shows the summer mean NO the wind patterns are generally dominated by westerlies dur-
map when the wind speedv], is smaller than 5mg. ing summer. The histograms follow a log-normal distribu-
The NQ values corresponding to the pixels with stronger tion with peak between 5 and 7.5 m's The fraction of pix-
wind speed were removed in order to highlight the emissionels with wind speed below the threshold of 5 $s below
sources. In this case, the high W@ignal is stronger and it 35 %. This percentage was calculated with respect to the to-
remains closer to the sources; the number of data used ital number of pixels included in the area marked by the white
the average is smaller than in the previous case (about 30 %oxes (Fig.1). This means that the largest part of the pixels
of the total available data). The wind intensity and direc- is removed when only the weak winds are taken into account,
tion play an important role in determining the tropospheric introducing a larger statistical error in the calculation of the
NO distribution and they will be analyzed later in this work. mean NQ spatial distribution.
Other features visible from FidlL are the cities of Tallinn Figure3 illustrates the effect of the different wind direc-
(59.4 N, 24.7 E) and Turku (60.45N, 22.3 E). tions and speeds on the troposphericaMitribution around

In Fig. 1 (right panel), the 2005-2011 time series of the Helsinki area. The central panel in Figjrefers to the pixels
summer means over the main cities and over the Baltic Seahere only weak winds were considered € 5ms1); the
region, are shown under all wind conditions (continuousfour surrounding panels correspond to the Nfdpospheric
lines) as well as when strong winds were removed (dashedolumns averaged separately for different wind directions
lines). The analysis was restricted to the summer monthgwinds blowing from north, west, south and east, are respec-
since not enough and homogeneously distributed data wertively showed moving clockwise from the top panel). Each
available during other seasons. The time series show a locarid pixel is associated with one of the wind sectors accord-
minimum in 2009 in Saint Petersburg and in the Baltic Seaing to the corresponding ECMWF average wind direction
region. A similar local minimum of N@in 2009 was ob- below 950 hPa. The resulting NGspatial patterns clearly
served byCastellanos and Boersnf2012 for several cities  show the outflow of N@ from Helsinki, consistently with
in Europe and byle Ruyter de Wildt et a(2012 for the ma-  the wind directions, so that when wind blows, for example,
jor shipping lanes. In both cases, the observed reduction wasom west, the largest Nfsignal is observed east from the
interpreted as the consequence of the 2008—-2009 financial reity. Similar results were achieved around the city of Riyadh
cession, which caused a reduction of the emissions from botland other megacities as shown Bgirle et al.(2011). The
urban and ship sources. This behavior is more apparent undeesults shown in Fig3 demonstrate that the same method-
weak-wind conditions (dashed lines in Fi; the transport  ology can be applied to Helsinki and its surrounding capital
by the wind acts to dampen the year-to-year variability in region, which together have about 1 million inhabitants.
NO» tropospheric columns. Helsinki and Stockholm time se- Figure 4 shows the N@ line densities (blue color),
ries remain more flat during the considered period. In partic-sampled using OMI pixels under westerly wind con-
ular, a NQ decrease from year 2008 to 2009 was observed irditions, as a function of the eastward distance to
Helsinki, but the minimum N@value was observed in 2010, Helsinki. The profile peak is displaced eastward be-
in agreement with previous results (see inset city names ircause of the effect of the air mass transport by
Fig. 6 inCastellanos and Boersp012). Thus, other factors the westerly winds. The resulting values for the
than the anthropogenic sources may have contributed to théolding distancexg = (52+ 9) km, the background param-
NO; distribution over Helsinki. Overall, the absolute levels eter B = (3.54+0.02)x 10?2molec. cnt! and the burden
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Figure 1. OMI tropospheric N@ column averaged over the summer days in 2005-2011, under all wind and weak wind conditions (upper and
lower-left panel, respectively). The main coastal cities and the selected area in the Baltic Sea region are marked with their initials: Helsinki
(H, 60.2 N, 25.¢° E), Stockholm (S, 593N, 18.0° E), Saint Petersburg (SP, 59°98, 30.3 E) and the Baltic Sea (B, 57H, 19 E). The

right panel illustrates the time series of the seasonal means gfftl\Ghese locations. The grid pixels included in the summer means are
marked by the white boxes in the left panels.

parameterE = (1.0+ 0.1) x 10?® molec. were derived from In our case, the calculated emission factor for Helsinki might
the mean fitted model (Fig, black line). The summer mean be positively biased.
lifetime valuer =(3+ 1) h was then estimated by the ra- Despite these effects, the emissiBhderived from OMI
tio xo/w, with w = (4.940.2) ms 1. The emission was also data agrees within the uncertainties with EMEP emission
calculated as£’ = E /7 = (1.54 0.6) mol s'X. The emission E¢mep Furthermore, it must be noted that in this work a
parametetz’ was then compared with EMEP N@mission  daytime NQ lifetime is derived. This instantaneous lifetime
(given as NQ), Egmepz (1.8+0.3) mols-1 for the period holds for OMI overpass times and is usually shorter than the
2007-2011 around Helsinki area, showing agreement withir24 h-average Nelifetime (see, e.gBoersma et al.2008.
the uncertainties. The yearly emissions from the EMEPThe lifetimer agrees within the error bars (but smaller as ab-
database are given with uncertainty up to 15 %. solute value) with the summertime value obtainedBejrle

It must be noted that the emission and lifetime derivedet al.(2011) for Moscow ¢ >~ (4 + 2) h), which is located at
from OMI data refer to clear-sky conditions. When only about 5 latitude degrees south of Helsinki.
clear-sky pixels are considere@éddes et 812012, a nega- The errors on the estimated parameters are the standard
tive bias is expected, mostly because of the accelerated phaleviations derived from the MCMC calculations. The error
tochemistry, so that both the emissiéh and the lifetime  bars in Fig4 were calculated using the error propagation for
would be smaller than for cloudy conditions. This negative the discrete integral and include the contribution from the sta-
bias could be partially compensated by the effect of emissiortistical error on the mean NClield. The uncertainties on the
changes in the AMF (air mass factor) calculation. Accord- emissions and lifetime depend also on the error associated
ing to the EMEP database, the N@missions in Finland, for  with OMI tropospheric NQ column density (about 30 %,
example, decreased from the late 1990s (when the a priori inBucsela et a).2013. The wind field patterns also affect the
formation used in OMI algorithm are derived) by about 20 %. NO, spatial distribution and, thus, the parameter calculation.
Higher emissions in the a priori information lead to lower Beirle et al.(201]) introduced an uncertainty of 30 % due to
AMFs, resulting in higher tropospheric columnginken the wind fields. This is similar to the variability in the NO
et al. (20149 found that in Europe about 30% lower emis- patterns obtained in Helsinki using the wind fields at different
sions produce on average 10 % lower tropospheric columnsaltitudes instead of the average below 950 hPa. An additional
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Wind direction — Helsinki Table 1. Results of the emissions and lifetime (second and third
column, respectively) calculation for Helsinki, Saint Petersburg and
Stockholm with their total uncertainties. The emission data from the
EMEP database are shown for comparison (last column).

City EmissionE’  Lifetime t EMEP
[mols1] [h] emission
Egyiep
[mols 1]
Helsinki 1.5+0.6 3.0+£1.0 1.8+0.3
00— Saint Petersburg 582.0 3.0+1.3 3.0+0.5
Wind speed (m/s) Stockholm 2.2:1.1 3.5+1.5 1.4+0.3

Wind direction — Baltic Sea
90 30

30%

25%

3.3 Baltic Sea shipping case study

20%
J The wind intensity and direction were analyzed also in the
BT ——

S0 15% central Baltic Sea area. Figué (lower panel) shows the
! polar plot of the wind directions and the distribution of the
21K T hae wind speed at hoon (UTC time) during summer 2005-2011.
- The wind distribution is similar to Helsinki as it is generally
70 dominated by the westerlies and the wind-speed histogram
0% s 20 25 peaks between 5 and 7.5 m's The fraction of pixels with

10 15
Wind speed (m/s)

wind speed below the threshold of 5 misis about 25 %.

Figure 2. Wind directions (left panels) and wind-speed histogram 1he wind effect on N@ patterns was analyzed in the cen-
(right panels) averaged below 950 hPa level over all summers 20051€r of the Baltic Sea, in the white-dotted area (Figleft
2011. The azimuthal angle O corresponds to wind from west to easside) where a large NfOsignal was observed. In this case,
(according to the ECMWF definition). Both the data from Helsinki the wind conditions are not the only cause of transport of the
and the central Baltic Sea area, as defined by the white boxes ipolluted air, since also the ships, which constitute the main
Fig. 1, are presented in the upper and lower panels, respectively. emission source in this region, are moving along the major
shipping lane from Denmark to the Gulf of Finland and to

Stockholm. The analysis of the number of pixels associated

uncertainty comes from the selection of the integration and, i the gifferent wind directions (not plotted here) confirms

the fitting intervals. In the Helsinki case, these intervals Wereihat the wind patterns in the Baltic Sea are dominated by
selected to avoid the effect of high N@ignal from the sur-  asterlies, which give the largest contribution to the mean

rounding emission sources. Applying the error propagationgaosonal N@spatial patterns.

rules, the total uncertainty ofi’ andz is larger than 40 %. Figure5 shows the summer average of blaver the Baltic
The emissions z_;md lifetime were similarly calculated fpr Sea region when all wind conditions (left panel), weak winds
Stockholm and Saint Petersburg. The results are summanze@:entral panel) and westerly winds only (right panel) are

in Table 1. The figures corresponding to Figdand4 are o en into account. The high NGignal in the central Baltic
shown in the supplementary materials (Figs. S1 and S2in thee, areq is visible when all wind conditions (left panel) are
Supplement, respectively). The wind regimes were similar to

S ; : ' “considered. The signal is also visible when only the weak
Helsinki, with the wind patterns dominated by the westerlies., . 4o (central panel) are taken into account, even though

In both cases the uncertainties on the parameter estimates af&maier amount of data are available under these wind con-
larger than in Helsinki because of the larger sensitivity to theditions. Surprisingly, when only the westerly winds are con-
selection of the integration range for the linear density calcu-

. . ) sidered, the N@ signal is stronger than under calm wind
lation. In particular, the effect of other point sources close to .4 ditions. This can be explained by the fact that a larger

the city and the not-perfect symmetry under calm conditions,  mper of pixels satisfy the wind-driven condition, thus in-
affected the quality of the fit and increased the uncertainty;easing the signal-to-noise ratio. Furthermore, because the

of the results. Despite these limitations, the lifetime Val“esshipping lane is directed in SW=NE direction, the emissions

are consistent with the Helsinki case and the emissions arﬁroduced from any point along the shipping lane might be
larger in Saint Petersburg than in Helsinki and Stockholm, a%ransported along the same lane (and so still contribute to

expected. Also, the estimated emissions agree within the Unq,o anhanced N©signal) by the winds from southwest
certainties with the EMEP database information (last column i1 is one of the dominant wind directions (FRy.lower '

in Tablel). panel). On the other hand, under strong wind conditions the
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Figure 3. Summer 2005-2011 mean troposphericN®lumns around Helsinki (black cross) for different wind conditions, i.e. weak wind
(central panel) and four main wind direction sectors (surrounding panels).nNs for winds blowing from north, west, south and east,
are respectively shown moving clockwise from the top panel.

x 107 series analysis was performed under calm wind conditions
‘ ‘ ‘ ‘ ‘ and limited to the central area of the Baltic Sea (the black
box in Fig.6 centered at 57°50N-19 E), where the minimum
e mixing between the emissions from land and sea sources is
w=(4.9+0.2) m/s eXpeCted
] The seasonal NQemissions (Fig.6, left panel) from
maritime traffic as derived from STEAM were compared
with tropospheric N@ columns (Fig.6, central panel) for
i the period July—August 2006—2011. The analysis was re-
stricted to July and August because of a significant data
7 gap in the NQ emission data in June 2006 and 2010. No
NOy emission information was available for year 2005. The
NOyx emission data (Fig6, left panel) show that the ship-
3250 50 0 = 00 150 200 emission sources are mostly located along one main ship-
X (km) ping lane along the direction from SW to NE, with some
Figure 4. OMI NO, line density (blue color) for westerly wind con-  secondary branches. The emission patterns correspond to
ditions as a function of the distance) (to/from Helsinki. Positive  high NO, signal observed from OMI data in the central
numbers in ther axis are eastward from the city center. The error Ba|tic Sea area (Figp, central panel). Assuming a lifetime
bars were derived_ using the error propagation for the discrete in-of 5-6h, the increase in NOcolumn density due to the
tegral. The black line shows the MCMC f_|t_ted model_ and th(_e grey ship emissions given by STEAM~7 x 10P g/month/grid
areas correspond to the 50-99 % probability uncertainty regions. pixel) would be about 1-2 10 molec. cnT2, which is of
the same order of magnitude as the N&lumn enhance-
ment ¢4 x 10" molec. cnt?) with respect to the back-
NO; patterns over sea can be influenced by the air masseground ¢ 1.5 x 10'® molec. cnt2) observed by OMI in the
transported from land sources. For example, the red spot igenter of the Baltic Sea.
the lower left corner in Fig5 (right panel) is most proba-  The time series of both NQemissions and OMI N@tro-

bly Caused by the OUtﬂOW from Southern SWeden and Den'pOSpheriC Co'umns are Shown in the ”ght pane' in Bg
mark. In order to reduce the effect of this outflow, the time
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Figure 5. Summer 2005-2011 mean tropospheric Nédlumns in the Baltic Sea for all wind conditions (first panel), weak winds,
i.e.w <5ms 1 (central panel) and westerly winds with>5m s~ (right panel).
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Figure 6. Comparison between STEAM NCemissions and OMI N@tropospheric columns during the period 2006-2011. Left panel:
July—August cumulative N@emissions from STEAM; central panel: July—August meanpNOpospheric columns from OMI; right panel:
time series of both N@emissions (blue line) and Nxolumns (red line) as derived from the mean value within the black boxes in the left
and central panel, respectively. Note that the axes have been selected so that the observed decreases have the same size in the plot.

The areas including the signal peaks in the central Baltic These results must be analyzed considering that the
Sea (black boxes in Fig) were selected from both OMI changes in N@tropospheric columns are close to the detec-
and STEAM data sets, in order to analyze the temporalion limit for OMI (45 x 10" molec. cnT?). Furthermore,
evolution. Because the emissions and the OMI data ddhe uncertainties related to the calculations from STEAM de-
not exactly match in their spatial patterns and because opend on both the emission factor and the power level of every
the different gridding and resolution, the selected boxessingle ship. When comparing the model results with the ex-
do not perfectly coincide. The time series follow a sim- isting emission inventories, the difference is of the order of
ilar behavior, both showing an increase up to 2008 andl10-15% (alkanen et al.2012. In addition, STEAM data

a decrease in 2009, before slightly increasing again untilmight underestimate the ship emissions because of the effect
2011. The tropospheric Nobserved from OMI decreased of the small ships, which are not regularly provided with an
by about 6x 10“molec.cnt? from 2008 to 2009, corre- AlS system Jalkanen et 312013.

sponding to a reduction in the NCemissions by about
1.2x 10° gmontir® per pixel unit. Thus, the N@relative _ ,
change is larger by a factor of 2 than the change in the shif Summary and discussion

emissionsVinken et al.(2014 derived the ratig8 between In this paper, the OMI N@ tropospheric columns were

the changes in Nfemissions and the changes in Nto- used to describe air-pollution levels in the Baltic Sea and

pos pherlc columns in the Baltic S_ea, North Sea and Othefts coastal area. Both land (urban sites) and marine (ships)
shipping lanes from model calculations. They also found that ) : . i
over the shipping lanes the emission changes lead to substaﬁ?se studies were taken into account in the analysis. OMI
tial changes in N@columns (e.gf = 0.25 in the Baltic Sea O2 data demonstrated their applicability to detect the sig-

andg = 0.58 in the North Sea), up to 2-to-4 times larger than na_l coming from re!gtwely s_mall emission sources, .SUCh. as
L ships and coastal cities at high latitudes. This is the first time
the emission changes.

ship and urban emissions have been mapped from space with
such detail in this area.
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The transport of air masses by the wind plays an importanimproved and optimized for situations with high solar-zenith
role in defining the spatial distribution of NOn the Baltic ~ angle and high albedo (as for snow/ice covered surfaces).
Sea area, as demonstrated when the N&a were averaged Furthermore, the signals coming from ships and from the
separately for different wind directions. Reducing the anal-Baltic Sea coastal areas are relatively small compared to
ysis to weak-wind conditionsu(<5ms1) helps in identi-  other more polluted regions. This makes the detection even
fying the urban sources, but it reduces by about 70 % the tomore difficult, because the signal is close to the instrument’s
tal number of data available for the seasonal average. Whedetection limit. In addition, the Baltic Sea region is relatively
looking at the marine area in the central Baltic Sea, where thesmall and the sources of emission are close to each other;
ships are the main source of N@mission, the N@data cor-  this increases the difficulty in identifying the signal coming
responding to westerly wind conditions give the largest con-from different sources. Nevertheless, the method applied in
tribution to the NQ spatial patterns. This case correspondsthis study allows one to distinguish relatively close and small
to the situation with the largest continental outflow. On the sources, averaging for many days over a grid box smaller
other hand, the weak winds correspond to the 25 % of thehan the instrument pixel size, increasing the effective spatial
available data in the same marine area. resolution.

The analysis of the wind effect on the N@patial distri- The results achieved in this work might be improved us-
bution around Helsinki allowed the estimation of the emis-ing data with higher spatial resolution, i.e. smaller pixel
sion coefficient and lifetime. The comparison with EMEP size, as they will become available in 2016 from the TRO-
emission information showed good agreement. The methodOspheric Monitoring Instrument (TROPOMI) within the
developed for megacities demonstrated applicability also ttESA/GMES Sentinel 5 Precursor mission. The instrument
Helsinki and its surrounding capital region (about 1 million will provide daily global coverage with a high spatial res-
inhabitants). Thus, in principle, the same methodology couldolution of 7x 7 km?, which will improve the OMI pixel size
be applied to similar small-scale cities elsewhere as long a$13 x 24 kn? at nadir).
isolated. The same method was applied to Saint Petersburg
and Stockholm obtaining consistent results but larger uncer-
tainties. Furthermore, it can be noted that sorting the datal he Supplement related to this article is available online
according to the wind speed and direction is a very usefulat doi:10.5194/acp-14-7795-2014-supplement
tool for many different applications of satellite data.

The agreement with the ship NGemission data from
STEAM model confirmed that OMI N©data can be used AcknowledgementsThis work was founded by ESA-SAMBA
to detect the signal coming from the ship emissions in a bus;PrOJeCt qn S.hlp ernlssmn.monltorlng.ln the Baltic Sea area. The
area like the Baltic Sea, where the effect of coastal polIutionDUtCh_F'rm_'Sh'bUIIt OMI instrument is part of the NASA EOS-

. . . . Aura satellite payload. The OMI project is managed by KNMI
sources can mix with the emissions coming from the ships to

. . and the Netherlands Agency for Aerospace Programs (NIVR). We
the marine boundary layer. OMI NQropospheric columns acknowledge the NASA Earth Science Division for funding of OMI

reprodgce the same year-to-year variability of the emissionsy, standard product development and archiving. A version of
In particular, both the emission data and the OMI observa-the manuscript was checked for language glitches by Curtis Wood
tions showed the drop in year 2009, corresponding to the fi{Fmi).

nancial crisis. This confirmed the results obtained for other

regions (e.gde Ruyter de Wildt et 3/2012. Edited by: A. Richter
This paper demonstrated that satellite data contribute sub-

stantially to monitoring pollution levels and environmen-

tal changes at high latitude and over the sea, where atm

spheric concentratipn i_nformation is sparsely ave_aila_ble fromBeme’ S., Platt, U., von Glasow, R., Wenig, M., and Wag-

other sources. Monitoring the N@evels from satellite in the ner, T.: Estimate of nitrogen oxide emissions from shipping

Baltic Sea region remains challenging for many reasons: the py satellite remote sensing, Geophys. Res. Lett., 31, L18102,

interested area is in darkness for much of the year (and es- doi:10.1029/2004GL020312004.

pecially cloudy in autumn/winter). Using for example a Sun- Beirle, S., Boersma, K. F., Platt, U., Lawrence, M. G., and

synchronous satellite, as is done in this work, and allowing Wagner, T.. Megacity emissions and lifetimes of nitro-

only a solar-zenith angle smaller than®#@ reduce the un- gen oxides probed from space, Science, 333, 1737-1739,

certainties, means that no data are available from November d0i:10.1126/science.1207822011.

to February over northern Europe. This highlights the need tg>échle. M. J., Millet, D. B., and Marshall, J. D.: Remote sens-

develop satellite-based instruments with particular focus on "9 Of exposure to N@ satellite versus ground-based mea-

the Arctic region, in order to monitor both land and marine Zu_r-ement n a large urban area, Atmos. Environ., 69, 345-353,
. . . . . . . 0i:10.1016/j.atmosenv.2012.11.04813.

air quality at high latitudes, i.e. with several satellite over-

passes in 1 day. In this sense, the N@®trieval should be
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