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Chapter 1

Overview

This status report for the photochemical oxidant models of EMEP MSC-W is divided into 3
main parts, along with 3 appendices:

Part I The Lagrangian oxidant model: status and multi-annual evaluation

Part II The Eulerian 3-D oxidant model: status and evaluation for summer 1996 results and
case-studies.

Part IIT Comparison of Lagrangian and Eulerian models for the summer of 1996.
Appendix A The Lagrangian oxidant model: Physical and chemical formulation
Appendix B The Eulerian 3-D oxidant model: Physical and chemical formulation

Appendix C Lagrangian model: Time-series plots, 1989-1996

Parts I and II present the current status of the two EMEP photooxidant models, along
with the results of some model evaluation exercises. For the Lagrangian model this evaluation
has been mainly concerned with assessing how well the model performs over the many years
for which simulations are now available. For the Eulerian photo-oxidant model we present for
the first time the results of a simulation over a full summer period (April-September 1996).
In addition, measurements from a number of field-campaigns are used to evaluate the model
performance against aircraft measurements. Part III presents a side-by-side comparison of the
two EMEP oxidant models, both against each other and against measurements.

1.1 Definitions, statistics used

The basic units used throughout this report are ppb (1 ppb = 1 part per billion by volume)
or ppm (1 ppm = 1000 ppb). At 20°C and 1013 mb pressure, 1 ppb ozone is equivalent to
2.00 pgm=3.

A number of statistics have been used to describe the distribution of ozone within each grid
square:

Mean of Daily Max. Ozone - First we evaluate the maximum modelled concentration for
each day, then we take the 6-monthly mean of these values, over the 6-month period 1
April - 30 September.

AOT40 - the accumulated amount of ozone over the threshold value of 40 ppb, i.e..
AOT40 = [ max(O3—40ppb,0.0) dt where the max function ensures that only ozone val-
ues exceeding 40 ppb are included. The integral is taken over time, namely — the growing
season as defined at the Bern and Kuopio critical level workshops (Fuhrer and Achermann,
Karenlampi and Skarby, 1996). For crops and natural vegetation AOT40 is taken over 3
months (May-July), which we denote AOT40.. For forests a six month period is used
(April-September), denoted AOT40;. In both cases only daylight hours are included.
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AOT60 - the accumulated amount of ozone over the threshold value of 60 ppb, i.e.
AOT60 = [ max(O3 — 60ppb,0.0) dt - in this case, the integral is taken over 6 months,
and only daytime ozone included.

As the Lagrangian model does not work with hourly averages, but rather gives values of cal-
culated ozone at 0, 6, 12 and 18 GMT each day, some approximations are necessary to compare
with true 1-hour and AOT-type guidelines. We generally assume that each output value of the
model corresponds to an hourly value. The daytime-average required for AOT values is simply
obtained from the 12 and 18 GMT values, assuming each value is representative of a 6-hour
average. This procedure introduces only moderate errors for AOT40 (see Malik et al., 1996),
but is obviously less accurate for AOT60.

The AOT40 levels reflect interest in long-term ozone exposure which is considered impor-
tant for vegetation - critical levels of 3 000 ppb.h have been suggested for crops and natural
vegetation, and 10 000 ppb.h for forests (Kéarenlampi and Skarby, 1996).

The AOT60 measure reflects the revised WHO guidelines which sets 120 pgm=2(60 ppb)
as an 8-hour moving average. The UN-ECE workshop on ‘health effects of ozone and nitro-
gen oxides in an integrated assessment of air pollution’ (UN-ECE, 1997) agreed that a simple
statistic such as AOT60 could be used as a preliminary indication of ozone levels above the
recommended WHO guideline for integrated assessment modelling purposes. The justification
for this is that AOT60 is a statistic which incorporates both the amount of ozone above 60 ppb
and the frequency of exceedance, both of which are known to be important. However, it is clear
that this statistic cannot be directly coupled to health impact assessments. (In any case, the
EMEP models are not designed for calculating ozone exposure inside urban areas, which would
be required for any meaningful health-risk assessment.)

1.2 Country codes

Many tables and plots in this report make use of two (or three)-letter country codes. These
codes are:

AL  Albania LT Lithuania

AT  Austria LU Luxembourg

BY Belarus NL Netherlands

BE  Belgium NO  Norway

BG  Bulgaria PL  Poland

BA Bosnia and Herzegovina PO  Portugal

HR Croatia MD  Republic of Moldova
CS  Czech Republic RO  Romania

DK Denmark RU  Russian Federation
EE Estonia SK Slovakia

FI  Finland SI Slovenia

FR  France ES Spain

DE  Germany SE Sweden

GR  Greece CH  Switzerland

HU Hungary FYM The FYR Macedonia
IS  Iceland TR  Turkey

IE  Ireland UA  Ukraine

IT Ttaly GB  United Kingdom

LV  Latvia YU  Yugoslavia




OVERVIEW 3

1.3 References

Fuhrer, J. and Achermann, B., editors, UN-ECE Workshop on critical levels for ozone, 1-4
November 1993, Bern. Swiss Federal Research Station for Agricultural Chemistry, 1994.

Karenlampi, L. and Skarby, L., editors, Critical Levels for Ozone in Europe: Testing and
Finalising the Concepts. University of Kuopio, Department of Ecology and Environmental
Science, 1996, 15-17 April 1996, Kuopio, Finland.

Malik, S., Simpson, D., Hjellbrekke, A.-G., and ApSimon, H., 1996, Photochemical model
calculations over Europe for summer 1990. Model results and comparison with observations,
Norwegian Meteorological Institute, Oslo, Norway, EMEP MSC-W Report 2/96.

UN-ECE, 1997, Health Effects of Ozone and Nitrogen Oxides in an Integrated Assessment
of Air Pollution, Proceedings of an International workshop, 10-12 June 1996, Eastbourne,
United Kingdom.



EMEP MSC-W STATUS REPORT 2/98




Part 1

The Lagrangian oxidant model:
status and multi-annual
evaluation

D. Simpson, J. Altenstedt, and A.G. Hjellbrekke






Chapter 1

Introduction and current status

Between 1989-1996 data from over 120 ozone measurement stations have been submitted to the
Chemical Co-ordinating Centre of EMEP (EMEP/CCC, located at NILU). These measurements
have been reported and analysed by Hjellbrekke (1995, 1996, 1997, 1998), where further details
can be found concerning site location and data quality.

This report presents the results of an extensive evaluation exercise, whereby model results
for these summer periods have been compared with essentially all the available measurements.
Among other benefits, this long-time series of simulation enables us to compare modelled con-
centrations with observations for a large number of measurement stations under a wide variety
of meteorological conditions.

As well as model evaluation, activity over the last year has mainly concentrated on applica-
tions and on longer-term improvements which will be reported at a later date. The applications
have included a large number of scenario runs in support of the EU Acidification and Ozone
strategy, mainly as support and verification of the results provided by the simplified IIASA
RAINS-ozone model (Amann et al., 1998, Heyes et al., 1996).

The model itself has been described in detail in Simpson, 1992, 1993, 1995, and Simpson et
al., 1993, 1997. The physical and chemical formulation of the model has remained unchanged
since Simpson et al. (1997), but a brief summary is given in Appendix A.

Source-receptor matrices?

In view of the unchanged model formulation, country-to-country source receptor relationships
have not been re-calculated for this report - the latest relationships calculated with this model
thus remain those presented in Simpson et al. (1997).

Other publications

A number of other studies have been published in 1997/1998 (since EMEP Report 3/97) con-
cerning the oxidant model:

e Kuhn, M., Builtjes, P.J.H., Poppe, D., Simpson, D., Stockwell, W.R., Andersson-Skold,
Y., Baart, A., Das, M., Fiedler, F., Hov, @., Kirchner, F., Makar, P.A., Milford, J.B.,
Roemer, M.G.M., Ruhnke, R., Strand, A., Vogel, B., and Vogel, H., 1998, Intercomparison
of the gas-phase chemistry in several chemistry and transport models, Atmos. Environ.,
32, No. 4, 693-709.

o Hass, H., Builtjes, P.J.H., Simpson, D., and Stern, R., 1997, Comparison of model results
obtained with several European regional air quality models, Atmos. Enuviron., 31, No.
19, 3259-3279.

e Hov, Q., Sorteberg, A., Schmidbauer, N., Solberg, S., Stordal, F. ., Simpson, D., L., A, A,
Han., O., Pedr., Latila, H., and Heidam, N. Z., 1997, European VOC emission estimates
evaluated by measurements and model calculations, J. Atmos. Chem., 28, 173-193.
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e Simpson, D. , 1997a, Modelled ozone concentrations in relation to health issues, In Health
Effects of Ozone and Nitrogen Oxides in an Integrated Assessment of Air Pollution. In-
stitute for Environment and Health, University of Leicester, UK, Proceedings of an In-
ternational workshop, 10-12 June 1996, Eastbourne, United Kingdom.

In addition, partly in an attempt to improve the reporting of biogenic emissions and the relevant
land-use data to EMEP, a new chapter on emissions from nature and forestry for the joint
EMEP/CORINAIR Atmospheric Emission Inventory Guidebook has been produced:

e Simpson, D., and Winiwarter, W. (eds), 1998, Emissions from Natural Sources, Contri-
bution of the Nature Expert Panel to the EMEP/CORINAIR Atmospheric Emissions
Inventory Guidebook (SNAP Code 11), published by Federal Ministry for Environment,
Youth and Family, Umweltbundesamt, Vienna.

This work will in due course appear on the official pages of the European Environment
Agency web-site http://www.eea.dk/aegb. A mirror of the EEA site, which also contains
suggested updates (and which already includes the Nature Panel pages) can be found at :

e http//www.aeat.co.uk/netcen/airqual/TFEI/unece.htm.

A number of previous studies have already documented the EMEP MSC-W ozone model’s
performance against measurements. The most extensive of these was Malik et al. (1996), which
presented statistics and time-series plots for all stations which provided data to EMEP for 1990
(ca 50 sites). Further model comparisons against measurements can be found in Builtjes et al. (1991),
Hov et al. (1997), Simpson (1992), Simpson (1993), and Solberg et al. (1995).

As well as comparison with measurements, the EMEP model has also been tested against
other air pollution models. See Andersson-Skold and Simpson (1997), Builtjes et al. (1991),
Derwent (1990), Derwent (1993), Hass et al. (1997), Poppe et al. (1996), and Kuhn et al. (1998).



Chapter 2

Multi-annual comparison with
ozone measurements

In the course of this study comparisons with the model have been made for 460 site-years of
data. Here we present summaries of these comparisons. In Appendix C time-series plots from
essentially all stations are presented, in an effort to give a fair and un-selective overview of the
performance of the EMEP model. A number of plots and statistics are presented:

o Time-series plots comparing the modelled versus observed daily maximum ozone concen-
trations.

e Tables of correlation coefficients, and AQT40 statistics, are given for all site-years.

¢ Histograms of AOT40 (forests) and AOT60 (health) have been calculated for the five
years separately and these will be illustrated for some sites.

o Scatter plots of modelled versus observed 5-year average AOT40 and AOT60 are presented
in Figure 2.5 and 2.6.

e Frequency distributions plots of the modelled and observed 12 GMT ozone values

Note that the years used in these analyses are from 1989 to 1996, excluding 1991. Unfortu-
nately problems with the meteorological data precluded model runs for 1991.

2.1 Definitions: Multi-annual averages and plotting

As the number of stations reporting to EMEP has increased markedly from 1989 to 1996, we
have adopted a procedure for making multi-annual averages (of ozone or AOT) which attempts
to make use of data from as many stations as possible, and from as many years as possible for
each station. The procedure is:

1. For any one year we accept data for averaging if data-capture is better than 90% for the
required period.

2. For calculating mean ozone concentrations from the model results over any one year, only
those days for which measurements exist are taken into the calculation. This means the
mean modelled values are comparable with the observed data for each station.

3. All years of data passing test (1) are then averaged for as many years as possible.

Table 2.1 gives the full lists of stations available to this comparison exercise. For those
stations passing the data-capture test (1) the correlation coefficients between modelled and
observed daily maximum ozone values are given.

The presentation of maps of modelled ozone also differs in this report from that used previ-
ously. Here we have constructed the maps using only modelled results at the actual stations (as
opposed to across the whole EMEP grid), using identical procedures to those used for measure-
ments. Thus, we first make use of the same multi-annual averaging procedure as given above,
then construct both modelled and observed maps using the same interpolation routine.
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2.2 Results: Time-series comparison

Time-series plots comparing the modelled versus observed daily maximum ozone concentrations
are given for all available stations and years (having data-capture of at least 60%) in Appendix
C. (Except some sites for 1996, which are plotted in Part III, Figs 2.1-2.4). Table 2.1 lists the
available sites and gives the correlation coefficients for each year where data-capture exceeds
90% over the April-September period.

Note that the plots in Appendix C are sorted alphabetically by their two-letter country
code. We briefly highlight the main features of these plots below by geographical region.

Northern Europe: Denmark, Finland, Latvia, Lithuania, Norway, Sweden

In general the model performs very well for the northern European sites in almost all years,
especially for the Danish sites. Measurements at the Latvian and Lithuanian sites which are
relatively new to the EMEP network are also reproduced quite well by the model, with the
exception of Rucava in 1996 where observed values look unrealistically low (possibly a ppb-
pgm™3 conversion problem?). The site with worst correlations and performance generally is
the Norwegian site Zeppelinfjellet, but this site lying 78°N on the arctic island of Svalbard is
well outside the intended region of application of the Lagrangian model.

The main exception to the generally good performance at the Scandinavian stations is the
significant model under-prediction at some sites near the start of June 1992. This underpre-
diction occurs for a period of two weeks at most Nordic sites, but it is also notable that for
sites such as Eskdalemuir in Scotland and Westerland in N Germany the model and observa-
tions match very well for this period, Thus, the under-prediction is limited to high latitudes
(>60°N) - pointing to the possibility that exceptionally high background tropospheric ozone
(which cannot be handled by the EMEP model) is responsible.

Western Europe: Belgium, France, Germany, Netherlands, UK

Sites in Germany, United Kingdom, and elsewhere in NW Europe seem to show broadly similar
performance over all years. The model captures both the month-to-month, and day-to-day
variations, rather well. Importantly, the performance seems to be rather uniform over large
geographical areas, suggesting that the model copes well with changes in climate and emission
patterns.

Data from Belgium have not been reported to EMEP/CCC since 1989, so only a few data
are available for that country. However, the results obtained for 1989 are reasonably good,
comparable to those of sites in the Netherlands. The stations in France are new additions
to the EMEP network, and model performance for these is comparable to that for other NW
European sites.

Eastern Europe: Czech Rep., Poland, Russia, Slovakia

The Czech stations show somewhat mixed results. The model performs well for Svratouch but
less so for Kosetice. The results in Slovakia are also mixed, but the many measurement-gaps
make this comparison difficult.

The results for the Polish and Russian sites are rather poor. Little is known about these
sites, and the Polish sites in particular have poor data-capture, so further investigation is needed
to understand these discrepancies.

Central and south-eastern Europe: Austria, N. Italy, Slovenia, Switzerland

In Austria and Switzerland the model generally performs well at most sites, and for most years
(although it is hard to explain the very poor results for Illmitz in 1989 though). Performance
at the relatively recent sites in Slovakia and Slovenia is also comparable (although the odd
behaviour of the measurements at the Slovenian site Zavodjne in the second half of 1994 give
a poor correlation for that year).

The model significantly underpredicts observed ozone at Ispra in Italy - possibly as Ispra is
often influenced by the Milan plume. Simpson and Jonson (Part III, this report) show that for
this site the Eulerian model with 50 km grid size performs significantly better.
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Mediterranean Europe: Greece, C. Italy, Portugal, Spain, Turkey

The Spanish, Greek and central Italian stations are quite new to the EMEP network, so this
is the first presentation of the EMEP model’s performance against these sites. (Note that the
plot for the Greek station, Aliartos, is given in Part III, Figure 2.3).

Rather surprisingly, the model generally predicts higher ozone values than the measurements
for the stations in Greece Spain and Portugal. Correlations are also rather poor at many sites.
Both problems are very marked for the Spanish stations Noia and Tortosa, and the Portuguese
site Monte Velho.

Possible reasons for this could include a poor description of the man-made or especially
biogenic emissions, or problems with the model’s 1-D structure in these regions. However,
discussions with some Spanish scientists have suggested that much of the reason for the low
ozone values reported at these sites lies with problems with measurement site placement and/or
calibration. Certainly the large step-change in the measurements at Noia and Tortosa in June
1994 looks odd. Monte Velho is sites rather near an industrial area, and Montelibretti is very
close to Rome, so local NOy sources probably influences these comparisons.

Little is known about the Aliartos station, but the poor model performance at this site
needs further investigation. At the Turkish station there is hardly enough data to allow any
evaluation, except that the observations are consistently about 10 ppb higher than the model
results.

San Pablo is a station believed to be well placed for EMEP purposes, and this is the one
where the EMEP model performs best.

Table 2.1: Correlations between predicted and observed daily max-
imum ozone values

CC Site 1989 1990 1992 1993 1994 1995 1996
AT Ilmitz 0.27  0.59 0.55 0.53 0.50 0.55 0.53
AT Achenkirch - - - 0.59 0.70 0.60 0.57
AT Koloman - 1d 0.64 063 0.72 0.65 0.54
AT Vorhegg - - - - - 0.46 0.51
AT Pillersdorf - - - - - 0.64 -
AT St leonhard - - - - - - -
AT Sulzberg - - - - - 0.64 -
AT Stolzalpe - - - - - 0.48 -
BE Offagne Id - - - - - -
BE Berendrecht 1d - - - - - -
BE Eupen 1d - - - - - -
BE Moerkerke 1d - - - - - -
CH Payerne 1d 1d 0.57 0.60 0.63 0.58 0.50
CH Taenikon 0.41 0.66 0.61 0.67 0.69 0.68 0.56
CH Chaumont - - 0.60 063 061 0.54 0.56
CH Rigi - - 0.55 0.54 0.65 0.54 0.52
CH Sion 0.60 0.63 0.49 0.51 0.56 0.62 0.52
CS Svratouch - 1d 0.47  0.55 1d 1d 0.52
CS Kosetice - - 1d 0.57 0.66 0.57 0.50
DE Arkona 0.65 - - - - - -
DE Westerland 0.68 1d 0.71 0.67 0.67 1d 0.62
DE Waldhof 0.60 0.68 0.56 0.65 0.73 0.58 1d
DE Schauinsland 1d 061 061 0.72 0.70 0.66 0.58
DE Deuselbach 0.60 1d 060 0.72 0.73 0.71 0.64
DE Brotjacklriegel 0.39 Id 0.49 051 0.57 0.71 0.60
DE Neuglobsow 0.61 - 0.54 0.62 0.65 0.62 1d
DE Schmuecke - - 1d 1d 0.69 - -
DE Zingst - - 0.61 0.69 0.58 0.60 0.57

continued on next page
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CC Site 1989 1990 1992 1993 1994 1995 1996
DE Hohenwestedt 1d 0.38 0.55 1d 1d 0.52 0.54
DE Bassum 0.51 0.66 0.67 0.59 0.77 1d 0.59
DE Rodenberg 1d - - - - - -
DE Meinerzhagen 1d Id 0.68 0.68 1d 0.69 0.61
DE Ansbach id 056 060 0.63 Id 0.46 0.69
DE Rottenburg id - - - - - -
DE Ueckermuende - - 1d 0.69 0.67 - -
DE Wiesenburg - - Id 1d Id 0.59 0.61
DE Lueckendorf - - 0.51 0.57 0.52 - -
DK Ulborg 1d 1d 1d 065 0.71 0.56 1d
DK Frederiksborg - 1d 0.75 066 0.66 0.53 0.58
ES San pablo - - - 1d 0.37 - 0.47
ES Cartuja - - - 1d 0.38 0.25 -
ES Tortosa - - - 0.39 0.10 0.25 0.37
ES Noia - - - 0.26 1d Id 1d
ES Viznar - - - - - 1d Id
ES Logrono - - - - - - d
F1 Ahtari 0.53  0.55 id 0.66 0.64 0.55 0.43
FI Uto 1d 1d 0.60 0.53 0.46 0.55 0.35
FI Virolahti 0.61 0.57  0.55 0.71 0.60 1d 0.52
FI Oulanka - 0.66 0.32 0.60 0.53 0.47 0.43
FR Donon - - - - - 1d 1d
FR Revin - - - - - 1d 0.41
FR Bonnevaux - - - - - 0.59 1d
GB Eskdalemuir 0.67 0.67 0.61 0.40 0.26 0.53 0.38
GB Lough Navar 0.75  0.50 1d 0.46  0.47 - 0.38
GB Yarner Wood - - - - - - 0.31
GB High Muffles - - - - - - 0.20
GB Strath Vaich - - - - - - 1d
GB Aston Hill 1d 0.40 0.52 1d 0.46 - 1d
GB Bottesford 0.51 0.46 0.42 1d 0.52 0.43 0.31
GB Bush 0.74 0.56 0.56  0.40 0.16 1d 0.34
GB Glazebury 1d 1d 0.40 0.28 0.42 0.30 0.25
GB Great Dun fell 0.69 0.64 0.57 0.48 0.51 - 0.41
GB Harwell 1d 0.39 0.42 0.32 1d 1d 0.33
GB Ladybower 0.56 0.40 1d 1d 0.53 1d 1d
GB Lullington Heath - - - - - - 0.52
GB Sibton 1d 0.60 0.61 0.46 0.66 0.46 0.61
1E Mace Head 1d 0.67 0.56  0.40 0.33 - 0.36
IT Montelibretti - - - - - 1d 0.25
IT Ispra 0.43 0.54 0.45 0.37 0.55 0.55 0.48
LT Preila - - - 1d 0.37 1d 1d
InY Rucava - - - - 0.54  0.67 Id
NL Witteveen 0.51 1d 069 0.62 0.76 - -
NL Bilthoven 0.45  0.59 1d - - - -
NL Kollumerwaard - 064 066 0.61 1d 0.55 -
NL Vredepeel - - 1d 0.59 0.74  0.57 -
NO Birkenes 0.61 0.65 0.45 0.58 0.64 0.54 0.57
NO tustervatn - 1d 0.34 0.55 0.54 0.40 0.40
NO Jergul 1d 0.53 1d 0.51 1d 0.30 0.28
NO Kaarvatn 1d 1d 0.43 0.60 0.44 0.32  0.43

continued on next page
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cC Site 1989 1990 1992 1993 1994 1995 1996
NO Osen - 0.59 0.54 0.55 1d 0.50 0.44
NO Zeppelinfijellet 1d 005 014 014 -0.06 0.01 0.02
NO prestebakke 0.59  0.68 1d 0.54 0.52 0.58 0.65
NO Nordmoen 0.50 0.54 Id 0.49 0.59 0.44 0.29
NO Jeloya 1d 0.68 id 1d 0.68 0.42 0.53
NO Hoylandet 0.53 - - - - - -
NO Svanvik 1d 0.44 1d 0.38 0.43 0.50 1d
NO Voss - 1d 0.43 0.56 0.62 0.48 0.49
NO Valle - 1d 1d - - - -
NO Sogne - - id 0.61 0.59 - -
PL Jarczew - - - - - Id Id
PL Sniezka - - - - - 1d 1d
PL Leba - - - - - id id
PL Diabla gora - - - - - - Id
PT Monte Velho 1d 1d 0.20 0.43 1d - -
RU Janiskoski - - - - - 0.36 1d
RU Shepeljovo - - - - - 0.37 -
SE Rorvik 1d 0.53 0.66 0.57 0.59 0.61 0.57
SE Velen 0.60 - - - - - -
SE Vavihill 1d 0.68 0.68 0.67 0.65 0.54 0.57
SE Aspvreten 0.67 1d 0.64 1d 1d 0.64 0.53
SE Esrange - - 0.46 1d 0.38 031 0.33
SE Ammarnas Id - - - - - -
SE Norra Kvill - - - - - - 0.46
SE Sannen 1d - - - - - -
SE Storulvsjon Id - - - - - -
SE Vindeln 0.57  0.51 0.48 0.60 0.62 0.45 0.46
SI Zavodnje - - Id 0.58 Id 0.57  0.60
SI Krvavec - - 047 061 . Id 0.69 -
SI Kovk - - 1d 1d 1d 1d 0.54
SK Chopok - - - - Id 1d 1d
SK Stara-lesna - - 0.51 1d Id 0.53 -
SK Starina - - - - 0.16 0.29 0.63
TR Cubuk I1 - - - - 1d - -
Notes:

CC is country-code
”-” indicates no data submitted to CCC
”1d” indicates <90% data-capture

2.3 6-Monthly Means

In previous reports dealing with the Lagrangian ozone model we have plotted 6-monthly means
of daily maximum ozone. This has the advantage of selecting for each day the peak ozone,
which usually will occur at either 12 or 18 GMT in the model output. The disadvantage of this
procedure is that we will sometimes be comparing a maximum ozone value obtained at, say,
18 GMT with a measured peak from, say, 8 GMT. In order to avoid this problem we will here
compare maps of modelled versus observed noontime (12 GMT) ozone values. However, before
considering these maps, we compare the two methodologies. Figure 2.1 shows scatter plots of
the modelled versus observed ozone derived from multi-annual comparison, for both modelled
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Figure 2.1: Modelled versus Observed 6-monthly Ozone Means. For Modelled Mean of Daily Max. Ozone
(left) and Modelled Noontime (12 GMT) Ozone (right). Data from 1989-1996 datasets, see text.

mean of daily max. and noontime ozone. The two plots are similar and indeed both show that
the modelled values have a good correlation with observed ozone. The comparison of noontime
ozone is clearly better though, with a good 1:1 correspondance between modelled and observed
values over the whole range, from 30-55 ppb. The plot with mean of daily max. ozone values is
more scattered, with outliers at high observed ozone (the site with highest ozone here is Ispra).

Maps of modelled and observed noontime ozone values are given in Figure 2.2, with the
difference between these plots illustrated in Figure 2.3. The measurement sites used to derive
these maps are also indicated. The two maps show very similar gradients across Europe. Model
under-predictions of about 2-8 ppb are seen in Scandinavia, central Spain, The Czech Republic,
N. Italy and southern Greece. Model over-predictions of between 2-8 ppb are seen over parts
of Germany, mid-Italy, N. Ireland and parts of Spain. The largest over-prediction occurs in
NW Spain. Modelled and observed values match very well over most of the UK, southern
Scandinavia, NE and southern Germany, Switzerland and Austria.
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Figure 2.2: Modelled (top) and observed {bottom) noontime ozone values, averaged over April-September,
using available results from 1989-1996: see text for discussion. units: ppb
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Figure 2.3: Difference, Observed - Modelled noontime ozone values, averaged over April-September, using
available results from 1989-1996: see text for discussion. units: pph
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18 EMEP MSC-W STATUS REPORT 2/98

(ppm h)
i

Modelled AOT40c
i

AOT40-crops

Obs.-Mod.
/A AOT40

ABOVE 6000

3000 - 6000

1500 - 3000

-1500 - 1500

-3000 - -1500

-6000 - -3000

BELOW -6000

Figure 2.5: Top: Modelled versus Observed AOT40-crops, Bottom: Difference, Observed - Modelled
AOT40-crops. AOT40 values derived from 2.4.
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2.4 Comparisons: AOT40 and AOT60

2.4.1 First: a warning

AOT40 and AOT60 have acquired importance because of their role as indicators of ozone dam-
age. Unfortunately both statistics have the severe disadvantage that they are very sensitive to
small systematic errors in either the model or the measurements. Such errors are unavoidable
and have many sources. Observations of ozone should usually have a good accuracy and pre-
cision with modern instruments, but calibration procedures are not uniform across the EMEP
network and uncertainties of at least £5% seem very likely. In addition, measurements are
affected by site placement and local NOy sources, so reported ozone values cannot represent
the perfect regional average for an EMEP grid square. For the ozone model, there are obviously
uncertainties introduced by the structure, chemical scheme, etc.. There are also acknowledged
uncertainties in all of the input data, for example NOy and VOC emissions inputs (especially
biogenic VOC), or assumed background tropospheric ozone values.

Thus, one may assume that a model which is able to reproduce measurements within even
+10% is doing very well indeed. Unfortunately even this very good level of agreement may give
rather bad comparisons with statistics such as AOT60.

In order to illustrate this, we have calculated AOT40 and AOT60 values for a number of
measurement sites, assuming:

a) The "real” ozone concentrations are represented by the measurements
b) The "real” ozone concentrations are 10% lower than the measurements
¢) The "real” ozone concentrations are 10% higher than the measurements

The calculated AOT values are given in Table 2.2. This Table clearly shows that all AOT
calculations are very sensitive to even moderate bias, especially AOT60. Of course, sites with
very low AOT (e.g. Uto) have the greatest uncertainty, but even sites with high AOT values
(Waldhof, Ispra) show factor of two differences in both AOT values. As 10% biases are very
likely in either measurements or modelling, then this table suggests that it is unreasonable to
expect better much agreement for the model versus observed comparison than that suggested
by the illustrative Table 2.2.

A corollary of this large uncertainty is that AOT-comparisons are very poor tools for evalu-
ating models. However, such comparisons are shown in this report because of the strong policy
interest in the model predictions of AOT values.

2.4.2 Results

Figure 2.5(top) illustrates the agreement between modelled and observed multi-year average
AOT40,. The agreement is very satisfactory, especially given the inevitable problems discussed
above. Despite some scatter there is an almost 1:1 correspondence between modelled and
observed values. The outlier at high observed AOT on these plots is the Italian site Ispra. The
outlier at low (ca. 2.5 ppm h) observed AOT and high modelled AOT40 (ca. 8 ppm h) is the
Portuguese site Monte Velho, another site where local influences may be rather strong.

Year-by-year AOT40 comparisons are presented for some sites in Fig. 2.7. These plots also
indicate surprisingly good agreement, almost always within a factor of two except for those
sites with very low AOT40 values, or for the two problem sites Ispra and Monte Velho.

Figure 2.6 illustrates the corresponding agreement between modelled and observed 5-year
average AOT60. The year-by-year AOT60 are given for a number of sites in Fig 2.8. Again,
the outlier at high observed AOT on these plots is Ispra. Overall the results are not as good as
those obtained for AOT40, but this is expected for such a sensitive statistic. As noted above
these plots can not be used to evaluate the EMEP model, but especially for policy use it is
encouraging that the EMEP results are again generally within a factor of two for these sites.
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Table 2.2: Illustration of the effects of biases on calculated AOT40
and AOT60 values

CC  Site AOT40! Uncertainty?
@ B @ (%)

AT Koloman 23152 15256 32025 72

CH Payerne 15880 10228 22617 78

DE Waldhof 22752 15644 30877 67

FI Uto 3124 1464 5560 131

IT Ispra 32785 24344 41778 53

NO Birkenes 6549 3509 105659 108

CC Site AOT60? Uncertainty?
@ B ©

AT Koloman 4135 1649 7951 152

CH Payerne 2324 702 4964 183

DE Waldhof 6627 3783 10357 99

FI Uto 27 250 0 914

IT Ispra 12867 8042 18576 &2

NO Birkenes 534 165 1301 213

Notes:

1. AOT values calculated using (a) observations directly, (b) ob-
servations minus 10%, (c) observations plus 10%. All AOT values

are 6-monthly, calculated between 9-21 hours.
2. Uncertainty calculated as 100 x |AOT(¢) — AOT(b)|/AOT (a)
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Figure 2.6: Modelled versus observed AOT60 - multi-
annual average

2.5 Frequency distributions

Cumulative frequency distributions (CFD) plots of the modelled and observed 12 GMT ozone
values have been calculated for 24 sites which have a data—capture of better than 90% for the
5-year period 1989-1994 (ex 91). The intention is to illustrate the ability of the EMEP model
to reproduce the statistical behaviour of ozone over long periods. These plots are shown in
figures 2.9-2.10.

These plots highlight some interesting differences in performance though. For example, the
modelled CFDs for most Swedish sites (Vavihill, Aspvreten, Rorvik) are very similar to the ob-
served, but for the most northerly site, Vindeln, the model shows significant underprediction.
The most northerly Norwegian sites (Jergul, and to a lesser extent Svanvik) show similar un-
derpredictions. On the other hand a large number of sites in southern Scandinavia, the United
Kingdom, and Germany show very close agreement at nearly all percentile levels. As usual
Ispra in Italy stands out, with much higher observed values than modelled for most percentiles.

On the whole, these frequency distributions demonstrate that the Lagrangian model achieves
a very acceptable performance for most countries and sites, and for all concentration levels, when
predicting ozone over a 5-year period.
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Chapter 3

Discussion and Conclusions

This report has presented the results of a multi-year comparison of the results from the EMEP
MSC-W Lagrangian oxidant model with measurements. One of the main motivations for this
comparison was that the model and its results are already in use in helping to guide environ-
mental decisions within the framework of the EU acidification and ozone strategy and within
UN-ECE activities. Whilst policy makers cannot wait for the perfect ozone model (they would
have to wait forever) it is important to show that the tools which are in use do reproduce the
main features of ozone formation in Europe to a reasonable extent.

There have also been a large number of requests from scientists running the measurement
sites, or with interest in seeing how the model performs in particular areas. In order to satisfy
all these requests we have presented data from all stations and all years in this report.

A very large number of sites are now available for evaluating the performance of the EMEP
ozone models. The geographical domain of the measurement network has been substantially
extended, both eastwards and southwards since the last extensive model evaluation exercise of
Malik et al. (1996).

In general, model performance over the years is similar to that obtained in this previous
comparison, at least for the older sites for which data was available in that year. Over most of
northern, western and central Europe the model performs rather well for all years (excluding
a two-week episode at high latitudes). At many of the new sites, in the Czech Republic,
Latvia, Lithuania, Slovenia, and Slovakia the model also seems to perform almost as well.
The model performance in southern Europe and in Poland and Russia is markedly worse, but
unfortunately there are still not many sites covering this area, and there are some questions
about the representativeness of the existing sites. More measurements from these areas are still
required before any good analysis can be given of how well any large-scale air pollution model
performs in the Mediterranean.

It should be noted that there are other difficulties in evaluating the model in some of these
regions, especially in the Mediterranean. The quality of the emissions inventory has been in
most cases not assessed to the same extent as those in NW Europe. The biogenic emissions in
particular are still very poorly known (Simpson, 1995, Seufert et al., 1997). Terpene emissions
may be significant, but because of a lack of knowledge of their atmospheric chemistry we have
not attempted to include these yet into the EMEP model. All of these questions need addressing
before much progress can be made in reliably evaluating any model in these regions.

Ozone alone does not form the best basis for evaluating photochemical oxidant models. It
is a pollutant whose concentrations vary within quite a small range, usually within a factor
of two or three. This is in marked contrast to the concentrations of other primary and even
secondary species where concentrations often range over an order of magnitude. However, the
fact that the ozone model seems to perform consistently well over so many years and in many
different geographical regions is encouraging. The main problems arising from this study seem
to be in southern Europe, so more attention should be paid to model evaluation in this region
in future. (Still, very few measurements have been submitted, which prevents any thorough
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analysis of either the extent to which the model does have problems, or to suggest any likely
causes for this).

Comparisons for a few other species, including PAN and total nitrate, were presented
in Simpson (1992), with quite acceptable agreement, although worse results were found by
Hov et al. (1997) . Generally very few measurements exist of species which are suitable for
evaluating model performance very strictly. However, a very useful set of hydrocarbon and
carbonyl measurements has been collected within EMEP and used for model evaluation, as
reported by Solberg et al. (1995). This work has demonstrated that the EMEP model does a
very good job of predicting HCHO, sum of aldehydes and even total VOC at most sites. As
the aldehydes are an end-product of ozone chemistry, and thus an indicator of the chemical
processing of the air mass, the ability of the model to match both the total VOC and the
products is very encouraging.

In Part III of this report the modelled 6-monthly mean results for SO3, NO3, total nitrate
(HNOj+particulate NO3), and sulphate are compared with observed results for 1996. These
seasonal results add little in helping to interpret the performance of the model, however. More
detailed analysis, using a range of high-quality measurements from the same site are probably
necessary to make further progress in evaluating the model, and in particular if we are to
disentangle the effects of model structure from model chemistry, anthropogenic emissions from
biogenic emissions, etc.

3.1 A final word

Comparisons between modelled and observed ozone values have been presented at a large num-
ber of meetings over the last 8 years. An almost unavoidable conversation has recurred at
nearly of these meetings:

Questioner You have shown plots for many sites. However, why haven’t you
shown plots from my country 7 We have 1067 ozone stations ...

EMEP modeller I have heard rumours about those stations. Have you sent
them to EMEP/CCC ?

Q. No, but you should have them ...

E.M. Please send your data to CCC. If you do, I will run simulations for those
data and we can both see the result. We are keen to evaluate the model in your
country.

Q. T'll do that!

All good and well. Two years later, usually another person, from possibly another country, but
often the same, stands up, and begins:

Questioner You have shown plots for many sites. However, why haven’t you
shown plots from my country 7 We have 1067 ozone stations ......
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Chapter 1

Introduction

In 1997 results from the EMEP Eulerian photo-chemistry model, also called the MACHO
model (Multi-layer Atmospheric CHemistry Model, Oslo) were presented for the first time
(Jonson et al. 1997) for a one month calculation. Comparisons with measurements were made,
predominantly for ozone. It was shown that the model was able to reproduce major ozone
events over Europe for May 1992.

Since last year several model updates have been made. A major difference is that the model
chemistry has been extended so that sulphur and ammonia components are also included. Thus,
all chemical components calculated in the EMEP Eulerian acid deposition model (Bartnicki et
al., 1998) are also included in the EMEP Eulerian photo-chemistry model. The aqueous phase
chemistry and wet deposition parameterization from the EMEP Eulerian acid deposition model
is also included. A major activity in the past year has been to upgrade the program code to
reduce CPU time for the calculations. The model changes are described in more detail later in
the text.

In this report model calculations and measurements in the EMEP network are compared
for the 6 summer months April-September 1996 The EMEP Eulerian acid deposition model is
also run for 1996.

In collaboration with the University of Oslo (UiO), model results are also compared to
surface and free tropospheric measurements from several European research projects.

e In the first part of June 1996 extensive measurements were carried out under the EU
project PAUR - see section 3.1.3.

e An extensive set of measurement were made in the upper troposphere as part of the
German Schadstoffe in der Luft campaign in July 1996. This campaign is related to the
EU project POLINAT - see section 3.2.1.

e The model has also been run for the June -July 1995 period, corresponding to the POLI-
NAT 1 measurement campaign (section 3.2.2). Model results are compared to measure-
ments in the upper troposphere for this period.
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Chapter 2

Model updates

Several model updates have been made since the first presentation of the model. Model updates
have been made serving two purposes:

¢ Optmisation of the model performance with regard to speed up of model simulations.

e Extensions and improvements of the parameterizations in the mode.

2.1 Model optimisation

The performance of the model was analyzed introducing time measurements for the main parts
by means of irtc()-calls. Test runs have been made for a real time period of 6 hours, reading
in two sets of meteorological data. Runs were performed on 8, 16, 24 and 32 processors on a
CRAY T3E parallel computer, assuming a fixed decomposition into 4 parts in the y-direction
and a decomposition into 2, 4, 6, 8 parts respectively in the x-direction. The higher number of
processors in the x direction was chosen, since the total number of points in this direction (151)
better fits a division into 8 parts than the number of points in the y-direction (133). From the
measured time characteristics of the pre-optimised model the following conclusions could be
drawn:

1. There was a super linear speed-up for the calculation part of the model (without initial-
ization time) for up to 32 processors with respect to the 8 processors run.

2. This super linear speed-up came mostly from the horizontal advection part (speed-up of
4.3 for 32 processors with respect to 8 processors), preparation of the rates and coefficients
for the chemistry solver (speed-up of 5.19 for 32 processors with respect to &) and from
the chemistry solver (speed-up of 5.18 for 32 processors with respect to 8).

3. These three parts of the program required a large part of the CPU-time of the model
(about 52% for a 8 processor run and 41% for a 32 processor run). The other part
that required a large fraction of the CPU-time is vertical advection/diffusion (27% for 8
processors and 26% for 32 processors) and has a linear scaling factor.

Consequently, to shorten the computation time of the model one must look closer to the
advection modules and the chemistry solver.

The advection is done by a fourth order Bott scheme in the horizontal and a second order
Bott scheme in the vertical (Bott, 1989a, 1989b). A considerable part of the calculations
in these schemes is independent of the actual species to be transported. This part of the
computations was done separately for each species in the original version of the model. These
subroutines were reformulated, so that as much as possible of the calculations can now be
made only once, independently of the number of species. The computed, direction dependent
fluxes, are subsequently applied to all species in one pass. Here arises another problem: In
the original formulation the concentration array had the structure of indices (i,j,k,n), where i
index in the west to east direction, j the index in the south to north direction, k the vertical
index and n the index for the model species. Consequently, the species dependent coordinate
n’ was the slowest varying index. To avoid introducing large additional 3D arrays for the
fluxes, etc. and to hold the structure of the advection routines as it is (with local 1D or 2D
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arrays - one geometric dimension + species dimension) the order of indexes in the concentration
array was changed to (n,i,j,k). Since the species dependent index n is now the fastest varying
index, the loop over n can be the inner most loop, the inflow/outflow tests in the advection
routine can be moved outside of this loop and the code can be highly optimized by the compiler.
The resulting horizontal advection code is about 7 times faster then the old one. The vertical
advection/diffusion code, which allowed in addition other optimization steps, is now more than
18 times faster in the 8 processors case and more than 17 times faster in the 32 processors
case. Of course, the super linear speed-up has now virtually disappeared, only a small super
linear speed-up in the y-direction (second geometric coordinate) of the advection remains as the
program has to access data in the memory, which are separated by smaller strides for higher
numbers of processors.

The same reordering of indexes in the concentration array improves performance in the
chemistry solver and in the preparation phase, too, since now concentration values for one
point of the domain are stored in the memory one after the other and are much faster to access.

The super linear speed-up of the chemistry solver in the original model version arose mainly
because the solver accessed concentration values directly from the concentration array, solving
the chemical system separately for each point in space. This lead to large jumps through the
memory, which are much smaller for higher number of processors where the array dimensions
are smaller. Since now concentration values are stored one after the other in the memory, access
to memory is much faster, reducing the computation time by a factor 2 for 8 processors and
1.5 on 32 processors.

In the preparation of coefficients for the solver, much time is spent in computing power
functions. Since the corresponding powers and bases are clearly away from zero, the power
function z¥ can be replaced by exp(y * log(x)) which is much faster. This results in a 4 to 5
times faster execution of the chemistry in the new model version.

Computation time with the new model version is more than 4 times shorter with 8 proces-
sors and more than 3 times shorter with 32 processors. The super linear speed-ups disappear,
indicating that the model version makes better use of the cache also for smaller numbers of
processors. The speed-up characteristics of the program, when increasing the number of pro-
cessors, are now smaller but still remain quite high: For the part executed at each time step,
speed-up for 32 processors with respect to 8 processors is 3.7, the advection shows slight super
linear speed-up of 4.02.

From a practical point of view the main conclusion is that a computation, which previously
required the use of 32 processors, can now be made on 8 processors in even somewhat shorter
time. A one month run can be made in 6 hours on 8 processors.

The strongest effect of the reordering of indexes is reached in the advection/diffusion part.
This can be illustrated by comparing the advection/diffusion times for the EMEP Eulerian
acid deposition model and the EMEP Eulerian photo-chemistry model. In the acid deposition
model 9 species undergo advection, in the photo-chemistry model 44. In the original model
the relation between the times spent in advection for the photo-chemistry model and acid
deposition model is about 5.2, reflecting the fact, that the corresponding concentration arrays
for the photo-chemistry model are 5 times larger than in the acid deposition model, leading
to further decrease in performance above the theoretical value 5. In the new approach this
quotient is reduced to about 3.2. This is also illustrated in Figure 2.1

2.2 Model extensions and improvements

In appendix B a comprehensive model description, including changes made since the last report,
is presented. Below a short description of these changes, and the motivation for making them,
is given.

The number of chemical components in the model has been extended to also include SO,
SOi_, NH5. ammonium nitrate and ammonium sulphate. Thus all the chemical components
calculated in the EMEP Eulerian acid deposition model are now also included in the EMEP
Eulerian photo-chemistry model. The model is now using the parameterization of aqueous
phase chemistry and wet deposition already implemented in the EMEP Eulerian acid deposition
model. Thus. the new model version now includes oxidation of SO, by OH in the gas phase
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Figure 2.1: The full line is for a total 6 hours model run. The dotted line is for a 6 hour total
model run without initialization and the dashed line is for a 6 hours model run with advection
only.

and by H2O3 and Ogs in the aqueous phase. With the EMEP Eulerian photo-chemistry model
we are now able to study concentrations and depositions of sulphur and nitrogen components
with a much more comprehensive chemistry scheme than what is used in the EMEP Eulerian
acid deposition model. Furthermore, the parameterization of components that are prescribed
in the acid deposition model (OH, Oz, H202) can be validated by using the photo-chemistry
model.

The calculation of photolysis rates have been updated according to the recommendations of
DeMore et al. (1997). The photolysis rate for Oz giving O’D is now substantially higher (about
30%) than calculated with previous recommendations.

In the four uppermost model layers initial and lateral boundary concentrations of ozone
are now scaled to the potential vorticity. Potential vorticity is a good tracer for stratospheric
air. Whereas typical ozone concentrations in the upper troposphere are around 100 ppb,,
concentrations even in the lower stratosphere are often several hundred ppb, .
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Chapter 3

Model results

This chapter is divided into two parts. In the first part model results and model validations
against surface measurements are presented. whereas in the second part model results and
model comparisons of model results with measurements for the free troposphere are presented,

3.1 Surface concentrations

Here model calculated concentrations are compared to measurements in the EMEP network.
Calculated and measured concentrations of NO3, SO», total nitrate (HNO3 + ammonium ni-
trate) and ammonium + ammonium nitrate, as well as wet deposition of sulphur, oxidized
nitrogen and reduced nitrogen are compared as scatter plots. For ozone NOs and total ni-
trate we also show time-series for a few sites we believe to be representative of their respective
regions. For ozone a more comprehensive comparison with measurements, including also the
calculations by the EMEP Lagrangian ozone model, is included in part III.

When interpreting the results one should bear in mind that the lifetime of these components
is short in the atmosphere (of the order of a few days or less) and large natural variations in
concentrations are expected even within a 50 km grid.

3.1.1 Scatter plots.

In Figure 3.1 mean calculated and measured concentrations for the 6 months April to September
1996 are compared as scatter plots. A perfect fit between calculated and measured concentra-
tions would require that the sites should lie along the middle diagonal dotted line. The two
dotted lines on the side represent a factor of two difference between calculations and measure-
ments. We require at least 150 days of measurements in the 6 month period for a site to be
included.

For NO, (Figure 3.1, top left) the calculated mean value for all sites is in good agreement
with the measurements. There is however a large scatter. This not surprising as the lifetime of
NO; in summer can be as low as a few hours only.

Calculated concentrations of total nitrate (Figure 3.1 top right) are over-predicted compared
to the measurements. The reason for this is unclear. Calculations with the EMEP Eulerian acid
deposition model (Bartnicki et al., 1998) show the same thing. In a recent paper by Slanina et
al. (1998) problems related to measurements of particulate nitrate is discussed. They conclude
that the measured nitrate concentrations are probably too low, as nitrate particles are likely
to evaporate from the filters. However the measurements made in the EMEP network use
denuders, and should not have this bias.

Whereas calculated SO2 concentrations compare well with the measurements (Figure 3.1,
bottom left), sulphate (SO; + ammonium sulphate) (Figure 3.1, bottom right) is under-
predicted by the model, in particular in the bottom left corner of the Figure, where concen-
trations are low. This underestimation is much less pronounced in the calculations with the
EMEP Eulerian acid deposition model (Bartnicki et al., 1998). This is most likely caused by
an insufficient oxidation of SO» in the aqueous phase. The parameterization of this process will
have to be studied in more detail. In polluted areas with high NO, concentrations the HO,
radical will react with NO instead of producing H,O+. However, other oxidant may contribute
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in the oxidation of SOs in the aqueous phase as O, catalysed by metal ions. There may also
be local production of H205 in the cloud droplets (Jonson and Isaksen, 1993)
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Figure 3.1: Scatter plots for calculated versus measured concentrations pg m~3) for NO, and
total nitrate as N and SO5 and sulphate (SO4) as S.

Calculated concentrations of ammonia + ammonium (Figure 3.2, left) compares favorably
with the measurements. Wet deposition of reduced nitrogen (Figure 3.2, right) is under-
predicted. This may be related to an under-prediction of sulphate, and subsequently of ammo-
nium sulphate at cloud level, as discussed above.

Also the wet deposition of sulphur (Figure 3.3, left) is under-predicted by the model, again
probably caused by an insufficient in-cloud oxidation of SO,.

For oxidized nitrogen (Figure 3.3, right) the mean calculated deposition is close to the
measured.

3.1.2 Time series.

In this part time series with calculated and measured concentrations For Oz, NO» and total
nitrate are shown for a few selected sites. For O3, concentrations are shown as daily maximum
values. For NO- and HNOj diurnally averaged concentrations are shown.

In Figure 3.4 calculated and measured ozone at 4 sites, representing northern Europe
(Birkenes), central Europe (Schauinsland), southern Europe (Zavodnje) and southwest Europe
(Donon), are shown. In part I1I a more comprehensive comparison of calculated and measured
ozone is included. For all four sites the model is to a large extent able to reproduce the day
by day ozone variations seen in the measurements. There is a tendency for the model to
under-predict concentrations in northern parts of Europe (as Birkenes), and to over-predict
concentrations in southern Europe (as Zavodnje).
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Figure 3.2: Scatter plots for calculated versus measured concentrations of ammonia + ammo-
nium pug N m~?) and as mg N m~3 for wet deposition of reduced nitrogen (ammonia).
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Figure 3.3: Scatter plots for calculated versus measured wet deposition of sulphur as S and
oxidized nitrogen (nitrate) as N, both in mg m~=3.

In the summer months the lifetime of total nitrate, and in particular NO», is short, and much
of the variability in the concentrations will be on a smaller scale than the model resolution (50
km). We believe this to be the main reason why the day by day agreement between calculated
and measured concentrations For NO, (Figure 3.5) and total nitrate (Figure 3.6) is much less
impressive than for ozone. Even so, the model does reproduce much of the variations in time
seen in the measurements.

3.1.3 The PAUR project

The main objective of the EU project PAUR is to qualify and quantify how increased pen-
etration of UV-B solar radiation through the atmosphere, resulting from stratospheric ozone
depletion, affects photochemical production and chemical transformation of ozone and other
photochemically active species in the lower atmospheric layers. The project involves a compre-
hensive set of investigations, which include observed and estimated variations and changes in
ozone column densities, observed and calculated solar fluxes and ozone photo-dissociation rates,
as well as measurements of ozone, NO,. and other key chemical compounds. Models will also be
used to study the transport out of polluted regions and its contribution to ozone background
levels on larger regional scales.

As part of the PAUR project an intensive measurement campaign was set up in June 1996.
Measurements were made at Tatoi, close to Athens and on the small island of Agios Fstatios,
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Figure 3.4: Measured (full line) versus calculated (dotted line) daily maximum concentrations
of ozone inn ppb,.

in the northern Aegean ocean.

Meteorological situation. The meteorological situation during the first 10 days of the two
week campaign (1.-14. June) was dominated by a high pressure system over northern Europe
with a ridge extending towards the Balkan. This gave a circulation pattern with air transported
from Scandinavia over eastern Europe, the Black sea and finally over Turkey before entering the
Aegean sea. Later the high pressure system moved towards the British Isles, and a more direct
flow pattern from eastern Europe towards the Aegean sea was established. Figure 3.7 shows
the mean sea level pressure (MSLP) and winds in the lower free troposphere at 12 UTC for 6.,
10., and 14. of June 1996 as calculated by the numerical weather prediction model. During
this long transport over the European continent the air in the planetary boundary layer was
subject to significant input of pollutants from surface sources. Calculated ozone concentrations
at 12 UTC for the same three days is shown in Figure 3.14

Figure 3.8 and 3.9 show the time-series of 1-hour averaged concentrations (measured and calcu-
lated) for Agios Efstratios and Tatoi between 1. June and 14. June 1996 The (yet unpublished)
measurements were made as part of the PAUR project (Zerefos et al., 98).

Aghios Efstratios. Over the Aegean sea the ozone budget is enriched both in ozone and
ozone precursors. Over the ocean, surface deposition is slow, and local sources of nitrogen
oxides are small. The combination of these effects gives much less ozone loss during night than
for the European continent. Consequently, quite small diurnal variations of ozone are found in
both observations and model results. (Figure 3.8, top left panel). During the first six days
of the campaign, the levels of calculated and measured ozone were in very good agreement.
During the following week, the observed concentrations of ozone slowly increased, reaching a
maximum of between 70 and 80 ppbv in the afternoon, while the calculated concentrations
remained at the 50 ppbv level without significant diurnal variations. This can be caused by
local circulation effects around the small island, not resolved by the model. During daytime
a stronger surface heating over the island than over the surrounding ocean is likely to cause
vertical mixing, bringing down air enriched in ozone. Towards the end of the period the weather
pattern changed, giving a more direct northwesterly flow from the industrialized areas of central
Europe towards the Island (Figure 3.7, lower panel). In the calculations this can be seen as a
sharp increase (from about 150 ppb,v to 225 ppb, ) in the concentrations of CO, accompanied
by an increase in ozone, peaking at 75 ppb, at 4 pm local time on the 14. June. This calculated
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Figure 3.6: Measured (full line) versus calculated (dotted line) diurnally averaged concentrations
of total nitrate (HNO3 + ammonium nitrate) inn pg m—3.

peak in ozone is also seen in the measurements. A similar peak in ozone is calculated for the
Tatoi station near Athens about 8 hours later.

For NO and NO, (Figure 3.8, middle two panels) and PAN (Figure 3.8, upper right panel) the
agreement between calculations and measurements is less satisfactory than for ozone. For PAN
model calculations and measurements have a similar diurnal cycle, but the model overestimates
the daytime maximum concentrations by a factor of 3-10. This is probably a result of the coarse
resolution for the forest database (150 km). With this version of the model there are emissions
of isoprenes over large parts of the Aegean sea. Isoprene is rapidly oxidized to radicals that
form PAN. Excess PAN formation may also contribute to the low calculated NO+ concentrations
during day. At night calculated NOs levels are in good agreement with the observed values.
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Such a large under-prediction of NO, is not at all typical for the model performance. (Figure
3.1 and Figure 3.5). There may be sources of NOg, as local shipping, not accounted for by the
model. It may also be that reported NO, emissions in general are to low in the whole region.

In later versions of the model (used in all other calculations in this report) isoprene emissions
are set to zero over sea in the 50 km grid.

Tatoi, Athens The campaign period can be divided into two parts with respect to chemistry

in the model. In the first 4 days and on 13. June, the model is strongly influenced by local
urban sources, with NO, concentrations of up to 30 ppbv (Figure 3.9, middle right panel).
High NO and NO; concentrations were also found in the measurements, however, the peak NO,
concentrations were only about 10 ppbv. With such high NO, concentrations in the model,
ozone is lost through the reaction

NO 4+ 03— NOy+ 04

and for short periods almost all the ozone vanish.

During the rest of the period, both the model and the observations seems to be representing
air-masses advected from the Aegean sea in the north easterly flow, without significant influence
from local sources. For O3 both measurements and model results show a lack of diurnal varia-
tion. The absolute concentrations are about 15 ppbv lower in the model than in the measured
values. This corresponds to the difference found for Aghios Efstratios, indicating that ozone
levels at Tatoi are mostly determined by a regional scale build-up of ozone.

3.2 The free troposphere.

In this section model results are compared to measurements from the POLINAT 1 summer
95 measurement campaign, and from the national German project “Schadstoffe in der Luft”,
campaign in the summer of 1996.

In the upper troposphere the residence time in the model domain is of the order of a few
days only. Much less than the typical chemical lifetime of key chemical species as O3 and HNOs3.
The levet of these components in the upper troposphere and lower stratosphere are strongly
influenced by the concentrations at the lateral boundaries. The large variations in O3 often
seen in the upper troposphere are determined by dynamical effects, in particular stratospheric
exchange, rather than local chemistry.

3.2.1 The POLINAT and Schadstoffe in der Luft projects.

The aim of the EU projects POLINAT 1 and 2 (Pollution from Aircraft Emissions in the North
Atlantic Flight Corridor) is to study the effects of aircraft emissions in the north Atlantic flight
corridor. As stated in the work program the overall objectives of the project are:

1. To determine by measurements and analysis the relative contribution from air traffic
exhaust emissions to the composition of the lower stratosphere and upper troposphere at
altitudes between 9 and 13 km within and near the flight corridor over the North Atlantic.

2. To assess the effects of air traffic emissions in that region in relation to clean background
concentrations and pollutant concentrations from various sources and to analyze their
importance for changes in ozone, oxidizing capacity, aerosols and clouds.

During POLINAT 1 there were two extensive measurement campaigns. One in November
1994 and a second campaign in June July 1995.

As a direct follow up to the POLINAT projects a national German project (Schadstoffe in
der luft) was set up, and similar measurements with the same aircraft were carried out in the
summer of 1996. For the second POLINAT project extensive measurements were carried out
in September and October 1997. The POLINAT measurement campaign was coordinated wit
the US project SONEX. As meteorological data for this period are not yet available, the results
from this period will be studied at a later stage.

All measurements have been made with the DLR (Deutsche Forschungsanstalt fiir Luft und
Raumfart) Falcon aircraft based at Shannon airfield in Treland. A large fraction of the flights
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Figure 3.7: Mean sea level pressure and winds in the lower free troposphere at Jun 6, 10 and
14 at 12 UTC.

were made chasing commercial airliners. The use of these data for verification of the EMEP
Eulerian photo-chemistry model is a result of the on-going collaboration between EMEP and
the University of Oslo. The measurements from the POLINAT campaign are published in the
final report to the European commission from the POLINAT project (Schlager et al. 1996 for

NO and Oz and Arnold et al. 1996 for HNOg).
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Figure 3.8: Calculated and measured hourly concentrations of key chemical components during
the Paur campaign at the island of Aghios Efstratios June 1 - June 14 1996.

3.2.2 Model calculations for the POLINAT 1 summer 1995 campaign.

The last part of June 1995 proved to be a well suited period to study the effects of aircraft
emissions in the eastern parts of the north Atlantic flight corridor. At flight altitude in this
region the weather pattern was dominated by a high pressure system with stagnant air, allowing
concentrations of NO,, and to some extent O3, to build up. As the NO and NO; concentrations
in the data provided from this version of the Oslo CTM2 were known to be to low, a minimum
concentration of 100 ppb, of NO, is assumed at the lateral boundaries.

Calculated concentrations of Oz, HNOz and NO are printed to file during model run time
given the position of the aircraft. In Figure 3.10 calculated and measured concentrations of
03 and HNO3 are compared, and Figure 3.11 depicts calculated and measured concentrations
of NO along the same flight tracks. Most of the measurements were made at regular flight
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Figure 3.9: Calculated and measured hourly concentrations of key chemical components during
the Paur campaign at Tatoi, near Athens, June 1 - June 14 1996.

altitude, at around 10 km altitude, in the upper part of the troposphere. The aircraft also
ascended into the lower stratosphere, shown as peaks in the Oz concentrations in Figure 3.10.
The comparison between modeled and measured concentrations of Oz shows that ozone levels in
the upper tropopause and lower stratosphere are well reproduced in the model. In particular for
the two flights on June 26. there is a remarkable good agreement between model calculations
and measurements. This suggests that the overall O3 concentrations provided by the Oslo
CTM2 (Sundet, 1997), and adjusted by the potential vorticity, are reasonable. In addition the
model is capable of reproducing the effects of the dynamics on a regional scale.

Figure 3.15 depicts the concentrations of O3, NO, and HNO3 at 12 UTC June 26 at 230
hpa. A minimum in the O3 concentrations (upper panel) is seen in the high pressure region in
the north eastern parts of the Atlantic. In the same region NO, concentrations (middle panel),
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Figure 3.10: Measured (dotted line) versus calculated (full lines) concentrations inn ppb, of

ozone and total nitrate for the Falcon flights in June 1995.

and to some extent HNO3 concentrations lower panel), are high.
Figure 3.16 depicts the difference in NO concentration between a standard model run and

three

model scenarios:

standard versus No aircraft emissions (upper panel)

standard versus No lightning emissions (middle panel)

No wet deposition of total nitrate (HNO3 and ammonium nitrate) versus standard model

run (lower panel).

The largest difference is seen for the case with no aircraft emissions. In this case NO
concentrations (and likewise NO3) are reduced by up to 0.1 ppb, corresponding to a more than



Part II. THE EULERIAN MODEL

49

50% reduction in NO,. concentrations in the high pressure region.

Lightning appears to have only a small effect on the concentrations. Lightning is included as
a monthly averaged source. However, it is expect that there will be large temporal and spatial

variations for this source.

Without wet deposition of HNOj there is a substantial increase in NO concentrations in
parts of the upper troposphere. Without being washed out by precipitation more HNOj3 is
advected to the upper troposphere, where it is photolysed, acting as a source for NO,.
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Figure 3.11: Measured (dotted line) versus calculated (full lines) concentrations inn ppb, of

NO for the Falcon flights in June 1995.

3.2.3 Model calculations for the Schadstoffe in der luft summer 1996

campaign.

As part of POLINAT, two flights from the German project Schadstoffe in der luft has been
selected for model inter-comparison. The yet unpublished data have been made available for
EMEP by courtesy of Dr. Hans Schlager, DLR. Both flights were made from Shannon airfield,
starting in the morning, to the Canary islands. There the Falcon aircraft stopped for refueling
etc, and then returned to Shannon in the evening. The flights were made on the 1. and
11. of July 1996. As the Canary islands are outside the model domain no comparison with
measurements can be made for the last part of the southbound flight and the first part of the

return flight. Flight altitude was mostly between 10 and 11 km.

In Figure 3.12 calculated and measured Oz concentrations for the two flights are shown
(southbound flight on the left). Parts of the flights were clearly made in stratospheric air-
masses, with concentrations sometimes peaking well above 300 ppb. In Figure 3.17 Oz at
model level 4 (approx. 230 hpa) at 12 UTC for the two days is shown. For the first of July
(upper panel) high O3 concentrations are found over the British isles, corresponding to the first
part of the southbound flight and the last part of the return flight. For the 11 July the Falcon is
mostly flying in the upper troposphere. High O3 concentrations are encountered as the aircraft

is flying through a cold front extending southwest from the Iberian

peninsula.
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Figure 3.13: Measured (dotted line) versus calculated (full lines) concentrations inn ppb, of O3
for the Falcon flights on the 1’th and 11’th of July, 1996.

Considering its short chemical lifetime, overall calculated NO levels are in reasonable good
agreement with the measurements (Figure 3.13). Contrary to the summer 1995, measurements
are mostly made in “aged” air-masses, outside of the north Atlantic flight corridor.

In the present version of the Oslo CTM2 global model the wet removal of HNOj3 is not
sufficiently accounted for, resulting in unrealistically high concentrations for this component in
the upper troposphere. HNOj is relatively long-lived in the upper troposphere and calculated
HNOs3 concentrations are, to a large extent determined by the lateral boundary concentrations.
Thus it is not surprising that the calculated concentrations are substantially higher than the
measurements for this component (Figure 3.18).
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Figure 3.14: Concentrations of Oz in pph, at 12 UTC depicted for the same days as for the
meteorological situation in Figure 3.7.
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Chapter 4

Conclusions from the model
results.

For most of the chemical components considered the model calculated concentrations compare
favourablly with the measurements both at the surface and in the free troposphere. For short-
lived components as NO, NO3 etc. the overall agreement is good, but there is a considerable
scatter for the individual measurements and sites. This must be attributed to the large natural
variability of chemically short-lived components. Compared to measurements total nitrate
concentrations appears to be over-predicted by the model. However, as argued above, for
concentrations measured at the surface the air concentrations may be under-estimated, as
nitrate particles can evaporate from the filters. For the upper troposphere the overestimation is
caused by to high concentrations at the lateral boundaries. As total nitrate levels at the surface
are over-predicted also in regions where concentrations are high, it is unlikely that the high
concentrations in the upper troposphere will contribute significantly to the over-prediction at
the surface. In the free troposphere section it was shown that the photolysis of HNO3 can be
a significant source of NO, in the upper troposphere. Improving the the parameterization of
the wet removal for HNO3 may give to low NO, concentrations. Most models have a tendency
to overestimate the HNO3 to NO, ratio in the free troposphere, indicating that the estimated
production of nitric acid is to rapid, or that there are some unknown processes in the atmosphere
that are able to regenerate NO, from nitric acid. (Chatfield, 1994).

For SO the agreement between the model calculations and the measurements is good.
For SO- the results are better than the calculations with the present version of the EMEP
EUlerian acid deposition model. The results are comparable to the calculations with the acid
deposition model with the same dry deposition scheme presently used in the photo-chemistry
model (Jakobsen et al. 1996). For sulphate the results are less satisfactory. We suspect that
the in-cloud oxidation of SO is to slow, indicating that SOs is oxidized by other oxidants than
03 and H»05 or that H,O» is produced in the cloud droplets.
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Chapter 1

Introduction

Parts I and IT of this report have discussed the Lagrangian photo-oxidant model and the 3-D
Eulerian photo-oxidant model (MACHOQO). The model results have been compared with mea-
surements, either for a number of years (Part I) or for various height levels for 1996 and some
campaign periods (Part II). Here we present for the first time a side-by-side comparison of the
two EMEP models. The aim is to give a first illustration of the results of the two models as
they stand now, in relation to each other and in relation to measurements.

Appendices A and B detail the physical and chemical structure of the two models in detail.
These models have been described previously in Simpson (1992), Simpson (1993), Simpson (1995),
Simpson et al. (1993) and Jonson et al. (1997). Table 1.1 summarises the similarities and differ-
ences. In terms of chemistry the two models are similar, but not identical. Both chemistries are
developed from the original University of Oslo chemistries (Hov et al., 1978, Eliassen et al., 1982),
and so both use the same lumped-molecule approach and similar species. However, over the
years the two mechanisms have diverged, especially in their reaction-pathways. Possibly the
most important differences are:

e The photolysis schemes are very different. As pointed out in Jonson et al. (Part II)
the Eulerian model’s scheme has been recently updated to take into account the new
recommendations of DeMore et al. (1997). This gives a photolysis rate for the key O3 +
hv — O' D reaction which is about 30% higher than previous values.

e The isoprene chemistries are very different, and have never been tested against each other.

The basic emissions input-data are similar, but handled in more detail by the Lagrangian
model. The biogenic emission inputs are very similar in the two models, although of course
the temperature fields for the Eulerian model have higher spatial resolution. The boundary
conditions (BCs) used by the two models are very different. The Lagrangian model uses BCs
based mainly upon measured data, whereas the Eulerian uses BCs derived from the global
model of the University of Oslo (Sundet, 1997, Berntsen et al., 1997).

Of course,the main differences between the models are in their physical structure, with the
Eulerian model featuring 20 vertical levels and 50x50 km? horizontal resolution, whereas the
Lagrangian model has just one layer and 150x150 km? horizontal resolution.
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Chapter 2

Results

2.1 Time-series comparisons

The two model’s predictions of daily maximum ozone against measurements are compared for
22 sites in Figures 2.1-2.4. For convenience, Table 2.1 also gives the correlation coefficients
obtained from these time series.

In general, results from the two models are comparable, although the Eulerian model usually
has a higher correlation with the measurements. There is a tendency for the Eulerian model
to perform better in spring-time than the Lagrangian (e.g. the Austrian sites). The site where
the Eulerian model is clearly superior is Ispra. This site is often influenced by the Milan plume,
so it may be that this effect is resolved better in the Eulerian model than in the Lagrangian.
Another feature seems to be that the Lagrangian model is more likely to predict ozone peaks
much higher than measurements (e.g. early June, Rorvik), wheras the Eulerian is more likely to
substantially under-predict measured peaks (e.g. late April, Rorvik). Otherwise, it is difficult
to find any general pattern in these comparisons.

2.2 AOT40

As pointed out in Part I ( section 2.4.1) AOT-statistics are rather poor tools for evaluating
models. However, they have obvious policy-importance, and they do help to show the regions
where the models are predicting substantial ozone production.

Figures 2.5 shows the calculated 3-monthly AOT40. values obtained from the Lagrangian
and Eulerian models. In general the model results show rather similar gradients, but with
obvious differences also.

Some similarities:

¢ Low AOT40 values (generally < 3 ppm.h) over most of the UK, Scandinavia and northern
Russia.

e Similar areas of exceedance of the 3 ppm.h Critical level for crops.

¢ Only moderate AOT40 (5-10 ppm.h) over most of southern Europe.

Some differences:

e The Eulerian model has a region of higher AOT40 (>15ppm.h) in the western parts of
France, extending into Germany, N. Italy, much of central Europe and into the Balkans.
The Lagrangian model does have high AOT40 (>12 ppm.h) in N. Italy, and also elevated
levels (> 10 ppm.h) in France, but does not show the same broad-expanse of high AOT40
into eastern and southern Europe as the Eulerian model.

e The Lagrangian model predicts increased AOT40 along the coast of Portugal compared
to Spain, but the Eulerian model predicts deacreased AOT40.

e The Lagrangian model predicts areas of exceedance of the Critical level in southern parts
of the UK and Sweden, and over the whole of Denmark. The Eulerian model suggests no
exceedance in these areas
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Table 2.1: Modelled and Observed 6-monthly AOT40 (forests) and Correlation-coefficients,
Lagrangian and Eulerian models

Code  Station Data Height AOT40-forests (ppb h) Corr. Coeff'
Capture Obs.” Lagrang. Euler. Lagrang. Euler.
(%) (m a.s.l.)
ATO03  Achenkirch 98.2 960 9263 6972 19254 0.57 0.51
AT02 [lmitz 94.6 117 13778 11142 8478 0.53 0.54
CHO2 Payerne 98.4 500 16601 6366 9864 0.50 0.59
CS03  Kosetice 95.1 633 20451 8304 7806 0.50 0.62
DE03  Schauinsland 93.0 1205 15867 6996 6714 0.58 0.69
DE02 Waldhof 67.5 74 10634 6102 4506 0.69 0.81
DEO1  Westerland 97.9 12 8625 4464 1782 0.62 0.34
ES01 San pablo 93.7 917 26228 6246 5418 0.47 0.52
F109 Uto 98.5 7 8980 3766 4020 0.35 0.60
FR08 Donon 87.3 775 15022 7717 10680 0.55 0.61
GB33 Bush 98.3 180 3668 1030 1416 0.34 0.62
GB15  Strath vaich 90.7 270 5029 936 2304 0.47 0.54
ITo4 Ispra 100.0 209 24042 7548 11700 0.48 0.64
ITo1 Montelibretti 99.5 48 11274 13110 14166 0.25 0.36
NO45 Jeloya 99.7 3 5659 2046 1206 0.53 0.53
NO44 Nordmoen 99.9 200 4141 1236 1362 0.29 0.52
NO41 Osen 100.0 440 7795 894 1830 0.44 0.58
NOO1 Birkenes 91.7 190 7317 4332 1566 0.57 0.32
NO42  Zeppelinfjellet 100.0 474 975 84 66 0.02 0.27
SE02 Rorvik 99.2 10 8773 4386 1536 0.57 0.36
Si31 Zavodnje 92.1 770 12793 9822 12690 0.60 0.68
SK06  Starina 93.1 345 11520 10800 6846 0.63 0.72
Notes:

1. Correlation coefficents are calculated between modelled and observed max. daily ozone values over
April-Sept., i.e. from a maximum of 183 values.
2. Observations calculated by EMEP/CCC, correcting for data-capture.

Figure 2.6 presents the AOT40. values as derived from the EMEP measurement networks.
Compared to this figure we see that both models tend to under-predict AOT40 values in south-
ern Scandinavia and in the UK. The Lagrangian model appears to match the measurements
better in Germany and central Europe. In other parts of Europe it is very difficult to draw
conclusions as the number of sites is so few. Greece has one measurement station which shows
more than 12 ppm.h. If this site is regionally representative for all of Greece both models
seem to underpredict AOT40 in this region. However, both models do show individual grid
squares near Athens with AOT40 values of around 10 ppm.h. In Spain two stations report
high AOT40 (>15ppm.h). which would suggest that both models under-predict in this region.
However, model over-prediction was found for other Spanish sites with the Lagrangian model
in Part L. so it is difficult to assess the overall performance until more measurements become
available. Only one site covers central Italy, and this site suggests much lower AQT40 values
than the models perdict. However, this site (Montelibretti) is often influenced by emissions
from the Rome urban area, so NO-titration of ozone may be responsible for the low observed
AOT values.

The 6-monthly AOT40 (forests) values are given in Table 2.1, along with the observed values
for 22 sites. Both models show a similar performance against the available measurements.
Measured AOT40; is generally under-predicted by both models to a similar extent.

Figure 2.7 illustrates the predicted AOT60 values from the two models. Here gradients in
much of Europe are remarkably similar in the two models. The main difference appears in
the France/Germany region, with the Eulerian model predicting much more AOT60 than the
Lagrangian model. Hoewever, it is worth noting here that AOTG0 is a statistic which magnifies
differences in modelled concentrations (see Part I, section 2.4.1), so even small differences in
modelled ozone concentrations may cause large differences in AOTG60.
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Comparison, Modelled versus observed daily max. ozone (ppb), Lagrangian model (left) and
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2.3 Scatter Plots

In figure 2.8-2.9 the summertime-mean (April-September) concentrations of SO», NO-, sul-
phate, and total nitrate (HNOz+partulate NO3') are compared with measurements. Note that
the number of modelled-stations available for these scatter plots was not the same in both
models, so the statistics are not directly comparable.

For the primary species (SO» and NOs, Fig. 2.8) the Eulerian model performs quite
reasonably, with most calculated concentrations within a factor of two of the measurements,
and good correlation. For the Lagrangian model there is a clear tendancy to over-predict SO
and under-predict NOs. These tendancies can be explained quite well as the result of the
single-layer formulation of this model: pollutants from primarily low-level sources (e.g. NO,
from road traffic) will in reality have higher concentrations near the ground than those given
by the boundary-layer average predicted by the model (e.g. Simpson et al., 1990). Pollutants
from primarily high-level sources (e.g. SOs from large power plants) will often have lower
concentrations near the ground than those given by the model. Both of these effects are greatest
at night.

For sulphate (Fig. 2.9) the results of both models are much poorer. As discussed in Part
IT (Jonson et al., this report) this may be caused for the Eulerian model by an insufficient
oxidation of SO in the aqueous phase. The Lagrangian model has the same linear sulphur
chemistry as the acid deposition model (Hov et al., 1988, Tsyro, 1998), but so far no attention
has been paid to the modelling of this species within the ozone modelling work. (There is no
feedback from sulphate to the ozone chemistry, so this species has been regarded purely as a
sink). Thus the Lagrangian model has only a very crude treatment of the boundary conditions
for sulphate, and no treatment of natural (DMS) inputs, so the poor results for the Lagrangian
model in this case are not too surprising.

For nitrate, on the other hand, the results are again reasonable for both models. This is en-
couraging as the amount of nitrate formed is a good indicator of the overall chemical-processing
of the models. However, there are large difficulties both in the measurements of even the sum
of the components used here (HNOjz,partulate NO3), and in modelling the concentration of
a species like HNO3 near the ground surface - concentation gradients can be very large and
determined very locally. Thus all comparisons against these species will involve considerable
uncertainities.
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Figure 2.8: Scatter plots for calculated versus measured concentrations of SO» (ug m=2 S)
and NO5 (g m~3 N), for the Lagrangian model (left) and Eulerian model (right). Stations
identified by 2-letter country codes
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Chapter 3

Discussion and Conclusions

This work has compared for the first time the results of the MSC-W Lagrangian photo-oxidant
model and the MSC-W Eulerian oxidant model. This comparison has clearly shown that the
Eulerian oxidant model is capable of operational usage for six month simulations, and it delivers
performance with respect to ozone which is comparable to that of the Lagrangian model. Indeed,
when comparing time-series the Eulerian model seems to show a better correlation with day-
to-day measurements than the Lagrangian model. However, when comparing AOT statistics,
the Lagrangian model appears to match the observed distribution somewhat better than the
Eulerian model.

This comparison excercise has given a first overview of the side-by-side behaviour of the two
models. However, this does not allow us to decide whether differences in model output are due
to differences in the model structure (especially horizontal and vertical resolution), or due to
some of the other differences noted in Table 1.1.

A number of activities are foreseen which will help in understanding the results presented
here, and which will give important information for future applications of both models:

Sensitity tests The extent to. which the model results depend on boundary conditions, chem-
istry, photolysis rates, etc., needs to be investigated, in order to understand which para-
maters most affect model performance.

Harmonisation It is clear that both the Lagrangian and Eulerian models are structurally very
different, but they do share a large number of features which could be harmonised to a
greater extent.

Thus emission inputs should be identical, and ideally the deposition modules, boundary-
condition input, and chemical schemes (including the photolysis schemes) should also be
the same as far as possible. This harmonisation will enable more efficient use of resources
within MSC-W, and make future model comparisons easier to interpret.

Emission control tests An important comparison will be to run a variety of emission-control
simulations with both models. This should include both Europe-wide emission controls
and also country-specific emissions controls. The most important question to be evaluated
with these tests is how far the response to NOy emissions controls is similar in the two
models.
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Appendix A

Lagrangian model: Physical and
chemical formulation

A.1 Lagrangian model formulation

We briefly review some of the main parameters involved in the Lagrangian model. Further details are
given in Simpson (1992,1993,1995) and Simpson et al. (1993, 1995).

A.1.1 Emissions

The emissions input required by the Lagrangian photo-oxidant model consists of national emissions of
S0,, NO,, NMVOC and CO, disaggregated to 11 source-sectors and on the 50 x 50 km? EMEP grid.

The emissions used in the calculations presented here are identical to those used in Simpson et al. (1997),
as documented in EMEP Report 1/97 (Olendrzynski, 1997). Although not the most-to-date, these emis-
sions are very similar for nearly all countries to those more recently documented by Mylona (1998).

Speciation of VOC emissions are also specified separately for each source-sector, derived from the
detailed United Kingdom speciation given in PORG (1993). Each of the species from this detailed
inventory has been assigned to one of the EMEP model’s species according to reactivity and chemical
composition. Details are given in Andersson-Skold and Simpson (1997).

FEmissions of isoprene, probably the most important biogenic compound with regard to ozone for-
mation, are calculated every hour in the EMEP model using the model’s radiation, temperature,
and land-use data. The emission rates used in the EMEP model are based upon the algorithms of
Guenther et al. (1993), and take into account recent measurements and evaluations from both the U.S.
and Europe (Simpson et al., 1995, Guenther et al., 1993).

A.1.2 Wet Deposition

Wet deposition is treated using a scavenging ratio approach, whereby the loss rate of a component X
is given by Ax.[X].P/h, where Ax is the scavenging ratio, P is the precipitation amount and h is the
mixing height. Scavenging ratios are given in Table A:1.

Table A:1: Scavenging ratios used in the Lagrangian model

Species Value

HNO3; 1.4.10°

SO» 3.10° 4+ 1.10% sin[27 (T — 70) /4]

(7 = day of year;my = 80 days; 7, = 365(366) days)

H-0, 1.4.10°

HCHO as SO

C'H30H 1.4.10°

Particulate sulphate 1.0.10°

Particulate nitrate 1.0.10°
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Figure A.1: Scaling factor applied to deposition ve-
locity, to mimic stomatal closure.

A.1.3 Dry Deposition

Deposition is calculated in the model using a resistance-based approach as described in Hov et al. (1988).
Briefly, maximum 1-m dry deposition velocities are first assigned for each species. These velocities are
adjusted for time-of-year to reflect seasonal changes in vegetation uptake (except for HNOz). Then the
flux of ozone to the surface is calculated based upon the model’s aerodynamic resistance (R.) param-
eterisation. At night the deposition velocities are reduced by a factor of four to simulate the effect of
stomatal closing in vegetation. Over sca areas the deposition velocities of ozone, NO2, and PAN (&
MPAN) are set to zero.

The maximum 1-m deposition velocities are given in Table A:2

Table A:2: Maximum -1m deposition velocities
(em s™1) used in the Lagrangian model

Species Value Species Value
Ozone 0.5 HCHO 0.3
SO4 0.8 RCHO 0.3
NO, 0.2 ROOH 0.5
HNO3 4.0 ketones 0.3
H»04 0.8 HCHO 0.3
Particulate sulphate 0.1 PAN/MPAN 0.2
Particulate nitrate 0.1

At high temperatures the stomata of plants close, thus reducing the plants loss of vapour but
also its uptake of ozone. Other factors (e.g. soil moisture deficit) can also play an important role
(Emberson et al., 1996, Fuhrer, 1996) in this process. In order to include at least a crude representation
of stomatal closure effects in the current modelling work, a very simplified representation has been
adopted. When surface (2m) temperatures exceed 25°C the ozone deposition velocity is reduced by 8%
for each extra degree Centigrade, up to 35 °C, as illustrated in Figure A.1.

Although simple, this formulation is roughly consistent with measured stomatal conductances
(pers.comm., Emberson, 1997), and leads to lower ozone fluxes into vegetation in warmer climates.
It has therefore been adopted as an interim solution which is thought to be more realistic than previ-

ous parameterisations.

A.1.4 Initial/free tropospheric concentrations

The treatment of boundary conditions in the EMEP model has been described in detail in Simpson (1992).
Briefly, for a species such as ozone, we specify concentrations at a fixed latitude and month, for example
50 ppb for 45°N in June, and then modify this value for other months and latitudes.

Simpson (1992) derived boundary conditions appropriate for 1990. The CO and CH4 have since
been updated. Further, for other years we now apply a trend factor to these boundary condition values,
so that for ozone for example the assumed “specified” boundary conditions vary from 20 ppb in 1900
to 50 ppb in 1990. Trends for ozone and other species are given in Table A:3
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Table A:3: Trends in free-tropospheric background concentrations applied in the multi-year
runs. Units: ppb.

Trend 1900 1950 1970 1980 1990 1995

% /yr (ref.)
)

CO (land/sea) 0.85 (L 70/50a 107/57 127/67 138/73 150/80.b 150/80

CHy 0.63-0.91(2)  1000b 1326 1504 1625 1780 1863
Os 1.0 (3,1) 20 34 41 45 50 50
VOC 0.85 (4,1) - - - - - -

Notes: 1. Trend, 1950-1990, equated with trend of 0.85%/yr for 1950-1987 of Zander et al. (1989b);
2. Trend for 1950-1975 equated with Zander at al.’s trend of 0.633 for 1951 to 1975, trend for 1975-2010
equated with Zander et al.’s trend of 0.91 for 1975 to 1985-87 (Zander et al., 1989a). Emissions are
still increasing in many countries, therefore trend continued;

3. Trend of 1% per year assumed, consistent with Janach (1989), Low et al. (1990),
Volz and Kley (1988), Bojkov (1986), Logan (1994);

4. Trend for ethane of 0.85%/yr from Ehhalt et al. (1991). The EMEP model also specifies n-butane
and ethene as boundary conditions - for simplicity, we assign the same trends to these species as for
ethane. (This completely ignores differences in sources, sinks, and lifetimes between the different VOC
species, but is probably a better approximation than zero trend);

1Zero trend assumed after 1990.

a: Estimate, based upon Thompson and Cicerone (1986), and gives CO roughly consistent with mea-
surements suggesting ca. 50 ppb in the Southern Hemisphere (Cicerone, 1988). b: CO for 1990
based upon data from Simmonds et al. (1996). c: Ehhalt et al. (), consistent with ice-core data of
Stauffer and Neftel (1988).

A.2 Lagrangian model: chemical scheme

We give here a complete listing of the chemical mechanism used in the photo-oxidant model. Reaction
coefficients are largely from Atkinson (1990) and Atkinson et al. (1992). Isoprene chemistry is derived
from Paulson and Seinfeld (1992). Full details of the sources and methodology behind the reaction
schemes are given in Simpson et al. (1993). A number of extra HO3-RO2-ROOH were introduced to
the chemistry in Simpson (1995) in order to render the isoprene treatment consistent with that of the
other VOC species in the model.
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A.2.1 Photolysis rates

An updated formulation of the photolysis rates has been adopted, based upon the UK photochemical
trajectory model (Derwent et al., 1996, Jenkin et al., 1997):

J = L.(cosG)Mexp(—Nsec(ﬂ))

Where 8 is the solar zenith angle, and L, M, and N are coefficients as listed in Appendix A. The
new rates give in some cases substantially different photolysis coefficients than those used previously -

see Simpson et al. (1997) for more details.

Table A:4: Photolysis rate coefficients used in the Lagrangian EMEP model.

L

5.219E-04
8.978E-05
1.108E-02
1.057E-05
1.037E-06
4.866E-05
6.790E-05
8.443E-06
6.591E-06
3.887E-05
1.524E-04
1.030E-05
2.669E-02
1.853E-01
3.324E-05
5.797E-06

2

~1 O O W N =

= e el e e e O OO
SO W N = O

N

Reaction

0.079~ O3 — O3P + 02

0.243
0.322

0.936 .03 — O1D + 02

0.183 ~-NO2 — NO + O3P

-H202 — OH + OH

HNO3 — NO2 + OH

0.349 v HCHO — HO2 + HO2 + CO
0.275 ~HCHO — CO + H2

0.437
0.399
0.289
0.156
0.154
0.103

CH3CHO — CH3 + HCO

CH3COC2H5— CH3COO02 + C2H502
GLYOX — 2 HO2 + 2 CO

MGLYOX — CH3COO2 + CO + HO2
GLYOX — 0.13 HCHO + 0.87 H2 + 1.87 CO
NO3 — NO2 + 02

0.112 v+NO3 — NO2 + O3P

0.566
0.249

»

N205 — NO2 + NO3

CH30OH — CH30 + OH

C2H500H — C2H50 + OH

CH3COO2H — CH302 + CO2 + OH

CH3COCHO2HCH3 — CH3CHO+CH3COO02+0H

secC4H902H — OH + secC4H90O

CH200HCH20H — HO2 + OH + 1.56 HCHO + 0.22 CH3CHO
CH3CHOOHCH20H — CH3CHO + HCHO + HO2

OXYO2H — OH + MGLYOX + MAL + HO2

MALO2H — OH + HO2 + MGLYOX + GLYOX

Notes: inorganic rates taken from Derwent et al. (1996), organic rates from
Jenkin et al. (1997)



APPENDIX A: LAGRANGIAN MODEL STRUCTURE

A.2.2 Chemical reactions

. . . . —_ . . k3 — — .
Reaction coefficients are in units of ™! for unimolecular reactions, cm® molecule™ s=* for bimolecular
reactions, and cm® molecule™ s for termolecular reactions. Reaction steps labelled as ”Immediate”

are given for clarity only.

Table A:5: Photo-oxidant Chemistry: Lagrangian Model

Rate coefficient

Reaction

Generic reaction rates

FHO2=(1.+1.4E-21¥H20%exp(2200./t))

KRO2NO=4.2E-12*exp(180./t)
KHO2RO2=1.0E-11
KRC87=1.0E-12*exp(190./t)
KRC91=5.8E-12*exp(190./t)
KRC92=1.9E-12*exp(190./t)

5.7E-34%(t/300.0) 72 ®
9.6E-32*(t/300.0) "¢
2.0E-11%exp(100.0/t)
2.2E-10

Immediate
1.8E-12%*exp(-1370./t)
1.2E-13*exp(-2450./t)
1.9E-12*exp(-1000./t)
1.4E-14*exp(-600./t)
1.8E-11%exp(110./t)
3.7E-12%exp(240./t)
7.2E-14*exp(-1414./t)
1.4E-12

1.4E-11

4.1E-16
7.1E+14%exp(-11080./t)
4.8E-11*exp(250./t)
2.9E-12%exp(-160./t)
7.7E-12%exp(-2100./t)
1.0E-14*exp(785./t)
FHO2*2.3E-13*exp(600./t)
FHO2*M*1.7E-33*exp(1000./t)

Inorganic chemistry

0+02+M — O3
O+NO+M — NO2
OD+M —» O

OD+H20 — OH+OH
H+02 — HO2

03+NO — NO2
03+NO2 — NO3
034+0H — HO2
03+HO2 — OH
NO+NO3 — NO2+NO2
NO+HO2 — NO2+OH
NO24+NO3 —+ NO+NO2
NO2+NO3 — N205
NO24+OH — HNO3
NO3+H202 —+ HO2+HNO3
N205 - NO2+NO3
OH+HO2 — H20
OH-+H202 — HO2
OH+H2 - H
OH-+HNO3 — NO3
HO2+HO2 — H202
HO24+-HO2 — H202

1.35E-12
4.0E-17
Immediate
Immediate

Sulphur chemistry

OH+502 — HSO3
CH302+S02 — SO3+CH30
HSO3+02 — HO2+503
SO3+H20 — SA

7.44 %« 10718 x T? x exp(—1361/T)
Immediate

KRO2NO

5.5E-14%exp(365./t)
5.5E-14%exp(365./t)
3.3E-12*%exp(-380./t)
3.8E-13*exp(780./t)

Immediate

9.6E-12

Immediate

Methane chemistry

OH+CH4 — CH3

CH3402 — CH302

CH3024NO — CH30+NO2
CH302+CH302—CH30+CH30
CH302+CH302—CH30H+HCHO
OH+CH30H—HO2+HCHO
HO2+CH302 — CH302H
CH30+02 —» HCHO+HO?2
OH+HCHO — HCO

HCO+02 —» CO+HO2

continued on next page
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Rate coefficient

Reaction

1.0E-12*exp(190./t)
1.9E-12*%exp(190./t)
5.8E-16
2.4E-13

7.8E-12*exp(-1020./t)
8.9E-12
6.5E-13%exp(650./t)
5.8E-12%exp(190./t)
1.9E-12*exp(190./t)
Immediate
5.6E-12%exp(310./t)
1.0E-11

1.34E416*exp(-13330./t)

2.0E-11

5.5E-12

5.5E-12
2.8E-12%exp(530/t)
1.3E-13*exp(1040./t)
1.9E-12%exp(190./t)
3.0E-13*exp(1040./t)

(CH302H + OH — HCHO + OH
CH302H + OH — CH302
NO3+HCHO — HNO3+HCO
OH+CO - H

Ethane chemistry

OH+C2H6 — C2H502

C2H502+NO — C2H50+NO2
C2H502+HO2 — C2H500H
C2H500H+0H — CH3CHO+OH
C2H500H+0H — C2H502
C2H50402 - HO24+CH3CHO
OH+CH3CHO — CH3CO0O02
CH3COO2+NO2 — PAN

PAN — CH3COO2+4NO2
CH3COO02+NO — NO2+4CH3
CH302+CH3C002 — CH30+CH3
CH302+CH3C002 — CH3COOH+HCHO
CH3CO02+CH3C002 — CH3+CH3
CH3COO02+HO2 —» CH3COO2H
CH3COO2H+OH — CH3COO02
CH3COO024+HO2 — CH3COOH + 03

3.2E-12

Ethanol chemistry

OH+C2H50H — CH3CHO + HO2

1.64E-11%exp(-559./t)
KRO2NO
Immediate

1.15E-12
KRO2NO
KHO2RO2
4.8E-12
KHO2RO2
KRC92
KRC91

n-butane chemistry

OH+NC4H10 — SECC4H902
NO+SECC4H902—NO2+SECC4H90

SECC4H90— 0.65 HO2 + 0.65 CH3COC2HS5 + 0.35 CH3CHO
+0.35 C2H502

OH+CH3COC2H5 — CH3COCHO2CH3
CH3COCHO2CH3+NO — NO24+CH3C0O02+4+CH3CHO
CH3COCHO2CH3+HO2—CH3COCHO2HCH3
CH3COCHO2HCH3+0OH—CH3COCHO2CH3
SECC4H902+HO2—+SECC4H902H
SECC4H902H+OH—SECC4H902
SECC4H902H+OH—OH+CH3COC2H5

1.66E-12%exp(474./t)
KRO2NO

KHO2RO2

KRC91

KRC92
1.2E-14%exp(-2630./t)

Ethene chemistry

C2H44+-OH — CH202CH20H
CH202CH20H+NO—NO2+HCHO+HCHO+HO2
CH202CH20H+HO2 — CH200HCH20H
CH200HCH20H+OH — CH3CHO + OH
CH200HCH20H+OH — CH202CH20H
('2H44+03—-HCHO+0.44 CO+ 0.12 HO2+ 0.4 HCOOH+ 0.13
H2

6.5E-15%exp(-1880./t)

2.86E-11
KRO2NO
KHO2RO2
KRC91
KRC92

Propene chemistry

03+4C3H6— 0.5 HOHO+ 0.5 CH3CHO+ 0.07 CH4+ 0.4 CO+
0.28 HO2+ 0.15 OH+ 0.31 CH3024 0.07 H2

OH+C3H6 — CH3CHO2CH20H
NO+CH3CHO2CH20H—NO2+CH3CHO+HCHO+HO?2
CH3CHO2CH20H+HO2—CH3CHOOHCH20H
CH3CHOOHCH20H+OH— CH3COC2H5+0H
CH3CHOOHCH20H+OH— CH3CHO2CH20H

continued on next page
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Rate coefficient

Reaction

1.37E-11
KRO2NO
KHO2RO2
1.7E-11
2.0E-11
KRO2NO
KHO2RO2
2.4E-11
1.1E-11
1.70E-11

o-xylene chemistry

OXYL+OH—OXYO2
OXYO24+NO—-NO24+MGLYOX+MAL+HO2
OXYO2 + HO2—-0XYO2H

OXYO2H + OH — OXYO2
MAL+OH—-MALO?2
MALO24+NO—NO2+HO24+MGLYOX+GLYOX
MALO24HO2—-MALO2H

MALO2H+OH — MALO2
OH+GLYOX—HO24+C0O+CO
OH+MGLYOX—CH3C0024CO

RH dependent
RH dependent
RH dependent
RH dependent

Aerosol chemistry

H202 — aerosol
CH302H — aerosol
N205 — 2 x nitrate
HNO3 — nitrate

12.3E-15%exp(-2013/t)

2.54E-11%exp(410./t)
KRO2NO

4.13E-12%exp(452./t)
KRO2NO

KHO2RO2

2.0E-11

8.0E-18
1.86E-11*exp(175./t)
1.0E-11
1.34E+16%exp(-13330./t)
2.0E-11

KRO2NO
4.32E-15%exp(-2016./t)

3.35E-11
KRO2NO

NO3 chemistry

[soprene chemistry

ISOP+03— 0.67 MACR, 0.26 MVK+0.3 O, 0.55 OH+0.07
C3H64-0.8 HCHO+0.06 HO24-0.05 CO

ISOP+OH—ISRO2

I[SRO2+NO— 0.32 MACR+40.42 MVIK+0.74 HCHO, 0.14
ISNI+0.12 ISRO240.78 HO2+0.86 NO2

MVEK+OH—-+MVKO2

MVKO24+NO— 0.684 CH3CHO+0.684 CH3COO2+ 0.266 MG-
LYOX+0.266 HCHO+0.05 ISNI4-0.95 NO2+0.95 HO2
ISRO2+HO2—ISRO2H

ISRO2H + OH—OH+ISRO2

ISRO2H + 03—*0.7:HCHO

MACR+OH—0.5 AOH1+ 0.5:MACRO?2
MACRO24+NO2—MPAN

MPAN — MACRO2+NO2

MACRO24NO—CH2CCH3+NO2

CH2CCH34+NO —NO2+4+CH3COC2H5+HO2

MVEK+03—0.82 MGLYOX+0.8 HCHO+0.2 O+ 0.05 CO+0.06
HO2+0.04 CH3CHO+0.08 OH

ISNI+OH—ISNIR

ISNIR+NO— 0.05 HO2+4 2.0 NO2+ 0.95 CH3CHO+ 0.95
CH3COC2H5

7.8E-13 ISOP +NO3—ISONO3
KRO2NO ISONO3+NO—1.1 NO2+0.8 HO2+4-0.85 ISNI+0.1 MACR+40.15
HCHO+0.05 MVK

Extra since Note 2/93 (Simpson et al. 1993)
KHO2RO2 MVKO?2 + HO2 - MVKO2H
KHO2RO?2 MACRO2 + HO2 - MARO2H
KHO2RO?2 CH2CCH3+4+ HO2 — CH2CO2HCH3
KHO2RO2 ISNIR + HO2 — ISNIRH
KHO2RO2 ISONO3 + HO2 — ISONO3H
3.2E-11 CH2CO2HCH3 + OH — CH2CCHS3
2.0E-11 [SONO3H + OH — ISONO3
2.2E-11 MVEKO2H + OH — MVKO?2

continued on next page
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Rate coefficient Reaction

3.7E-11 ISNIRH + OH — ISNIR
3.7E-11 MARO2H 4+ OH —» MACRO?2
Notes:

”t” is temperature, M is third body.

Abbreviations for some species names:

0XYO2 Peroxy radical from o-xylene + OH
OXYO2H Hydroperoxide from OXYO2 + HO2
GLYOX Glyoxal (HCOCHO)

MGLYOX Methyl-glyoxal (CH3COCHO)

MAL CH:COCH=CHCHO

MALO?2 Peroxy radical from MAL + OH
MALO2H  Hydroperoxide from MALO2 4+ HO2
ISRO2 Peroxy radical from isoprene + OH
[SRO2H Hydroperoxide from ISRO2 + HO2
MACR Methacrolein

MACRO2 Hydroperoxide from Methacrolein
MPAN Peroxy methacryloyl nitrate (CH2CH(CHa)C(=0)0:NOz)
MVK Methyl-vinyl-ketone

MVEKO?2 Peroxy radical from MVK + OH
MVEKO2H Hydroperoxide from MVKO2 + HO-

ISNI Organic nitrate from isoprene
ISONO3 Isoprene-NO3s adduct
ISNIR Alkyl peroxy radical from ISNI
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Appendix B

Eulerian model: Physical and
chemical formulation

B.1 Eulerian Model formulation

The EMEP Eulerian photochemistry model has been designed as an extension of the EMEP Eulerian
acid deposition model. The basic model description for the EMEP Eulerian acid deposition model
is, with a few exceptions, also valid for the EMEP Eulerian photochemistry model. The differences
between the two models is related to dry deposition and the formulation of the chemistry. Thus only
those parts where the two model versions differ are reported here. For a description of the basic model
formulations the reader is referred to this years report on the EMEP Eulerian acid deposition model
(Bartnicki et al., 1998)

B.1.1 Emissions

Emission field estimates for 302, NHa, NO,, CO and VOC (volatile organic compounds) are based
on data submitted officially to EMEP for 1996 from the participating countries. Gridded data are
for many countries available in the 50 km EMEP grid. A distinction is made between surface sources
(below 100 m) and high stacks sources (above 100 m). Monthly averaged lightning emissions, and
seasonally averaged aircraft emissions, are included for NO,.

Biogenic emissions of isoprene are calculated every hour in the model, based on the E-94 inventory of
Simpson et al. (1995). The vegetation cover is given with 150 km resolution in the EMEP grid, and a
distinction is made between 6 types of vegetation.

Emissions of NO, from lightning is included as monthly averages on a T21 resolution from the POLI-
NAT 2 database. The emission are originally compiled for the ECHAM database (Kghler et al. 1995).

B.1.2 chemistry

The present chemical mechanism is based on the Oslo CTM1 (Berntsen et al., 1997), and the Oslo
CTM2 (Sundet, 1997) models. The mechanism applied in the EMEP Eulerian photochemistry model
has been extended to also include sulphur and ammonium chemistry. As part of this extension the
aqueous phase chemistry already applied in the EMEP Eulerian acid deposition model (Jakobsen et al.,
1996, 1997) is also implemented in the EMEP Eulerian photochemistry model. In the EMEP Eulerian
photochemistry model acetone and DMS are not included in the calculations. The chemistry scheme
applied in the Lagrangian ozone model (Appendix A) and the scheme applied in the EMEP Eulerian
photochemistry model (and the Oslo CTM1 and Oslo CTM2) have a common origin. The chemistry
parameterization from the Oslo CTM models was chosen for the EMEP Eulerian photochemistry model
in order to reduce the amount of computational resourced used by the model. As concentrations from
the Oslo CTM?2 are used as lateral boundary values for the EMEP Eulerian photochemistry model, it
is highly beneficial to have a coherent chemistry parameterization in the two models, in particular for
calculations in the upper troposphere. Below changes in the parameterization of the chemistry from the
Oslo CTM2 (Sundet, 1997) are presented. A complete description of the model chemistry is included
in appendix B.2.

Definition of the fractional solubility.

In the parameterization of both aqueous phase chemistry and wet. scavenging we assume that Henry’s
law is fulfilled. For gases that undergo rapid reversible aqueous phase reactions such as acid-base
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ionisation equilibria, an efficient Henry’s law coefficient, H* can be defined (Schwartz, 1986). As an
example, the efficient Henry’s law coefficient for SOz is given as:

H* = ([SO2)aq + [HSO7 ]+ [SO; 7]/ Pso,
=H502(1+[_§‘-1+_]+{;H{—‘]%)7 (Bl)

where Hso, is the Henry’s law coefficient for SO, and K; and K, are the first and second ionisation
constants for sulfurous acid. Pso, is the partial pressure of SO; in the gas-phase.

For a soluble gas C, using the ideal gas law, the total concentration [Cr] (gas + aqueous-phase) in
a cloud volume can be expressed as:

[Cr]  =[Cgl/a+[Caq
= [Cagl (1 + 77e7) (B.2)

where [C,] is the gas phase concentration of C, a is the volume fraction of cloud water, R is the universal
gas constant (atmM~'K™') and T is temperature in Kelvin degrees. Both [Cr] and [C,] are in units
M (mol/1). The fraction of the total (gas 4 aqueous) concentration of C desolved in cloud water, f,

then becomes:

1
I = Ty R (B3)

Oxidation of SO, to sulphate.

In the model SO, is oxidized to sulphate both in the gas phase and in the aqueous phase. In the
calculations we always assume equilibrium between gas- and aqueous- phase. It should also be noted
that in case only a fraction of the grid volume is in clouds, the total concentration (gas + aqueous) of
soluble components are assumed to be uniformly distributed in the grid volume. If the cloud evaporates,
the total concentration is always equal to the gas phase concentration. For both gas and aqueous phase
reactions we scale the reaction rates, rather than the concentrations, by the solubility and cloud volume
fractions. In the present calculations we have assumed a constant pH value of 4.5.

-Oxidation of SO- in the gas phase.
In the gas phase SO, is oxidized by a chain of reactions initiated by the reaction with OH:
SO, + OH — ...... HQSO4

We have found it convenient to define a pseudo reaction rate ri,, where r.4, reaction 78 n appendix
B.2, is scaled by the fractional cloud volume, W and the fractional solubility, f:

‘rig =rg[(1 - fso, )W +1— w1, (B.4)

where fso, is the fraction of SO2 desolved in the aqueous phase in clouds. In the above equation SO2
is oxidized both in the cloud free parts of the grid box and in interstitial cloud air.

Oxidation of SO, in the aqueous phase.

Although a number of oxidants may.contribute in the oxidation, only Oz and H>O; are considered
here. The rate of production for sulphuric acid is expressed as:

pet = ken [H205][SO] + keiz[HT][0:)([SO2] + [HSO5])

where the reaction rate for the oxidation by Oa, ka2 = 1.810 [H+]_0‘4mol_ll (Modller, 1980)H20>, and
the reaction rate for the oxidation by H2Os: ki = 8.310° mol™'1 (Martin and Damschen, 1981). .
With this parameterization all reactions, including aqueous phase reactions, are calculated as gas phase
reactions. In order to get the right units, (molecules cm ™)™, the aqueous phase reaction rates are
multiplied by a conversion factor I'
I=10"/A0a

where Ag is Avogadros number, and « is defined above. As for the gas phase reaction rate rl,, we
define pseudo reaction rates, taking into account the the solubility of SO, H,O2 and O3, the liquid
water content and the fractional cloud cower. The pseudo reaction rates then becomes:

Hso, .
kin = kenD g fso, fulV (B.5)
502
and
kiro = kereT fso, fo, W (B.6)

for the for oxidation by HoOs and Oz respectively. fx and fo, are the fractional solubilities of H2 O

and Oa.
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Oxidation of SO, in gas- and aqueous- phase.

With the definitions above, the oxidation of SO, to sulphate in gas and aqueous phase is expressed as:

P = (k\yOH + kl;y H,0; + k.,05)S0, T (B.7)

Ammonium sulphate and ammonium nitrate

In the model ammonium sulphate is formed instantaneously, only limited by the availability of the
least abundant of the two species. In the atmosphere ammonium sulphate is present in two forms,
(NH4)2S04 or NH4SO4. We assume equal concentrations of the two forms.

Any excess NHs may then react with HNOz, forming ammonium nitrate (NH4NO3) through an
equilibrium reaction. As a first step in this calculation the equilibrium concentration of NHj is calcu-
lated:

NHzeq = + keg, (B.8)

NH; + HNO, \/ (NHs — HNOs)?
+
2 4
Where k.4 is defined below. The equilibrium concentration of NH4HNO3z (ammonium nitrate) is derived

from NHa:
NHqNOseq:NH4N03 +(NH3 —NH3eq) (B9)
Provided the difference between the equilibrium concentration and the former concentration is smaller
than the former concentration, the equilibrium concentration becomes the new concentration of am-
monium nitrate. Nitric acid (HNOs) is adjusted accordingly, maintaining mass balance.
The equilibrium constant ke, is calculated as recommended by Mozurkewich (1993). Below the
point of deliquescence the equilibrium constant, now denoted K, is given by the equation:

Ink, = 118.87 + % — 6.025In(T) (B.10)

where T is the temperature in Kelvin. Above the point of deliquescence the equilibrium constant, now
denoted Kqq is given by:
RH RH , 1 RH

Kag=[P1 = Po(1 = 355) + Pa(l = 755711 = 755

00 VK, (B.11)

where both K, and Kaq, and subsequently k.q, are in units of (molecules cm™?)?. RH is the relative
humidity in percent. and P, P; and Ps are given as:

InP, = —135.94 + 87% +19.12In(T)

InP, = —122.65 + 99# + 16.22In(T)

inP; = —182.61 +

13875 | 24461n(T)
T
and the point of deliquescence is given as:

618.3
InRH, = 7 2.551
Night time production of NOj3

The night time production of total nitrate (defined as the sum of HNOs3 in the gas phase and NO; and
ammonium nitrate in particulate form) is initiated by the gas phase reaction:

N02 +03 —)NOg +02

At least in the lower troposphere, this reaction is believed to be the rate-limiting step for the night
time production of total nitrate (Dentener and Crutzen, 1993). N,Os is formed in equilibrium with
NOgZ

NO24+ NOz = N2Os

N2Os may further react with water on deliquescent aerosols, producing two NOZ molecules:

N2Os + H:O — 2NO; + H
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However, in daylight NO. is rapidly photolysed:
NOs; +hy — NO + O

Thus, total nitrate is only produced through this path in the absence of sunlight. In winter, with
low OH concentrations and many hours of darkness, this is believed to be the major source of total
nitrate in the atmosphere. (Dentener and Crutzen, 1993). As noted above, the rate limiting step for
the overall night time production of total nitrate is the initial reaction between NO; and O=. However,
at low humidities and/or low aerosol burden, the overall reaction can be limited by the availability of
aerosols. The parameterization of this process is a simplification of the parameterization suggested by
Dentener and Crutzen (1993). In the calculations we assume that the availability deliquescent aerosols
is proportional to the sulphate concentration, represented as a volume fraction V of sulphate aerosols:

V= S % ]\’{s
= ———Aop

where S is the concentration of sulphate (molecules cm™?), M. is the molecular weight of sulphate, Ao
is Avogadros number and p is the aerosol density (g cm™?%). An expression for the conversion of N2Os
to NOJ on deliquescent aerosols is expressed as:

Ko = V%‘”—"RH/mo. (B.12)

r

where « is the sticking coefficient (1072), v is the mean molecular speed for the N2Os molecules and r
is the average radius of the aerosols (0.3 p m).

B.1.3 Wet removal.

The parameterization of the scavenging of soluble chemical components is based upon the work of
Berge (1993), where the scavenging is parameterized as functions of precipitation and cloud liquid
water content. A distinction is made between in-cloud scavenging and sub cloud scavenging.

The in-cloud scavenging of a soluble component C is given by the expression:

pr/AZ
cw

Q= C faq (B.13)

where pr (kg m~2s7!) is the locally released precipitation in a given grid box, divided by CW (kg m™%),
the liquid water content of the same grid box. AZ is the height of the grid box. faq 1s the fractional

solubility of C as defined above.

For below cloud scavenging a distinction is made between scavenging of particulate matter and gas
phase components. The scavenging of gases is calculated as

Q =0.7P, (B.14)

where P is the accumulated precipitation from the all layers above. For particles the scavenging is
believed to be much less eflective, as the the particles will tend to follow the air-current around the
droplets (Berge, 1993). For particles, below cloud scavenging is calculated as

Q= éPe: (B.15)
v

where A is 5.2 m°kg~'s—1, v, the fall-speed of the droplets, is 5 m s7! and e, the scavenging efficiency,
is 0.1.

B.1.4 Dry deposition.

The dry-deposition parameterization scheme applied here is the same as used in the EMEP Eulerian
sulphur model (Jakobsen et al., 1995 and Berge and Jakobsen, 1998). The dry deposition velocities at
1 m (vs) are given in Table 1. An effective dry deposition velocity for the lowest model layer, v, is

calculated from the equation:
vs

CalVil
where V is the horizontal wind vector, and C'g is the drag coefficient. The drag coefficient is calculated
from Monin Obukhov similarity theory as described by Berge and Jakobsen (1998).

(B.16)

Vp =
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O3 HNOsz; PAN CO H»,0; NOs,
Ocean 0.1 0.1 0. 0. 0.1 0.05
Ice 0.05  0.05 0. 0. 0.01 0.02
Tundra 0.1 0.1 0.06 0.01 0.1 0.05
Agriculture | 0.4 0.4 0.2 003 01 0.1
Forest 0.4 0.4 0.2 0.03 0.1 0.1
Desert 0.1 0.1 0.05 0.01 0.1 0.05
Undefined 0.4 0.4 0.2 0.03 0.1 0.1

Table B:1: Dry deposition velocities at 1 m in cms™ .

B.1.5 Photo-dissociation rates.

The photodissosiation rates (j-values) are calculated for clear sky conditions and for two predefined
clouds using the phodis routine (Kylling, 1995: Kylling et al. 1995). Ozone concentrations from a
2-D global model, extending from the surface to 50 km (Stordal et al. 1985) are scaled by observed
total ozone columns Dutsch (1974). Cloud base for both the predefined clouds is at 1 km above the
ground. The first predefined cloud is 3 km deep, with a water content of 0.7 g ecm™ and a mean droplet
radius of 10 um. The second predefined cloud is 1 km deep, with water content of only 0.3 g cm™?
and a mean droplet radius of 10 pm. The j-values are calculated using the new recommendations for
absorption cross sections and quantum yields from DeMore et al. (1997). For most components the
changes are small. However the photolysis of Os to O'D is now approximately 30% higher than with
earlier recommendations.

B.1.6 Initial and lateral boundary concentrations.

For most of the chemical components the initial concentrations and the mass advected inn across the
lateral boundaries are calculated with the Oslo CTM2 global model (Sundet, 1997) with a t21 resolution
(5.625 degrees). At present monthly averaged concentrations for June 1996 are used. For SO, and SOy
lateral boundary concentrations are based on the results from a Hemispheric model (Leonor Tarrason,

personal communication). For a number of short-lived components initial and lateral concentrations
are set to zero (O’D, O(°P), OH, HO»).

Potential vorticity adjustment of Os.

Across the tropopause there are large gradients in the concentrations of Os. In an attempt to reproduce
these gradients, initial and lateral boundarie concentrations of oz at the four uppermost layers (level
four corresponds to the tropopause) are scaled according to the potential vorticity (PV). Thus, at these
levels lateral boundary concentrations of Oz (in ppb. ) are scaled to the PV as:

0: =45x107° x PV (B.17)
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nr. Reactions Rate constants Ref. Note
A -EJR

R71 HO; + CoHs02 — CH-0-H 6.5E-13 650 2 11
R72 HOs 4+ CiHyOy — CH;O.H 6.5E-13 650 2 11
R73 HO; + Ce H1202 — CH:0.H 6.5E-13 650 2 11
R74 HO, + CH;CH(O2)CH,OH — CH:0: H 6.5E-13 650 2 11
R75 HOs; + CH:COCH(0;)CHs —» CH:0:H 6.5E-13 650 2 11
R76 HO, + ISOR1 — CH:0:H 6.5E-13 650 2 11
R77 HO, +ISOR2 - CH;0.H 6.5E-13 650 2 11
R7 OH + 50; — ....504 2.0E-12 2 11
Notes:

*  Rate assumed to be 1.16 times faster than R46, as Atkinson et al. (1989) gives kogs 1.16 times
faster for Cp HsO2 + NO than for CH:O02 + NO.
**  Rate assumed to be equal to R46 ( NO + CH:05 )

Table B:3: Rate constants for three-body reactions.

Reaction Rate constants

ko king  Fe
R3 6.0E-34(T/300)~*3[M]
R11 2.6E-30(T/300)"32[M] 2.4E-11(T/300)~'3 0.6
R13b 2.2E-30(T/300)~3°[M] 1.5E-12(T/300)~%7 0.6
R16 1.8E-31(T/300)~32[M] 4.7E-12(T/300)~"* 0.6
R24 1.0E-28(T/300)~°8[M] 8.8E-12 0.6
R34 4.5E-31(T/300)~3°[M] 1.8E-12(T/300)~*7 0.6
R60 8.0E-29(T/300)~7°[M] 1.2E-11(T/300)~"° 0.6
R61 4.9E-3e(~12100/T)[N,]  4.0E+16e(~13600/T) (.3

B.2.1 Notes

Note 1 : k =I\‘0 +I\‘O[AI]/(1+]€:[A[]/}€2)
where kg = 7.2 x 1072 eap(785/T) , k2 = 4.1 x 10~ % exp(1440/T) and
ka = 1.9 x 107 eap(725/T)

Note 2 : 1.5 x 107 (1.0 + 0.6 Putm)
where Pap, is air pressure in atmospheres.

Note 3 R23: k= 1.59 10720« T25 4 ¢ 778/ T

Note 4 : Equilibrium constant. for NO2 + NO; = N2Os s
k. =4.0F — 97¢(10920./T) " Reaction rate for N2Os — NOs + NOx is then given as R13b/k.q .

Note 5 : Equilibrium const. for HO2 + NO2 — HO>NOs 1s
keg=21E— 976(10900./T)  Reaction rate for HO2NO> — HOs + NO- is then given as R16/keq

Note 6 R30 : k=151 %1077 & 720 % ¢120/T
Note 7 Rd0a + R40b= 2.93F — 12 % ¢1?/T_ R40b = 2.93F — 12 % ¢'**/T-R40a
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Table B:4: Photolytic reactions

Model ref. Reactions

D1 O3+ hv — OCP) + (03)

D2 O3+ hv — O(ID) + (02)

D3 NOs + hv — NO + O(3P)

D4 H2O5 + hv — 20H

D5 HNOs+ hv — NO; + (OH)

D6 HCHO+ hv - CHO + HO»

D7 HCHO + hv — CO + (H>)

D8 CH3CHO+ hv - CHO+ CHs

D9 CH3COCHsCHsz+ hv = CH3CO 4+ C9H504
D10 CH3COCOCH3+ hv — 2CHsCO
D11 HCOCHO+hv - CO+ HCHO
D12 CH3COCHO+ hv - CO+ CH3CHO
D13 N03+hV—>N03+0(3P)

D14 NOsNO3z+ hy — NOy + NOs3

D15 CH3z0:H +hv - OH + CH30

D16 HOsNOo+ hv — NOs + HO»

Note 8 The fraction (1— fa, fa = ks/ka + kb) of organic nitrates (RONO;) formed from the reaction
RO; + NO — (1-fa)RONO; +fa(NO; + TO) is calculated by the following equations ( Atkin-

son, 1990)

k) s |

ks Y300 [A](T/300) = ™0

1+ Y200 M](T/300) — Moo
YO IM](T/300)~™ \ |
z = l :

[1 + ( og1o Y200 M(T/300) ="

where Y7 = aeY | where N is the number of C atoms in the peroxy radical, and o = 1.94%1072?

and 8 = 0.97 are constants. [M] is number density of the air, T is temperature and mo = 0,
Mmoo = 8.1, F =0.411 and Y2° = 0.826.

Note 9 The alkoxy radicals (RO) formed in the reaction between peroxy radical and NO will either
react with O or decompose. Values of fb (fb denotes the fraction reacting with O, ) are calculated
on the basis of data given in Atkinson (1990).

Note 10 In the case of Cs H120, decomposition is assumed to be the only reaction since a C6 ketone
is not included in the scheme.

Note 11 ARAD is the sum of peroxy radicals (ARAD = CH;COCH (O )CH:+Ces H1202+C4HyO2+

CoHs0,4+CH;CH(O2)CH,OH+1SOR1+4+150OR2). All reactions are assumed to give a ROOH
compound which is represented in the scheme by CH:0:H.

Note 12 List of abbreviations used in the chemical scheme :

ISOR1 First RO; radical from the reaction of isoprene with OH
ISOK The sum of methylvinylketone (MVK) and methacrolein (MACR)
ISOR2 RO> radical formed from MVK + OH or MACR + OH

AR1 First RO> radical from the reaction of m-xylene with OH
AR2 A (-5 carbonyl compound formed from AR1 by reaction R50
AR3 A C-5 RO, radical formed from AR2 by R41

Note 13 The scheme for isoprene oxidation is based on Lloyd et al. 1983. Since the uncertainties in
the emission estimates are so large only oxidation initialized by reaction with OH is included.
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The scheme based on assumptions I-I1I is :

Isoprene + OH — ISOR1

ISOR1 + NO — 0.1 RONO; + 0.9 (NO; + HO> 4+ HCHO + ISOK) I

ISOK + OH — ISOR2 I1

ISOR2 + 1.5 NO — 1.5NO> + 0.67 (HO; + CH3;COHCO) + 0.43 HCHO
+0.33(CH;CHO + CH3;CO ) I11

I :  ISOK consists of equal amounts of MVK and MACR.

II . MVK and MACR have the same chemical lifetime.

IIT  : All RO, radicals in ISOR2 reacts with the same rate with NO.

In Lloyd et al. (1983) 4 different RO> radicals are identified from the reaction of ISOK with OH
depending on whether MVK or MACR is oxidized, and the mechanism for the oxidation. The
fraction yields of the products in the last equation is derived by considering the fraction yields
of the 4 RO> radicals and their reaction path to the above products. A simplification is made
as the HOCH,CO radical formed from one of the RO> radicals formed from MVK, is treated as
CH3CO in the scheme.

Note 14 Product yields of the reaction of OH with glyoxal is given by Atkinson (1990) as

3.5 % 108
Ralk = Jtss = 35 701 4 24 (03]
o
ko/k = fbas = [©:]

3.5% 1018 + 2 % [O2]
kc/k = fC44 = fb44
Note 15 k = 3.2+ 107'% « T2 x *'*/T Atkinson 1990.

Note 16 Products taken from Madronich and Calvert (1990). The alkoxy radicals which are products
of the reaction are treated according to note 9.

Note 17 See section B.1.
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Appendix C

Lagrangian model: Time-series
plots, 1989-1996

This Appendix presents time-series plots comparing daily maximum ozone values from mea-
surements with those of the Lagrangian photooxidant model. The 6-monthly mean of daily
maximum ozone are given in each plot, as are the correlation coefficents (r). Note that » is
derived from the 183 daily values.

Plots are presented for essentially all sites reporting to EMEP over the years 1989-1996, as
long as data-capture was at least 60% over the April-September period. For some sites, plots
for 1996 have been presented in Part II1 of this report and so are not repeated here.

Plots are presented sorted after two-letter country codes. These codes have been given on
Page 2 of this report.
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Figure C.1: Modelled versus observed daily max. ozone (ppb)
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Figure C.2: Modelled versus observed daily max. ozone (ppb)
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Figure C.4: Modelled versus observed daily max. ozone (ppb)
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Figure ('.5: Modelled versus observed daily max. ozone (ppb)
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Figure C.6: Modelled versus observed daily max. ozone (ppb)
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Figure C.7: Modelled versus observed daily max. ozone (ppb)
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Figure C'.8: Modelled versus observed daily max. ozone (ppb)



Conc. (ppb)

Conc. (ppb)

Conc. (ppb)

Conc. (ppb)

Conc. (ppb)

Conc. (ppb)

C:10

EMEP MSC-W STATUS REPORT 2/98

DE hohenwestedt

—— Obs. (mean
~ = - Mod. (mean=42.0)

2071 Corr. = 0.54

Year = 1996 MSC-W Lagrangian Photooxidant ModFl
APR M‘AY Jle J\llL Al‘JG S‘EF
1996
Time of year

100- DE lueckendorf

—— Obs. (Mean=48.6)
= = = Mod. (mean=45.8)

'
zo:“, \ Yo
Corr. =0.57
Year = 1993 MSC-W Lagrangian Photooxidant Model
avm waY son o e ser
1993
Time of year

DE meinerzhagen
Obs. (mean=41.1)

Year = 1989

APR MAY
1989

120 DE meinerzhagen

YR
20 Corr.=0.68 1

Year = 1992 MSC-W Lagrangian Photooxidant Moae!
arn vy son s s see
1992
Time of year

120 DE meinerzhagen

——— Obs. (mearf:51.1)

‘{Corr. =0.69

Year = 1995 MSC-W Lagrangian Photooxidant Mode!
AP way N o As ser
1995
Time of year

120 DE neuglobsow

—— Obs. (mean=48.4)
100 | ~ =+ Mod. (mean=47.9)

20+ Corr. = 0.61
o Year = 1989

MSC-W Lagrangian Photooxidant Model

T
APR MAY
1989

T T T
JuL AUG SEP

Time of year

DE lueckendorf

—— Obs. (mean=49.0) |
~ — = Mod. {mean=45.7)

Conc. (ppb)

207 Corr. = 0.51

{
Year = 1992 MSC-W Lagrangian Photooxidant Model
APR M‘AY JLLN JL‘JL AlIJG SéF
1992
Time of year

120- DE lueckendorf

= L
=
e
5 L
c
Q
(@] L
Corr. = 0.52
Year = 1994 MSC-W Lagrangian Photooxidant Model
APR M‘AV JI}N JllJL AIIIG SéP
1994
Time of year

DE meinerzhagen

Year = 1990

\

R}
MSC-W Lagrangian Photoz‘)xidant Mm&d

T T T T T
APR MAY JUN JuL AUG SEP
1990

Time of year

DE meinerzhagen

Corr.’= 0.68
Year = 1993 MSC-W Lagrangian Photooxidant ModFI
APR M‘AY J\jN Jl‘JL AIIIG S‘EP
1983
Time of year

100- DE meinerzhagen

g
e 60—
S
S <o
[&]
*7 Corr. =061
Year = 1996 MSC-W Lagrangian Photooxidant
are wav N s AUs st
1996
Time of year

100 DE neuglobsow

wh
A Vv
WISy |

1 RAT

#71 corr. =054 y ‘\‘n :
Year = 1992 MSC-W Lagrangian Photooxidant Modfel

0 7

APR ML\Y JUN Juk ALIG SEP

1992

Time of year

Figure C.9: Modelled versus observed daily max. ozone (ppb)
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Figure C.10: Modelled versus observed daily max. ozone (ppb)
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Figure C.12: Modelled versus observed daily max. ozone (ppb)
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Figure C.13: Modelled versus observed daily max. ozone (ppb)
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Figure C.14: Modelled versus observed daily max. ozone (ppb)
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Figure (.15: Modelled versus observed daily max. ozone (ppb)
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Figure C.17: Modelled versus observed daily max. ozone {ppb)
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Figure C.18: Modelled versus observed daily max. ozone (ppb)
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Figure C'.19: Modelled versus observed daily max. ozone (ppb)
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Figure C.20: Modelled versus observed daily max. ozone (ppb)
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Figure C.22: Modelled versus observed daily max. ozone (ppb)
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Figure C.23: Modelled versus observed daily max. ozone (ppb)
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Figure C.26: Modelled versus observed daily max. ozone (ppb)
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Figure C'.28: Modelled versus observed daily max. ozone (ppb)
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Figure ('.29: Modelled versus observed daily max. ozone (ppb)
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Figure C.30: Modelled versus observed daily max. ozone (ppb)
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Figure (.32: Modelled versus observed daily max. ozone (ppb)
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Figure C.33: Modelled versus observed daily max. ozone (ppb)
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Figure C.34: Modelled versus observed daily max. ozone (ppb)
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Figure C.37: Modelled versus observed daily max. ozone (ppb)
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