














































































Table 3.6. Carbonyl concentrations in air and correlation coefficients between observed and 
calculated concentrations (values within parenthesis are cases with more than 
half of the measurements giving concentrations below the detection limit; these 
measurements have been treated as if they had given zero concentration of the 
carbonyl) 

Station Correlation Observed mean Mode! mean 
coefficient concentration concentration 

(EEb) <eeb> 
Formaldehyde CS03 0.51 1.48 I.I I 

DE02 0.65 1.23 1.09 
FR08 0.42 1.34 2.40 
0836 0.70 1.57 1.05 
IE31 0.62 0.48 0.44 
ITOI 0.62 2.20 1.26 
IT04 0.39 2.86 1.47 
LVIO 0.00 1.02 0.65 
NOO! 0.45 0.69 0.75 

Acetaldehyde CS03 0.29 0.70 0.27 
DE02 0.75 0.44 0.26 
FR08 0.42 0.62 0.66 
0836 0.83 0.67 0.34 
IE31 0.45 0.20 0.07 
ITOI 0.45 0.96 0.35 
IT04 0.20 1.16 0.31 

LVIO -0.02 0.43 0.11 
NOOl 0.47 0.29 0.15 

Butaoone CS03 0.44 0.14 0.62 
DE02 0.76 0.10 0.52 
FR08 0.37 0.13 1.16 
0836 0.76 0.16 0.59 
IE31 0.68 0.04 0.09 
ITOl 0.20 0.20 0.61 
IT04 0.21 0.24 0.80 
LVIO 0.38 0.06 0.30 
NOOI 0.54 0.05 0.32 

Glyoxal CS03 (-0.27) (0.016) 0.1 15 
DE02 0.30 0.031 0.094 
FR08 (0.15) (0.005) 0.208 
0836 (-0.07) (0.004) 0.061 
IE31 (0.000) 0.018 
ITOI 0.29 0.057 0.105 
IT04 0.24 0.045 0.156 
LVlO (-0.26) (0.015) 0.048 
NOOI (0.13) (0.002) 0.063 

Methylglyoxal CS03 (-0.35) (0.025) 0.195 
DE02 (0.00) (0.039) 0.209 
FR08 (0.40) (0.01 I) 0.496 
0836 (0.56) (0.010) 0.206 
IE31 (0.000) 0.036 
ITOl 0.22 0.097 0.239 
IT04 0.12 0.089 0.392 
LVlO (-0.28) (0.017) 0.o?l 
NOOl (0.02) (0.002) 0.109 

is used to mode! butane and all heavier saturated hydrocarbons, as well as propane. In the 
mode! 2-butanone is also used as a surrogate for hydroxyacetone (HOCH2COCH3) in the 
propene chemistry. This means that 2-butanone is used to model a large number of different 
carbonyls. 

Glyoxal and methylglyoxal concentrations are also likely to be substantially overestim ated 
in the mode! since the o-xylene chemistry, which simulates all of the aromatic chemistry, is 
modeled in a very simplified way, where every o-xylene molecule eventually gives rise to the 
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formation of two methylglyoxal molecules and one glyoxal molecule. This is, of course, an 
extremely simplified mechanism and it will overestimate the formation of the a-dicarbonyls 
drastically. (Experimental methylglyoxal yield from the OH-radical initiated reactions of 
monocyclic aromatic hydrocarbons has been reported to be about 8-64 % and the glyoxal yield 
about 3-23% (see Atkinson, 1990).) 

For formaldehyde, HCHO, the calculated average concentrations are within a factor of two 
from the observed for all stations. At most locations the model actually underestimates the 
formaldehyde concentration. The reasons for this could be many, e.g., unrealistic model 
hydrocarbon emission mix (the actual mix is different at different locations, while we have 
used the same mix all over Europe) or uncertainties in the wet scavenging. The simplified 
isoprene chemistry is also likely to underestimate HCHO concentrations (see Appendix A). 

The acetaldehyde concentration is underestimated at all stations except one. The difference 
between the calculated and observed concentration is up to a factor of four. Possible 
explanations are again the accuracy of the emissions, the formulation of the chemical 
mechanism and uncertainties in precipitation scavenging. 

At all sampling locations except Rucava (LV I O) the correlation coefficient between 
calculated and observed concentrations are positive for the two simple aldehydes. The highe5t 

correlation coefficients are those for the Harwell station (GB36). For this location r is 0.83 for 
acetaldehyde. 

The correlation coefficients for 2-butanone are also positive but the model overestimates 
the butanone concentration everywhere, from a factor of 2 at Mace Head (IE3 l) to a factor of 
9 at Donon (FR8). 

For the a-dicarbonyls the deviations between observed and model concentrations are even 
greater. For glyoxal the model overestimates the concentration from a factor of 2 (ITl) to a 
factor of 42 (FR8) and for methylglyoxal by a factor of 2 (ITI) toa factor of 54 (NOl). ~he 
correlation is low for the a-dicarbonyls, with several of the stations actually showing negative 
correlation coefficients. It should be noted that for most of the stations the glyoxal and 
methylglyoxal concentrations were below the detection limit at more than half of the 
measurements. For Mace Head (IE31) the a-dicarbonyls were measured at 22 different days 
and every time the concentrations were below the detection limit. 

The reasonable agreement between calculated and observed concentrations for 
formaldehyde indicates that the model may be of some use for studying the distribution of_th~s 
compound. The model chemistry is, however, not intended for calculating real1stic 

concentrations of the a.-dicarbonyls and butanone. 

3.3.3 PAN 
The comparison of observed and calculated p AN concentrations is complicated by the fäet 

that the model component P AN represents a number of different molecules. Detailed 
simulations with explicit representation of different p AN-like components indicate that up to 
30% of the P AN in the model calculations is due to other components and not to P AN itself 
(Altenstedt, 1998). Figure 3.13 shows a timeseries of observed and calculated PAN 
concentrations at the station Kollumerwaard in the Netherlands. This is the only location 
where we have had access to observations of PAN. There isa good correspondence on both 
daily and longer time scales. The correlation coefficient between the observed and calculated 
three-hour average concentrations is 0.58 and the calculated average P AN concentration for 
the whole six-month period is 0.60 ppb(v) which can be compared to an observed value of 
0.49 ppb(v). 
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Figure 3.13 Observed and model calculated timeseries of diurnal average surface 
concentration of PAN at Kollumerwaard in 1994. Units: ppb(v). 

3.4 Ozone 
One of the primary aims of the present work has been to develop a model capable of 

simulating the concentration of surface ozone for time periods up to several months. A more 
exhaustive evaluation of the performance with regard to ozone is therefore presented below. 

Figure 3.14 shows monthly average surface ozone concentrations for the six simulated 
months in 1994. The model predicts a distinct seasonal variation over large parts of the land 
area of western and central Europe, with monthly average concentrations exceeding 40 ppb(v) 
in July and lower concentrations in spring and fall. The highest concentrations are however 
found over the surrounding ocean areas. This is due to the low dry deposition velocity applied 
to ozone over water surfaces. 

Figure 3.15 shows a comparison between timeseries of observed hourly average and mode! 
calculated three-hourly average concentrations of ozone at 14 selected stations. 

Figure 3.16 shows a scatterplot comparing average concentrations for the whole six-month 
period. All of the calculated averages except one are within a plus/minus 40% of the 
observations. The exception is the Swiss station Sion (CH31 ), for which the model 
overestimates the mean ozone concentration by more than 60%. The model does not 
reproduce the extremely low ozone concentrations at night at this station. This is true also for 
some other stations but at these the model underestimates the high ozone concentrations at 
daytime, which leads to the effect that the model mean concentration is fairly close to the 
observed one. 

Correlation coefficients and observed and calculated averages for all the stations are listed 
in Table 3.7. For more than half of the stations the correlation coefficient, r, is above 0.5 and 
only for 14 of the 81 stations r is below 0.4. The average correlation is 0.54. 
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Figure 3.14 Surface ozone for April-September 1994, model calculated monthly average 
concentration. Unit: ppb(v). 
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Figure 3. 15a Timeseries of observed (1-h) and medel calculated (3-h) average surface 
concentration of ozone at Jergul, Ähtäri, Vindeln and Utö in 1994. Units: ppb(v). 
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Figure 3. l 5b Timeseries of observed ( 1-h) and model calculated (3-h) average surface 
concentration of ozone at Birkenes, Rörvik, Frederiksborg and Preila in 1994. 
Units: ppb(v). 
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Figure 3. l 5c Timeseries of observed ( 1-h) and mode) calculated (3-h) average surface 
concentration of ozone at Mace Head, Harwell, Great Dun Fell and 
Kollumerwaard in 1994. Units: ppb(v). 
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Figure 3.15d Timeseries of observed (1-h) and model calculated (3-h) average surface 
concentration of ozone at Waldhof and Kosetice in 1994. Units: ppb(v). 

Table 3.7. Ozone concentration (ppb(v)) and correlation coefficients between observed and 
calculated diumal mean concentrations 

Station 

AT02 
AT03 
AT04 
CH02 
CH03 
CH04 
CH05 
CH31 
CS0l 
CS03 
DE0I 
DE02 
DE03 
DE04 
DE05 
DE07 
DE08 
DE09 
DEll 
DEl2 
DEi? 
DE26 

Observed 
meanconc. 

40.2 
33.1 
47.9 
32.2 
33.7 
47 

46.4 
23.2 
50.5 
43.8 
37.1 
37.9 
50.1 
39.8 
53.2 
33.6 
41.1 
35 

31.1 
36.2 
29.3 
30 

Model 
mean conc. 

39 

37.1 
36.3 
39.2 
36.7 
37.3 
39 
35 

37.4 
35.9 
38.l 
37 

34.1 
37.5 
36.5 
38.7 
37.9 
35.6 
36.9 
34.6 
33.8 
36 

40.3 

Co1TClation 
coefficient 

0.69 
0.63 
0.48 
0.65 
0.71 
0.62 
0.60 
0.42 
0.53 
0.72 
0.58 
0.79 
0.56 
0.72 
0.41 
0.70 
0.53 
0.60 
0.63 
0.80 
0.78 
0.71 



Station Observed Mode) Correlation 
mean conc. mean conc. coefficient 

DE35 33.2 33.4 0.53 
DK31 36.3 35.8 0.48 
DK32 30.3 36.2 0.46 
ES0l 43.5 34.3 0.25 
ES02 35.6 36.4 0.56 
ES03 30.1 36.5 0.11 
ES04 36.6 35.1 0.50 
ES05 36.3 36.7 0.02 
FI04 28 26.2 0.43 
FI09 33.5 36.2 0.45 
FI17 27.1 32.1 0.45 
FI22 31.3 21.5 0.32 

GB02 30.1 31.3 0.67 
GB06 25.9 32.8 0.68 
GB13 31.2 33.1 0.61 
GB14 33.9 30 0.66 
GB15 36.6 34 0.68 
GB31 35.6 29.6 0.58 
GB32 23.6 24.1 0.71 
GB33 30.1 29.1 0.63 
GB34 22.2 24.6 0.66 
GB35 35.9 31.5 0.35 
GB36 30.6 27.5 0.72 
GB37 30.8 24.8 0.56 
GB38 34.8 28.9 0.70 
GB39 32.9 33 0.70 
GB41 32.7 31.6 0.54 
IE31 35.6 33 0.66 
IT04 34 35.6 0.56 
LT15 30.2 38.3 0.45 
LVI0 31.6 36.9 0.44 
NI..02 25.6 33.5 0.73 
NI..09 29.7 38.5 0.72 
NLIO 25.8 28.8 0.76 
NOOl 30.3 38.8 0.51 
NO15 32.3 28.8 0.46 
NO30 29.6 21.3 0.08 
NO39 28.3 31.2 0.50 
NO41 33.1 30.2 0.46 
NO43 31.3 35.5 0.72 
NO44 27.4 32.1 0.53 
N045 37.2 35.5 0.71 
N047 23.8 21.3 0.23 
N048 32.7 31.5 0.54 
NO51 34.7 38.7 0.58 
PT04 30.2 37.8 0.35 
SE02 38 38.8 0.64 
SEl 1 35.9 37.3 0.60 
SE12 35.7 38.3 0.53 
SE13 35.7 22.5 0.08 
SE32 39.4 35.5 0.54 
SE35 29.7 26.1 0.30 
S131 41.3 38.4 0.39 
S132 48.3 37.3 0.30 
S133 38.6 37.3 0.39 
SK04 39.5 36.3 0.55 
SK06 28.4 35.2 0.26 
TROl 47.1 34.8 0.47 
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Figure 3.16 Scatterplot of observed and model calculated six-month (April-September 1994) 
average surface concentrations of ozone. Units: ppb(v). 

3.4.1 AOT40 and AOT60 
The comparison with observed concentrations presented above provides a good description 

of the general performance of the mode! with regard to predicting surface concentrations. 
However, effects on vegetation and on human health have been found to correlate better with 
accumulated ozone exposure over certain threshold concentrations, AOT. Taking AOT40 as 
an example the definition is given by: 

AOT40 = J,
1

=r max(0
3 

- 40, O)dt 
t=O 

where max(x, 0) = x if x > 0 ; max(x, 0) = 0 if x < 0. 

The currently recommended threshold concentrations and integration periods for crops and 
forests derive from a UN-ECE workshop in Kuopio, Finland (Kärenlampi and Skärby, 1996). 
For crops the threshold is set to 40 ppb(v) and the AOT value should be evaluated for daylight 
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Figure 3.17a Scatterplot of observed and model calculated AOT40 May-July 1994. Units: 
ppmh(v). 

hours (defined as those hours with mean global radiation exceeding 50 W m·2), over a three 
month growing season (May-July). The critical leve! is set to 3000 ppb hours. For forests 40 
ppb(v) is also used as the threshold concentration but the evaluation should be over a six 
month growing season (April-September). The critical level in this case is set to 10000 ppb 
hours. For health effects a threshold concentration of 60 ppb(v) can be used, based on the 
revised WHO standard of 120 µg m·3 as an 8-hour moving average. Here we use AOT60 as a 
preliminary measure of ozone levels above the WHO guideline. 

In this model study we have used a somewhat simplified method to calculate AOT40 
values. Instead of using the true daylight hours for computing the AOT40 we have simply 
used the 12-hour period 0600 - 1800 UTC and evaluated the AOT40 only for these hours. 
This means that the AOT40 values calculated do not correspond exactly with the UN-ECE 
recommendation but the deviation is expected to be reasonably small. The same hours were 
used for calculating both the "observed" and model AOT40 but an important difference 
between the two values is that the ozone observations used are hourly measurements while the 
model concentrations are three-hour mean values. This is expected to lead to some 
underestimation of the AOT40 value by the model. In order to investigate the size of this 
deviation we have checked how much the AOT40 value changes when the observed 
concentrations are first converted to three-hour mean concentrations before the calculation of 
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Figure 3.17b Scatterplot of observed and model calculated AOT40 April-September 1994. 
Units: ppmh(v). 
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Figure 3.17c Scatterplot of observed and mode! calculated AOT60 April-September 1994. 
Units: ppmh(v). 
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Figure 3.18a Observed and mode! calculated AOT40 May-July. Units: ppmh(v). 

the AOT. For most of the stations the difference tums out to be small for the AOT40-values. 
For AOT60 the difference is much larger. 

Figure 3.17 shows scatterplots comparing observed and mode! calculated AOT40 for crops 
and forest and AOT60. The same information is also given in Tables 3.8 and 3.9. Results are 
given for both the lowest model level and adjusted to the one meter level (c.f. section 3). 
Looking at the results for one meter the model shows a clear tendency towards 
underestimation for all three statistics. For 35 m the bias is much smaller for AOT40 while 
AOT60 is still underestimated. This highlights that the mode! has difficulties in catching the 
high ozone concentrations since these are important in determining the AOT statistics, but it is 
also clear that knowledge of the actual observation height and surface characteristics around 
the measurement stations are important factors to consider when evaluating mode! 
calculations. The correlation coefficients are 0.72, 0.73 and 0.59 for AOT40 crops, AOT40 
forest and AOT60, respectively, for the one meter leyel. The corresponding values for the 35 
m level are 0.78, 0.78 and 0.68. 

Figure 3.18 shows the model calculated distribution of the three AOT statistics evaluated at 
35 m, also indicated are the observed values. These figures show that the overall pattern is in 
good agreement with the observations although the model underestimates AOT60. The 
calculations indicate exceedance of the critical levels for AOT40 for !arge parts of western 
and central Europe. 
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Table 3.8. AOT40 (ppb h) 

May-July April-Sept 
Station Model lm Model 35m Observed Model lm Model 35m Observed 
AT02 5894 11146 13467 10827 19904 23352 
AT03 5788 11150 8322 8634 17961 12094 
AT04 6626 12284 12265 10490 20175 20208 
CH02 6164 12386 9277 8917 18574 13629 
CH03 7460 13680 11471 11070 21105 15781 
CH04 8157 14268 12568 11822 21621 19318 
CH05 6791 12908 14795 9688 19105 20351 
CH31 5136 11235 4016 7544 17038 5627 
CS0l 8953 17004 29478 
CS03 5080 9968 15479 9038 17571 24899 
DEOl 4015 7458 4780 6198 11869 7049 
DE02 4200 8004 12882 6232 12221 19053 
DE03 9190 1S653 16517 13200 23981 24639 
DE04 9021 14644 11856 12408 20739 16470 
DE05 6964 12853 18767 10777 20523 30089 
DE07 4395 7989 8643 6962 12772 13812 
DE08 8248 13890 9877 11680 20448 13775 
DE09 4522 7268 4582 7339 12050 7578 
DEll 2964 5447 5981 
DE12 6997 12750 17626 
DE26 6296 8412 4203 10680 14419 6546 
DE35 5232 9708 4246 8221 15353 6102 
DK31 7924 10981 9037 
DK32 3684 5890 4563 
ES0l 570 2430 7546 1604 5492 13137 
ES02 1307 4128 10936 2931 8207 14722 
ES03 1672 4638 5077 3525 8820 9280 
ES04 2072 5060 9705 3788 9019 13980 
ES05 2552 4734 4429 
FI04 190 666 1828 262 884 3334 
FI09 1907 3838 1665 3948 6563 2603 
FI17 2468 3581 1843 3076 4586 2742 
FI22 0 0 811 3 21 1563 

GB02 720 2260 2905 1014 3400 3591 
GB06 656 1436 1138 1006 2564 1838 
GB13 1309 3266 4410 1994 5084 5550 
GB14 1200 2965 4985 1645 4209 6047 
GB31 1308 2962 4867 1620 3988 6516 
GB32 928 1951 2099 1040 2362 2478 
GB33 698 1816 1569 918 2558 2178 
GB34 438 1042 1867 535 1562 2213 
GB35 890 2268 3984 1240 3473 4901 
GB37 640 1422 3579 
GB38 1977 3685 7327 2800 5269 9706 
GB39 2762 5214 7407 3944 7445 9159 
OB41 890 2268 3444 1240 3473 4302 
IE31 482 1170 1854 950 2325 3586 
IT04 6176 11998 21130 9404 18730 30597 
LT15 3336 4949 2488 5468 8161 3169 
LVIO 3641 5823 3056 6221 9735 4468 
NL02 4900 9261 6459 6782 12596 8527 
Nl..09 6138 8950 3733 
NLIO 5432 9701 9746 
NOOI 3664 5339 4119 5726 8513 5998 
NO15 98 300 1223 162 503 2638 
NO30 0 1 201 
NO39 245 738 2408 598 1635 5634 
NO43 2562 5139 4306 3695 7326 5593 
NO44 2118 4867 6063 
NO45 3635 6235 6655 4800 8376 9474 
NO47 0 0 40 0 5 585 
N048 600 1677 4069 1130 2991 6827 
NO51 3664 5339 6512 5726 8513 10044 
PT04 3108 5216 2324 
SE02 4899 6916 8374 7136 10165 12951 
SEII 4166 7039 7133 5992 10377 10135 
SE12 3926 5379 5781 
SE13 2 34 1825 12 71 4919 
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SE32 1666 3910 8998 2666 6038 13148 
SE35 54 242 1893 84 384 3997 
SK06 3212 6260 2738 5659 11572 8248 

Table 3.9. AOT60 (ppb h) 

Station Model lm Model35m Observed 
AT02 174 830 4831 
AT03 332 1242 1040 
AT04 256 1174 7240 
CH02 512 2507 2343 
CH03 712 2989 4294 
CH04 1068 3615 7526 
CH05 809 3134 8180 
CH31 93 1043 391 
CS0l 261 1061 12717 
CS03 296 829 8375 
DEOl 459 1247 1432 
DE02 634 1548 7100 
DE03 1772 5510 12242 
DE04 3004 6184 7421 
DE05 440 1426 15022 
DE07 369 1050 3360 
DE08 1119 3115 4617 
DE09 499 1023 869 
DE12 1074 2461 6924 
DE26 764 1221 1085 
DE35 333 1306 680 
DK31 758 1082 1841 
ESOl 0 0 237 
ES02 0 0 1275 
ES03 27 147 521 
ES04 0 32 1518 
FI04 0 0 15 
FI09 102 264 31 
FI17 30 91 133 
Fl22 0 0 2 

GB02 0 18 201 
GB06 27 44 72 

GB13 157 333 1050 
GB14 39 146 874 
GB31 80 350 1015 

GB32 23 101 550 

GB33 0 0 121 

GB34 2 10 168 
GB35 3 89 727 
GB38 434 840 2923 
GB39 346 689 3127 
GB41 3 89 328 
IE31 0 0 7 
IT04 1473 3596 13018 

LT15 234 367 457 

LVlO 148 386 380 

Nl..02 1386 3018 2693 

NLlO 1379 2694 4426 

NOOl 242 358 556 

NO15 0 0 141 

NO39 0 0 662 

N043 47 160 448 
N044 6 43 610 
NO45 41 166 772 
N047 0 0 4 
N048 10 50 891 
NO51 242 358 1179 
SE02 172 315 1650 
SEll 342 746 1523 
SE13 0 0 323 
SE32 108 216 2254 
SEJS 0 0 232 
SK06 0 70 712 
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3.5 Deposition 

Observations of wet deposition are available from the EMEP network for a range of 
inorganic components on a daily basis. Here we focus on deposition of oxidized nitrogen and 
sulfur. 

Before looking at the results some comments on the quality of the precipitation fields used 
in the calculations are appropriate. In the present study we have used the forecasted 
precipitation fields from the HIRLAM model. It is generally difficult to forecast precipitation 
accurately and relatively large errors in both location and amounts of precipitation are 
common for current NWP models compared to forecasts for parameters like wind speed or 
temperature. In addition it takes time to spin up the hydrological cycle in the NWP models, 
which means that the precipitation forecast is usually better for longer forecast lengths, e.g. 
between 6 and 12 hours. In the present study we have only bad access the precipitation from 
the 3- and 6- hour forecast which means that we have not used the optimum forecasted 
precipitation. 

For more detailed assessment work it would be possible use observed precipitation or a 
combination of observations and forecasted precipitation. Such information can, however, not 
be used in forecast mode. 

The description of wet scavenging ( c.f. section 2.4) is also quite simple. A more advanced 
scheme, which accounts for the differences between convective and stratiform precipitation, 
could be implemented 

3.5.1 Oxidized nitrogen 
Figure 3.19 shows the calculated accumulated dry and wet deposition for the simulated six­

month period. The geographical distribution reflects roughly the distribution of the emissions, 
especially for dry deposition. The efficiency of the dry deposition of some of the nitrogen 
components is lower over water surfaces, which is clearly reflected in the dry deposition field. 
The wet deposition is strongly influenced by the distribution of precipitation. This can be seen 
for example along the west coast of Norway. 

Figure 3.20 shows a comparison between observed and model calculated wet deposition 
for the six-month period. The model has a tendency to overestimate wet deposition, but for 
almost all of the stations the model predictions are within a factor of two from observed 
which is encouraging considering the uncertainties in the precipitation fields used. Correlatio~ 
coefficients are given in Table 3.10. 

3.5.2 Sulfur 

The calculated dry and wet deposition of sulfur are shown in Figure 3.21. As for oxidized 
nitrogen the geographical distribution reflects roughly the distribution of emissions. The 
difference in dry deposition between water and land surfaces is not as pronounced as for the 
nitrogen components. 

Figure 3.22 shows a comparison between observed and model calculated wet deposition for 
the six-month period. As for oxidized nitrogen the model hasa tendency to overestimate wet 
deposition. In this case the overestimation is more pronounced, but for the majority of the 
stations the model predictions are within a factor of two from observed. Correlation 
coefficients are given in Table 3.10. 
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Figure 3.19 Six-month accumulated (April-September 1994) model calculated dry and wet 
deposition of NO3- . Units: mg N/m2 
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Figure 3.20 Scatterplot of observed and model calculated wet deposition of NO3- for April­
September 1994. Units: mg N/m2
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Figure 3.21 Six-month accumulated (April-September 1994) model calculated dry and wet 
deposition of so/·. Units: mg S/m2 
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Figure 3.22 Scatterplot of observed and model calculated wet deposition of so/· for April­
September 1994. Units: mg S/m2
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Table 3.10. Wet deposition of oxidized nitrogen and sulfur for the six-month period April-
September, 1994 (mg N/m2

, mg S/m2
) and correlation coefficients between 

observed and calculated daily deposition 

Station N measured dee. model dee. conel. coeff. S measured dee. modeldee. conel. coeff. 
AT02 158 281 0.01 334 629 0.01 
AT03 204 392 0.11 257 488 0.08 
AT04 288 344 0.09 416 483 0.04 
CH02 202 281 0.10 302 365 0.08 
CS0l 230 313 0.36 507 1096 0.26 
CS03 186 260 0.14 344 784 0.08 
DE0l 270 367 0.16 403 543 0.09 
DE02 249 405 0.08 385 753 0.07 
DE03 421 338 0.13 679 396 0.13 
DE04 208 377 0.12 289 498 0.08 
DE05 217 270 0.12 374 485 0.09 
DE07 176 375 0.06 392 778 0.06 
DE08 300 388 0.08 594 765 0.15 
DE09 152 310 0.12 241 541 0.11 
DK03 206 347 0.23 322 542 0.13 
DK05 189 311 0.25 319 606 0.18 
ES0l 188 209 0.00 
ES02 66 100 0.00 170 189 0.00 
ES03 151 191 -0.01 198 705 0.05 
ES04 84 250 0.04 218 525 0.04 
ES05 350 290 0.01 
FI04 66 125 0.20 138 232 0.17 
FI09 82 144 0.24 153 261 0.17 
FI17 101 156 0.43 268 324 0.34 
Fl22 37 92 -0.02 83 199 -0.02 
FR03 165 273 0.01 240 399 0.00 
FR08 396 357 0.10 604 483 0.07 
FR09 143 359 0.02 186 486 0.00 
FRl0 247 284 0.02 404 367 0.04 
0802 139 233 0.42 263 412 0.05 
0806 213 322 -0.03 
0813 180 267 0.38 241 401 0.21 
0814 137 298 0.08 262 905 0.02 
0815 57 294 0.05 
HR02 338 362 0.05 611 767 0.14 
HR04 413 252 0.40 728 486 0.41 
HU02 178 281 0.06 462 846 0.05 
IE0l 185 302 0.03 
IT04 741 888 0.41 1140 1531 0.32 
NL09 48 352 0.10 
NOOl 352 285 0.53 443 438 0.40 
N008 339 273 0.26 482 464 0.18 
NO15 68 195 0.48 
NO30 21 81 0.00 52 170 0.00 
NO39 126 249 0.00 
NO41 78 151 0.32 104 239 0.17 
N043 124 195 0.16 236 292 0.09 
NO44 108 148 0.15 153 234 0.06 
Pl..05 192 264 0.34 363 633 0.30 
PT0l 9 156 -0.01 35 282 -0.02 
PT03 78 186 0.03 241 309 0.01 
PT04 15 131 0.03 64 276 0.04 
RU0l 141 273 -0.01 
RU13 169 197 -0.02 
RU14 447 439 0.07 
SE02 144 223 0.19 232 347 0.12 
SE05 33 93 0.44 61 177 0.37 
SEll 163 258 0.22 315 429 0.20 
SE12 90 173 0.19 206 332 0.10 
SK02 228 281 0.06 760 847 0.12 
SK04 178 291 0.13 558 950 0,07 
SKOS 212 284 0.04 610 823 0.05 
SK06 131 332 0.04 412 960 0.07 
YU05 140 226 0.01 666 870 0.04 
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4. Summary and conclusions 

An atmospheric chemistry module with 56 chemical components has been implemented in 
the MATCH model. The aim has been to develop a model platform that can be used as a basis 
for a range of regional scale studies in atmospheric chemistry, including assessment of the 
importance of different sources of pollutants to the levels of photochemical oxidants and air 
pollutant forecasting. Meteorological input data to MATCH was taken from archived output 
from the operational version of HIRLAM at SMHI. The evaluation of model calculations over 
Europe fora six-month period in 1994 shows good results considering known sources of error 
and uncertainties in input data and mode! formulation. 

The results for primary components show the largest deviations between model 
calculations and observations. Apart from difficulties with the representativity of the 
observations this can to a !arge extent be attributed to uncertainties in emission data and to the 
limited horizontal and vertical resolution of the model. The correlation coefficient between 
daily observed and calculated values is above 0.5 at more than a third of the stations for SO2. 
For NO2 the correlation between the observed and calculated concentration is generally lower 
than for SO2. 

A limited amount of observational data is available for primary hydrocarbons. A 
surprisingly good correspondence between model calculations and observations was found for 
several of the hydrocarbons of anthropogenic origin. The results are best for the hydrocarbons 
with long residence times like ethane and n-butane. For these components the average 
calculated concentrations are within a factor of two from the corresponding observed 
hydrocarbon concentrations for most stations and the correlation coefficient is above 0.8 at 
four stations for ethane. The agreement for hydrocarbons with shorter residence times is worse 
but still rather good considering the uncertainties related to emission data and formulation of 
the chemical scheme. 

For isoprene, the only biogenie hydrocarbon included, the results are not so good, with Iow 
and sometimes negative correlation and large deviations between observed and calculated 
average concentrations, exceeding a factor of 10 at several locations. This indicates that the 
isoprene emissions used are probably quite far from being realistic. 

The results for secondary components are generally better than for primary components. 
Average concentrations of HNO3 + NO3- are with few exceptions within a factor of two from 
the observations. The correlation coefficients are above 0.5 for more than half of the stations. 
For sulfate the model has a tendency for underprediction but the correlation is generally higher 
than for HNO3 + NO3-, with r-values above 0.8 for several stations. 

The agreement between calculated and observed concentrations for formaldehyde is 
reasonably good, indicating that the model may be of some use for studying the distribution of 
this compound. 

Comparison of model calculations with over 80 stations with hourly measurements of 
ozone shows that the model is capable of predicting average surface concentrations of ozone 
within plus/minus 40%, with a correlation coefficient above 0.5 for more than half of the 
stations. The general geographical variation of surface ozone is well described by the model. 
When Iooking at AOT40 and AOT60 statistics it is evident, however, that the model 
underestimates high ozone concentrations. This is probably due to a combination of several 
factors, including model resolution and formulation and incomplete knowledge about 
emissions and surface characteristics. 

The calculated wet deposition of nitrate and sulfate show a tendency for overprediction 
compared to the observed deposition. Accumulated deposition for the six-month period is 

52 



within a factor of 2 for most of the stations. Given that model derived, and not observed, 
precipitation fields were used, this result is encouraging, considering also that the 
precipitation fields were not taken from the optimal forecast lengths and that a fairly simple 
description of wet scavenging was used. 

In summary we think that the combination of meteorological data from HIR.LAM, the 
MATCH model and the modified chemical scheme from the EMEP model gives good results 
considering known sources of error. With limited further work the system is sufficiently good 
to be applied for scenario studies and for regional scale air pollutant forecasts. Future work to 
improve and extend the capabilities of the model system include: 

• lmproved treatment of radiation and calculation of photolysis rates 
• Improved description of dry deposition using more detailed information about Iandcover 
• lmproved description of cloud and precipitation processes including aqueous phase 

chemistry 
• U se of observed precipitation and improved wet scavenging scheme 
• Higher resolution and nesting 
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APPENDIX A: COMPARISON OF THREE WAYS TO DESCRIBE 
THE CHEMISTRY OF ISOPRENE 

A 1. lntroduction 

In Eulerian modelling, the number of species treated is critical in order to minimize 
computing time and costs. In the work presented here, three chemical schemes representing 
the degradation of isoprene in th.e atro.osphere, i .e. the EMEP MSC-W mechanisms (Simpson 
et al., 1993), and two mechanisms described by Carter (Carter, 1996), have been compared. 

The comparison has been performed in a number of hypothetical chemical environments, 
including European conditions. 

In the EMEP isoprene scheme, species are represented by characteristic species 
representing groups. All characteristic species are treated in an explicit way. In the Carter 
isoprene schemes, species are represented by using both representative species and chemical 
operators as in the SAPRC mechanism (Carter, 1990). 

A2. The EMEP isoprene chemical scheme 

The EMEP MSC-W model (Simpson et al., 1993) is a trajectory model simulating long 
range transport of pollutants over Europe. The chemical scheme is compressed and uses 
characteristic species as representatives for groups of VOC. The chemical behaviour of each 
characteristic species is treated explicitly. The alkanes are, besides methane, represented as 
ethane and n-butane, alkenes are represented as ethene, propene and isoprene. The aromatics, 
alcohols, aldehydes and ketones are represented by o-xylene, ethanol and methanol, 
formaldehyde and acetaldehyde, and methyl-ethyl-ketone respectively. The isoprene chemistry 
is represented by 18 species in 28 reactions as shown in Table Al. 

A2.1 The Carter isoprene chemical schemes 

The chemical degradation of isoprene has been described in detail in Carter and Atkinson 
( 1996), where observations from chamber studies have been compared to model results. In 
mast cases the results were within the uncertainty of the data, although the P AN yield from 
isoprene degradation was underestimated by a factor of around 2. Two condensed mechanisms 
were developed based on this detailed mechanism (Carter, 1996). The schemes used in this 
comparison study are described in Table A2 and A3. The condensed mechanisms gave very 
close predictions to those of the detailed mechanism for both ozone, OH, and P AN (Carter, 
1996), while HCHO was underpredicted by the 1-product mechanism. 

A3. Mode/ set-up and simulations 

A3.1 The IVL chemical scheme 

The principle of the photochemical trajectory model used for the comparison, is the same 
as in the Harwell model which initially was developed to simulate the formation of ozone and 
other oxidants in the London plume (Derwent and Hov, 1979; Derwent and Hough, 1988). 
The mode! has been further developed and adapted to fit Swedish conditions (Andersson­
Sköld et al. , 1992; Pleijel et al. 1992; Andersson-Sköld, 1995). 
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Table Al. Isoprene chemical description used in the EMEP MSC-W mode! (Simpson et al., 
1993) including recommendations from Simpson (1997). 

Species representlng the lsoprene chemistry: 
isop isoprene 
macr methacrolein 
mvk methyl vinyl ketone 
isro2 RO2 from isoprene degradation 
ism org. nitrate from isoprene degradation 
mvko2 RO2 from mvk degradation 
isro2h, macro2, mpan, ch2cch3, isnir, isnil, isono3, isono3h, macro2h, mvko2h, ch2co2hch3, isnirh 

lsoprene chemlstry 
kro2no=4.2d-12*exp(l80.ltemp); 
kho2ro2=1.0d-11; 

% 12.3d-15*exp(-2013/temp) 

% 2.54e-J 1 •exp(410.ltemp) 
% kro2no 

% 4.13d-12*exp(452.ltemp) 
% kro2no 

%kho2ro2 
%2.0d-11 
% 8.0d-18 
% l.86d-1 J*exp(175.ltemp) 
% 1.0d-11 
% 1. 34d+ l 6*exp(-J 3330.ltemp) 
% 2.0d-11 
% kro2no 
% 4.32d-15*exp(-2016.ltemp) 

% 3.35d-JJ 
% kro2no 

% 7.Bd-13 
% kro2no 

%kho2ro2 
%kho2ro2 
%kho2ro2 
% kho2ro2 
% 3.2d-11 
%2.0d-11 
%2.2d-JJ 
% 3.7d-JJ 
% kho2ro2 
% 3. 7d-11 

:isop+o3 = •o.67:macr, •o.26:mvk, •o.3:o, 
*0.55:oh, *0.07:c3h6, •o.8:hcho, *0.06:ho2, *0.05:co; 

: isop+oh = isro2; 
: isro2+no = *0.32:macr, *0.42:mvk, 

•o. 74:hcho, *0.14:isni, *0.12:isro2, *0. 78:ho2, *0.86:no2; 
: mvk+oh = mvko2 ; 
: mvko2+no = *0.684:ch3cho, 

*0.684:ch3coo2, *0.266:mglyox, 
*0.266:hcho, *0.05:isni, *0.95:no2, *0.95:ho2; 

: isro2+ho2 = isro2h; 
: isro2h+oh = oh+isro2,· 
: isro2h+o3 = *0. 7:hcho; 
: macr+oh = *0.5:macro2; 
: macro2+no2 = mpan; 
: mpan = macro2+no2; 
: macro2+no = ch2cch3+no2; 
: ch2cch3+no = no2+ch3coc2h5+ho2; 
: mvk+o3=*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:isnil, *0.05:ho2, 

* 1.9:no2, *0.95:ch3cho, *0.95:ch3coc2h5; 
: isop+no3 = isono3; 
: isono3+no = *1.10:no2, *0.8:ho2, 

*0.85:isni, *0.1:macr, *0.15:hcho, *0.05:mvk; 
: mvko2+ho2 = mvko2h; 
: macro2+ho2 = macro2h; 
: ch2cch3+ho2 = ch2co2hch3; 
: isono3+ho2 = isono3h,· 
: ch2co2hch3+oh = ch2cch3; 
: isono3h+oh = isono3; 
: mvko2h+oh = mvko2; 
: macro2h+oh = macro2; 
: isnir+ho2 = isnirh; 
: isnirh+oh = isnir; 
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The model describes the chemical development in a trajectory passing over emission 
sources. The chemical development is described by the rate expressions, dCi/dt, for each 
species treated in the investigated model. Fora species i in the boundary layer, the differential 
equation which represents the concentration development in time, C, , will be expressed as in 
the equation below. 

dC; = P, -L C. _ 'V;,gCI + E; 
dt i i I h h 

(Al) 

where: 
C; is the concentration of species i in [ molecules · cm-3

] in the boundary layer, 

P; is the chemical production rate in [ molecules · cm-3 
• s-1

] for species i, 

L; is the chemical loss rate coefficient in [ s-1
] for species i, 

V;,g is the dry deposition rate in [cm· s-1
] for species i, 

h is the height of the mixing layer in [cm], 

E; is the emission rate in [ mo/ecules • cm-2 
• s-1

] for species i, 

The differential equations were solved using the calculation program 
FACSIMILE/CHEKMAT (Curtis and Sweetenham, 1987), employing Gear's method (Gear, 
1969) on a Sun W orkstation. 

A3.2 Chemical modifications 

In order to make the various models as strictly comparable as possible, all identical 
chemical reactions in the different schemes were set using the same rate coefficients, i.e. the 
ones used in the IVL scheme (Andersson-Sköld, 1995). Since the Carter chemical descriptions 
are based on the SAPRC chemical mechanism (Carter, 1990), using chemical operators and 
not explicit species as in the EMEP and the IVL model, it was necessary to make some 
modifications of the schemes. In this study the 4-product mechanism is used as the most 
detailed mechanism. 

The adapted Carter 4-product mechanism is described by 16 species in 48 reactions, as 
shown in Table A2. The following modifications are made compared to the original (Carter, 
1996) scheme. No carbon counters are used, methacrolein is used as in the EMEP-version, 
which only treats the OH reaction and not the 0 3 or NO3 reactions, nor photolysis. Methyl 
vinyl ketone is used as in the EMEP-version including no photolysis. No ISOPROD 
photolysis is included, as photolysis of methacrolein is excluded in EMEP. Peroxy radical 
formation from methacrolein degradation is used in the EMEP-version as macro2, not as MA­
RC03, and macro2 has no reaction with RO2 or RCO3. RO2 and RCO3-species are counted 
all through the EMEP chemical scheme in order to be used correctly in the X+ RO2/RCO3-
reactions described in the SAPRC-way. 

The adapted Carter 1-product mechanism is described by 7 species in 27 reactions, as 
shown in Table A3. The following modifications are made compared to the original (Carter, 
1996) scheme as described in Carter (1997), where an adaptation to the RADM-Il mechanism 
was made. Photolysis of ISOPROD is not included, as photolysis of methacrolein is excluded 
inEMEP. 
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Table Al. Condensed chemical scheme used in this study to represent the Carter 4-product 
isoprene mechanism (Carter, 1996). 

Species representlng the isoprene chemistry: 

ISOP, ISOPROD, HCHO, CCCCO2, CCCCHO2, HCOCHO2, HOCCHO2, C2O2CHO, C2O2COH, RO2N, 
CH3OOH, RNO3, RO2R, R2O2, RO2, RCO3 

Rkca/ = l.99E-3 kca//mole/K; 
kro2no=4.2d-12*exp(l80./temp); 
kho2ro2=1.0d-JJ; 
fal/ojf = k0/(1 +k0kinj)*0.27@((1 +(/ogJO(k0kinf))@2)@-l); 
k0=m * J. 95E-28*((TEMP/300)@-4); 
kinf=8.4E-l 2; 
k0kinf=k0/kinf; 

lsoprene chemistry 

% 2.54E- l 1 *exp(0.81/Rkcal/TEMP): 

% 7.86E-15*exp(-3.80/Rkcal/TEMP): 

% 1.0: 

% 3.60E-11: 

% 3.03E-12*exp(-0.89/Rkcal/TEMP): 

% l.S0E-19: 

% l.86d-11 *exp(175./temp) 
% l.0d-11 
% 1.34d+ 16*exp(-13330./temp) 
% 2.0d-11 
% kro2no 
% kho2ro2 
% 3.7d-11 

% 4.13d-12*exp(452./temp) 
% kro2no 

% 4.32d-15*exp(-2016./temp) : 

% 3.35d-1 l 
% kro2no 

% 6.19E-11: 

ISOP+ OH = *0.088: RO2N, 
*0.912: RO2R,*0.629: HCHO,*0.23: macr, 
*0.32: MVK, *0.362:ISOPROD, 
*0.079: R2O2,*1.079: RO2; 

ISOP + 03 = *0.4: HCHO, 
*0.39: macr,*0.16: MVK,*0.55: 

HCHO2, *0.2:CCCCO2, 
*0.2: CCCCHO2, *0.05: ISOPROD; 

HCHO2 = *0.7:HCOOH, *0.12:OH, *0.12:HO2, *0.12:CO, 
*0.18:H2; 

ISOP+ 0 = *0.75: ISOPROD,*0.25: macro2, 
*0.25:RCO3, *0.5:HCHO, 
*0.25:RO2R, *0.25:RO2; 

ISOP+ NO3 = RO2, *l.05:CH3CHO, 
*0.8:RNO3, *0.8:RO2R, *0.2:ISOPROD, 
*0.2:R2O2, *0.2:NO2; 

ISOP+ NO2 = RO2, * l.05:CH3CHO, *0.8:RNO3, 
*0.8:RO2R, *0.2:ISOPROD, *0.2:R2O2, *0.2:NO; 

macr+oh = *0.5:macro2; 
macro2+no2 = mpan; 
mpan = macro2+no2; 
macro2+no = ch2cch3+no2; 
ch2cch3+no = no2+ch3coc2h5+ho2; 
macro2+ho2 = macro2h; 
macro2h+oh = macro2; 

mvk+oh = mvko2 ; 
mvko2+no = *0.684:ch3cho, 

*0.684:ch3coo2, *0.266:mglyox, 
*0.266:hcho, *0.05:isni, *0.95:no2, 
*0.95:ho2; 

mvk+o3=*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:isnil,*0.05:ho2, 

*1.9:no2, *0.95:ch3cho, *0.95:ch3coc2h5; 
ISOPROD + OH = *0.418:CO, 
*0. l 25:CH3CHO, *0.02:HCHO, 

*0.124:glyox, *0.082:CH3CHO, *0.145 :mglyox, 
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% 4.18E-18: 

% 1.00E-13: 

% 1.0: 

% 1.0: 
% 1.0: 

% 1.0: 

% 1.0: 

% 1.0: 

% 4.200E-12*exp(0.36/Rkcal/fEMP): 
% 3.40E-13*exp(l.59/RkcaVfEMP): 
% 1.0E-15: 
% l.86E-12*exp(l.053/Rkcal/fEMP): 

% 2.19 lE-11 *exp(-1.408/Rkcal/fEMP): 

% 4.200E-12*exp(0.36/Rkcal/fEMP): 
% 3.40E-13*exp( 1.59/Rkcal/fEMP): 
% l.0E-15: 
% l .86E-12 *exp( 1.053/Rkcal/TEMP): 

% 4.200E-12*exp(0.36/Rkcal/fEMP): 
% 3.40E-13*exp(l.59/Rkca1/fEMP): 
% l.0E-15: 
% l.86E-12*exp(l.053/Rkcal/TEMP): 

% 4.200E-12*exp(0.36/Rkca1/fEMP): 
% 3.40E-13*exp(l.59/Rkca1/fEMP): 
% l.0E-15: 
% l.86E-12*exp(l.053/Rkca1/fEMP): 

% 5 .1 0E-12 *exp(0.397 /Rkcal/TEMP): 
% falloff: 
% 3 .40E- l 3 *exp( 1.59/RkcaJ/fEMP): 
% 2.80E- l 2 *exp( 1.053/Rkcal/TEMP): 

*0.48:ch3coc2h5, *0.688:RO2R, 
*0.313 :macro2, *0.688 :RO2, 
*0.313:RCO3; 

ISOPROD + 03 = 
*0.062:CH3CHO, *0.007 :HCHO, *0.031 :glyox, 

*0.622:mglyox, *0.278:ch3coc2h5, 
*0.063:HCHO2, 
*0.278:HCOCHO2, *0.559:HOCCHO2, 
*0.069:C2O2CHO, 
*0.031 :C2O2COH; 

ISOPROD + NO3 = RNO3 + HO2 + R2O2 + 
RO2, *0.668:CO, *0.332:HCHO, 
*0.438:CH3CHO; 

CCCCO2 = OH + R2O2 + HCHO + macro2 + RO2 + 
RCO3; 
CCCCHO2 = *0.989:CH3CHO, *0.25:ISOPROD; 
C2O2CHO = OH + R2O2 + HCHO + HO2 + RO2 + 
RCO3; 
HOCCHO2 = *0.6:OH, *0.3:CH3COO2, *0.3:RCO3, 

*0.3:RO2R, *0.3:HCHO, *0.3:CO, *0.3:RO2; 
HCOCHO2 = *0. l 2:HO2, *0.24:CO, *0.12:OH, 

*0.51 :HCHO; 
C2O2COH = OH + mglyox + HO2 + R2O2 + RO2; 

RO2N + NO = RNO3; 
RO2N + HO2 = CH3OOH + CH3COC2H5; 
RO2N + RO2 = RO2 + CH3COC2H5, *0.5:HO2; 

RO2N + RCO3 = RCO3 + CH3COC2H5, *0.5:HO2; 

RNO3+OH = NO2, *0.155:CH3COC2H5, 
* l .384:CH3CHO, *0.16:HCHO, 

* l .39:R2O2, * l .39:RO2; 
RO2R + NO = NO2 + HO2; 
RO2R + HO2 = CH3OOH; 
RO2R + RO2 = RO2, *0.5:HO2; 
RO2R + RCO3 = RCO3, *0.5:HO2; 

R2O2 +NO = NO2; 
R2O2+HO2=; 
R2O2 + RO2 = RO2; 
R2O2 + RCO3 = RCO3; 

RO2+NO=NO; 
RO2+HO2 = HO2; 
RO2+RO2=; 
RO2+RCO3 =; 

RCO3+ NO = NO; 
RCO3 + NO2 = NO2; 
RCO3 + HO2 = HO2; 
RCO3 + RCO3 = ; 
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Table A3. Condensed chemical scheme used in this study to represent the Carter 1-product 
isoprene mechanism (Carter, 1996; Carter, 1997). 

Species representing the isoprene chemistry: 
ISOP, ISORO2, XO2, ONIT, ISOPROD, ISONRO2, IPRO2 

Rkcal = l.99E-3 kcal/mole/K; 
j<7> = the fotolysis rate for hno3 -> no2+oh; 

% 2.54E- l l *exp(0.81/Rkcal/I'EMP): 
% 4.20E-12*exp(0.358/Rkca1/fEMP): 

% 7.70E-14 *exp(2.583/Rkcal/I'EMP): 
% 8.40E-14 *exp(0.437/Rkcal/I'EMP): 

% 3.40E-14 *exp(0.437/Rkcal/I'EMP): 

% 7.86E-15*exp(-3.80/Rkcal/I'EMP): 

% 3.60E-l l: 

% 3.03E-12*exp(-0.89/RkcalffEMP): 
% 4.20E- l 2 *exp(0.358/Rkcal/I'EMP): 

% 7 .70E-14*exp(2.583/Rkcal/TEMP): 
% 8.40E- l 4*exp(0.437 /RkcalffEMP): 

% 3.40E-14*exp(0.437/RkcalffEMP): 
% 3.36E-l l: 
% 4.20E- l 2 *exp(0.358/Rkcal/fEMP): 

% 7.70E-14*exp(2.583/Rkcal/TEMP): 
% 8.40E-14*exp(0.437/Rkcal/TEMP): 

% 3.40E- l 4*exp(0.437 /Rkcal/TEMP): 

% 7.l IE-18: 

% l.0E-15: 

% 7. 7E- l 4*exp( 1300/TEMP): 
% 1. 7E-14*exp(220/TEMP): 
% 4.2E-14*exp(220/TEMP): 
% 3.6E- l 6*exp(220/TEMP): 
% 4.2E-12*exp(l80/TEMP): 
% 2.891 *j<7>: 
% l .55E- l l *exp(-540/TEMP): 

ISOP + OH = ISORO2, *0.079:XO2; 
ISORO2 + NO = *0.088:ONIT, 

*0.912:NO2, *0.912:HO2, *0.912:isoprod, 
*0.629:HCHO; 

ISORO2 + HO2 = C2H5OOH; 
ISORO2 + ch3coo2 = isoprod, 

*0.5:HO2, *0.5:ch3o2, *0.5:ch3cooh; 
ISORO2 + CH3O2 = isoprod, 

*0.5:HCHO, *0.5:HO2; 
ISOP + 03 = , *0.4 :HCHO, 

*0.6:ISOPROD, *0.39:HCOOH, *0.07:OH, 
*0.07:HO2, *0.07:CO, 
*0.2:OH, *0.2:XO2, *0.2:HCHO, *0.2:CH3COO2, 
*0. 15: CH3CHO, *0.05:ISOPROD; 

ISOP+ 0 =,*0.75:ISOPROD,*0.25:CH3COO2, 
*0.25:HCHO, *0.25:CH3O2; 

ISOP + NO3 = ISONRO2; 
ISONRO2 + NO = NO2, 

*0.8:CH3CHO, *0.8:ONIT, *0.8:HO2, 
*0.2:ISOPROD, *0.2:NO2; 

ISONRO2 + HO2 = ONIT; 
ISONRO2 + CH3COO2 = CH3CHO + 

ONIT,*0.5: HO2,*0.5:CH3O2,*0.5: CH3COOH; 
ISONRO2 + CH3O2 = CH3CHO + ONIT, *0.5:HCHO, *0.5:HO2; 
ISOPROD + OH = 0.5:CH3COO2, *0.5:IPRO2, *0.2:XO2; 
IPRO2 + NO = NO2 + HO2, *0.59:CO, 

*0.55 :CH3CHO, *0.25 :HCHO, *0.08:glyox, 
*0.34:mglyox, *0.63: CH3COC2H5; 

IPRO2 + HO2 = C2H5OOH; 
IPRO2 + CH3COO2 = ,*0.5:H02,*0.5:CH3O2,*0.5:CH3COOH, 

*0.5:CH3CHO, *0.5:CH3COC2H5; 
IPRO2 + CH3O2 = ,*0.5:HCHO, 

*0.5:HO2, *0.5:CH3CHO, *0.5:CH3COC2H5; 
ISOPROD + 03 = ,*0.268:OH,*0.10:HO2, 

*0. l 14:CH3COO2, *0.054:CH3O2, *0.07:XO2, 
*0.155:CO, *0.146:HCHO, 
*0.02:CH3CHO, *0.0 I :glyox, 
*0.85:mglyox, *0.09:CH3COC2H5, *0.462:HCOOH; 

ISOPROD + NO3 = , *0.075:CH3COO2, *0.075:HNO3, 
*0.643:CO, *0.282:HCHO, *0.925:ONIT, 
*0.282:CH3CHO, *0.925:HO2, *0.925:XO2; 

XO2 + HO2 = C2H5OOH; 
XO2 + CH3O2 = HCHO + HO2; 
XO2 + CH3COO2 = CH3O2; 
XO2+XO2=; 
XO2 + NO = NO2; 
ONIT = HO2 + NO2, *0.2:CH3CHO,*0.8:CH3COC2H5; 
ONIT + OH = NO2, *0.843:secc4h9o2; 
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A3.3 Dry deposition 
The dry deposition rates are chosen to correspond to the dry deposition over an average 

Swedish terrain with a 50 % forest coverage. The dry deposition velocities used in the 
simulations are given as diurnal mean values in Table A4 below. 

Table A4. Dry deposition velocities used in the model simulations. 

I Va [cm s-1] 

PAN 
0.5 2.0 0.15 0.5 0.5 0.2 

A3.4 Initial concentrations 
The simulations were conducted for a hypothetical air mass passing over European 

emission sources. The concentrations of ozone, nitrogen oxides and volatile organic 
compounds, used at the start of the simulation, were set as in Table AS. The data are 
representing a clean air-mass arriving at the Swedish TOR station situated at Rörvik 
(Lindskog), apart from o-xylene. 

Table AS. Initial concentrations used in the model set-up. Concentrations are based on data 
from a typical clean airmass reaching the Swedish west-coast (Lindskog), apart 
from o-xylene. 

Species Initial concentration (opbv) 
ozone see Table A6. 
NO2 1.3 
NO 0.3 
ethane 1.3 
n-butane 0.7 
ethene 0.15 
oropene 0.05 
o-xylene 0.5 
SO2 I 

A3.4 Emission scenarios 
The emission scenarios of NOx, VOC, CO and isoprene per km2 and year along the 

simulated trajectory are given in Table A6. In the normal case emissions representative for 
average Swedish emissions are chosen. The distribution of the VOC emitted along the 
simulated trajectory were taken from data for southem Sweden (Janhäll and Andersson-Sköld, 
1996). 

A3.5 Meteorology 

The highest ozone concentrations are expected when the solar radiation is high. For the 
simulation of an ozone episode the meteorological parameters were chosen to correspond to a 
cloudfree high pressure situation in the middle of the summer. The meteorological conditions 
chosen are shown in Table A3.4. The diumal variation of the solar radiation at the 21st of 
June was used at 55°N. Clouds in the model are assumed to only reduce the solar radiation 
below them. The values chosen for this comparison study are shown in Table A 7. 
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Table A6. Emission scenarios used in the comparison of three isoprene mechanisms. 

Name ofrun Anthropogenic Biogenie Initial 
emissions emissions concentration 

(tonnes km-2 (ppbv) 
year1) 

No. NOY voc co Isoprene ozone 
6 Normal 3 3 9 3 50 
7 N -low NOY 0.3 3 9 3 50 
8 N -highNOY 30 3 9 3 50 
9 N-lowVOC 3 0.3 0.9 3 50 
10 N -high VOC 3 30 90 3 50 
11 N - low isoprene 3 3 9 0.3 50 
12 N - high isoprene 3 3 9 30 50 
13 N -low ozone 3 3 9 3 20 
14 N - high ozone 3 3 9 3 100 
15 Low 0.3 0.3 0.9 0.3 50 
16 L - norm isoprene 0.3 0.3 0.9 3 50 
17 L - high isoprene 0.3 0.3 0.9 30 50 
18 Hieh 30 30 90 30 50 
19 H - norm isoprene 30 30 90 3 50 
20 H - low isoprene 30 30 90 0.3 50 
21 H-low NOY 0.3 30 90 30 50 
22 H-lowVOC 30 0.3 0.9 30 50 

Table A 7. Meteorological data used in the model simulations. 

Summer episode 
Date 21st of June 
Latitude 55°N 
Height of boundary layer 1000 [m] 
Temperature 25 °C 
Relative humidity 70% 
Cloudiness 0/8 

A4. Results from the comparison study 

The cases studied vary from extreme hypothetical cases to normal realistic cases. The 
ozone and PAN result from the normal case simulation is shown in Figure Al and Figure A2. 
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Figure Al. Ozone concentration in the Normal case using three different methods to represent 
the isoprene chemistry. ht Carter 4 the four-product mechanism is used, in 
Carter 1 the one-product mechanism is used and in EMEP the EMEP mechanism 
is used, as described in the text. 
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Figure Al. PAN concentration in the Normal case using three different methods to represent 
the isoprene chemistry. ht Carter 4 the four-product mechanism is used, in 
Carter 1 the one-product mechanism is used and in EMEP the EMEP mechanism 
is used, as described in the text. 
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The results from all simulations are shown in Table AS. The ozone and P AN production 
from isoprene emissions in the simulations are shown as average over the time of simulation 
(i.e. 4 days) and as the maximum production from isoprene emissions. Since the Carter 4 
mechanism is the most detailed mechanism, it is used as a reference. The percentage 
difference between Carter 1 and Carter 4, as well as between EMEP and Carter 4 are shown in 
the last columns of the table. 

Numbers in the tables indicated in bold, italic show the cases which are most relevant for 
simulations in Northern Europe. The northem parts of Europe are normal to low in NOx 
emissions. In these four simulations (number 6, 7, 10 and 21), the Carter 1 mechanism gives 
results for ozone in closest agreement with the most detailed mechanism. 

AS. Summary 

Three published chemical schemes for treating isoprene have been compared in a large 
number of chemical conditions. There are no large differences between the results, when the 
focus is on the simulation of ozone concentration. The chemical descriptions of isoprene that 
are used in the more detailed mechanisms (Simpson et al., 1993; Carter, 1996), using 16-lS 
species, could thus be replaced by the mechanism using only 7 species (Carter, 1996). 
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Table A8. Ozone and PAN production from isoprene emission indifferent scenarios, using three descriptions of the isoprene chemistry. The scenarios are described in 
Table A6. The percentage difference between the simulation conducted with the Carter 4 (C4) mechanism and the two more simplified mechanisms are shown 
in the last columns. 

Ozone production (oob) PAN production I ppb) % ozone diff. from C4 % PAN diff. from C4 
Carter 4 Carter I EMEP Carter 4 Carter I EMEP Carter I EMEP Carter I EMEP 

6 AveraJ?e 9.7 8.7 10.4 0.29 0.25 0.27 -10.3 7.0 -14.9 -6.9 
6 Maximum 19. 7 17.0 19.3 0.67 0.53 0.70 -13.7 -2.0 -21.4 5.0 
7 Averaee 0.8 0.9 1.6 0.05 0.07 0.05 6.4 103.4 30.4 5.1 
7 Maximum 2.2 2.5 5.2 0./2 0.13 0.15 17.0 138.0 6.9 27.7 
8 Average 7.0 6.7 6.7 0.06 0.06 0.05 -3.7 -4.2 8.0 -7 .2 
8 Maximum 18.0 17.1 16.4 0. 18 0. 18 0.20 -5.0 -8.7 4.2 10.6 
9 Average 11.8 10.4 11.9 0.26 0.22 0.24 -1 1.9 0.6 -14.5 -7.2 
9 Maximum 23.1 19.7 21.9 0.66 0.53 0.68 -14.6 -5.2 -20.3 3.5 
JO Avera2e 0.2 0.9 3.6 0./9 0.18 0.23 358.8 1784.7 -5.J 21.4 
JO Maximum 3.8 4.6 8.4 0.49 0.48 0.60 22.0 121.9 -3.3 21.8 
11 Average 1.2 1.0 1.2 0.03 0.02 0.02 -1 6.2 0.9 -18.0 -8.6 
11 Maximum 2.3 1.9 2.2 0.07 0.05 O.D7 - 19.0 -6.3 -27.1 2.5 
12 Average 22.3 23.9 28.4 1.33 1.92 1.45 7.1 27.4 43.6 8.8 
12 Maximum 46.3 50.1 63.7 2.88 3.65 3.55 8.2 37.4 27.0 23.3 
13 Average 10.1 9. 1 10.6 0.28 0.24 0.26 -9.5 5.8 -14.2 -6.4 
13 Maximum 19.6 17.1 19.3 0.66 0.53 0.70 -13.0 - 1.6 -20.6 5.4 
14 Average 9.3 8.2 10. 1 0.3 1 0.26 0.28 -11.6 8.7 -16.3 -8.3 
14 Maximum 19.7 16.8 19.3 0.68 0.53 0.71 - 14.9 -2.3 -21.9 4.4 
15 Average 0.5 0.5 0.8 0.01 0.01 0.01 -4.5 6 1.9 -8. I -4.2 
15 Maximum 1.5 1.4 1.8 0.02 0.02 0.02 -7.1 20.3 -16.8 7.0 
16 Average 2.9 2 .8 3.8 0.07 0.08 0.07 -4.5 31.3 14.2 4.5 
16 Maximum 7.1 6.9 10.0 0. 17 0. 16 0.20 -2.5 4 1.0 -1.9 18.3 
17 Average -2.5 -4.0 -8.1 0.09 0.17 0 .03 57.6 221.0 94.7 -66.9 
17 Maximum 5.9 7.2 5.9 0.21 0.33 0. 17 23.5 0.1 55.7 - 18.7 
18 Average 71.7 69.5 78.4 9.66 8.3 1 9. 10 -3.1 9.3 - 13.9 -5.8 
18 Maximum 11 1.9 100.5 11 6. 1 18.26 14.92 17.96 -10.2 3.7 - 18.3 -1.7 
19 Average 11.4 10.2 Il. I 0.97 0.80 0.92 -10.6 -2.9 -1 7.2 -5.7 
19 Maximum 2 1.2 20.5 19.4 2.05 1.64 1.82 -3.3 -8.8 - 19.8 -1 1.0 
20 Average 1.2 I. I 1.2 0.10 0.08 0.09 -11.3 -4.3 -17.1 -5.4 
20 Maximum 2.3 2.2 2. 1 0 .20 0. 17 0.18 -4.0 -8.6 -I 8.9 - 10.7 
21 Avera2e -14.8 -16.0 -19.9 -0.l l -0.01 -0.1 7 8.1 34.0 -89.6 56.5 
21 Maximum 2.6 2.7 2./ 0.03 0.21 0.02 2.9 -21.8 569.5 -45.I 
22 Average 158.7 149.6 158.9 8.70 7.09 8.23 -5.8 0.1 -18.5 -5.4 
22 Maximum 284.9 260.0 281.0 17.98 14.02 17.92 -8.7 -1.4 -22.0 -0.3 



APPENDIX B: CHEMICAL REACTION SCHEME 

The chemical scheme used in the mode I is mainly based on the EMEP MSC-W mechanism (Simpson et al., 1993 ). 
The isoprene chernistry has, however, been modified. An adapted version of the Carter 1-product mechanism (Carter, 
1996) is used instead of the EMEP isoprene mechanism. The reaction scheme is presented in Table BI below. 

Table Bl. The chernical scheme 

#EQUATIONS {EMEP-93 Simpson et al. , 1993, modified} 

REACTION 
{ Inorganic chemistry} 
{ 1.} 0 + 02 + M = 0 3 
{ 5.) O +NO +M=NO2 
{ 7.) OID+M=O 
{ 8.}O1D+H2O=2OH 
{ 11.} 03 + NO = NO2 
{ 12.} 03 + NO2 = NO3 
{ 13.} 03 + OH = HO2 
{ 14.}O3+HO2=OH 
{ 15.}NO +NO3=2NO2 
{ 17.} NO + HO2 = NO2 + OH 
{ 19.) NO2+NO3=NO+NO2 
{ 20.} NO2 + NO3 = N2O5 
{ 2 1.) NO2 + OH = HNO3 
{ 26.} NO3 + H2O2 = HO2 + HNO3 
{ 29.} N2O5 = NO2 + NO3 
{ 30.) OH + HO2 = H2O 
{ 31.) OH + H2O2 = HO2 
{ 33. } OH + H2 = HO2 
{ 35. } OH + HNO3 = NO3 
{ 36. } 2 HO2 = H2O2 
{ 37.) 2 HO2 + M = H2O2 

{ Sulfur chemistry} 
{ 39. } OH + SO2 = HO2 + SULFATE 
{ 40. } CH3O2 + SO2 = HCHO + HO2 + SULFATE 

{ Aerosol reactions} 
{ 43.} H2O2 = AEROSOL 
{ 43.} CH3O2H = AEROSOL 
( 44.} N2O5 = 2 NITRA TE 
( 45.} HNO3 = NITRATE 

( Methane chemistry} 
( 59.} OH + CH4 = CH3O2 
{ 60.) CH3O2 + NO = HCHO + HO2 + NO2 
( 61.) 2 CH3O2 = 2 HCHO + 2 HO2 
{ 62. } 2 CH3O2 = CH3OH + HCHO 
( 63.} OH + CH3OH = HO2 + HCHO 
{ 65.} HO2 + CH3O2 = CH3O2H 
{ 66.} OH + HCHO = CO + HO2 
{ 67.) CH3O2H + OH = HCHO + OH 
( 68.} CH3O2H + OH = CH3O2 
( 69.) NO3 + HCHO = HNO3 + CO + HO2 
( 70.} OH + CO = HO2 
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RA TE CONST ANT 

: KOO2; 
: KONO; 
: ARR(2.0E- l l , 100.0); 
: 2.2e-l0; 
: ARR(l.8E-12, -1370.); 
: ARR(l.2E-13, -2450.); 
: ARR(l.9E-12, -1000.); 
: ARR( l.4E-14, -600.); 
: ARR( l.8E- l l , 110.) ; 
: ARR(3.7E-12, 240.); 
: ARR(7.2E-14, - 1414.); 
: l.4E-12; 
: l.4E- l I; 
: 4. IE-16; 
: ARR(7.IE+l4,-ll080.); 
: ARR(4.8E-11 , 250.); 
: ARR(2.9E-12, -160.); 
: ARR(7.7E-12, -2100.); 
: ARR(l.0E-14, 785.); 
: FH2O* ARR(2.3E-13, 600.); 
: FH2O* ARR( 1.7E-33, 1000.); 

: l.35E-12; 
: 4.0E- 17; 

: R_AEROSOL; 
: R_AEROSOL; 
: R_AEROSOL; 
: R_AEROSOL; 

: ARR(3.9E-12, -1885.); 
: KRO2NO; 
: ARR(5.5E- 14, 365.); 
: ARR(5.5E-1 4, 365.); 
: ARR(3.3E-12, -380.); 
: ARR(3.8E-13, 780.); 
: 9.6E-12; 
: ARR(I.0E-12, 190.); 
: ARR(l.9E-12, 190.); 
: 5.8E-16; 
: 2.4E- 13; 



{ Ethane chemistry} 
{ 71.} OH + C2H6 = C2H5O2 
{ 72.} C2H5O2 + NO = HO2 + CH3CHO + NO2 
{ 74.} C2H5O2 + HO2 = C2H5OOH 
{76A.} C2H5OOH + OH = CH3CHO + OH 
{ 76B.} C2H5OOH + OH = C2H5O2 
{ 75.} OH + CH3CHO = CH3COO2 
{ 77.} CH3COO2 +NO2 =PAN 
{ 78.} PAN = CH3COO2 + NO2 
{ 79.} CH3COO2 + NO = NO2 + CH3O2 
{ 80.} CH3O2 + CH3COO2 = HCHO + HO2 + CH3O2 
{ 80.} CH3O2 + CH3COO2 = CH3COOH + HCHO 
{ 94.} 2 CH3COO2 = 2 CH3O2 
{ 88.} CH3COO2 + HO2 = CH3COO2H 
{ 90.} CH3COO2H + OH = CH3COO2 
{ 89.} CH3COO2 + HO2 = CH3COOH + 03 

{ Ethanol chemistry} 
{ 64.} OH + C2H5OH = CH3CHO + HO2 

{ n-butane chemistry} 
{ 81.} OH + NC4Hl0 = SECC4H9O2 
{ 83.} NO + SECC4H9O2 = 
NO2 + 0.65 HO2 + 0.65 CH3COC2H5 + 0.35 CH3CHO + 0.35 C2H5O2 
{ 86.} OH + CH3COC2H5 = CH3COCHO2CH3 
{ 105.} CH3COCHO2CH3 + NO = NO2 + CH3COO2 + CH3CHO 
{ I 04.} CH3COCHO2CH3 + HO2 = CH3COCHO2HCH3 
{ I 07.} CH3COCHO2HCH3 + OH = CH3COCHO2CH3 
{ 108.} SECC4H9O2 + HO2 = SECC4H9O2H 
{ } SECC4H9O2H + OH = SECC4H9O2 
{ } SECC4H9O2H + OH = OH + CH3COC2H5 

{ Ethene chemistry} 
{ 109.} C2H4 + OH = CH2O2CH2OH 
( 110.} CH2O2CH2OH + NO = NO2 + 2 HCHO + HO2 
{ 113.} CH2O2CH2OH + HO2 = CH2OOHCH2OH 
{ } CH2OOHCH2OH + OH = CH3CHO + OH 
{ } CH2OOHCH2OH + OH = CH2O2CH2OH 
{ 112.} C2H4 + 03 = HCHO + 0.44 CO + 0.12 HO2 + 0.13 H2 

{ Propene chemistry} 
{ 123.} 03 + C3H6 = 0.5 HCHO + 0.5 CH3CHO + 0.07 CH4 + 0.4 CO + 
0.28 HO2 + 0.15 OH + 0.31 CH3O2 + 0.07 H2 
{ 125.} OH + C3H6 = CH3CHO2CH2OH 
{ 126.} NO + CH3CHO2CH2OH = NO2 + CH3CHO + HCHO + HO2 
{ 122.} CH3CHO2CH2OH + HO2 = CH3CHOOHCH2OH 
{ } CH3CHOOHCH2OH + OH = CH3COC2H5 + OH 
{ } CH3CHOOHCH2OH + OH = CH3CHO2CH2OH 

{ o-xylene chemistry} 
{ 234.} OXYLENE + OH = OXYO2 
{ 236.} OXYO2 + NO = MGL YOX + MAL + HO2 + NO2 
{237.} OXYO2 + HO2 = OXYO2H 
{ 235.} OXYO2H + OH = OXYO2 
{219.} MAL+ OH = MALO2 
{ 220.} MALO2 + NO = NO2 + HO2 + MGL YOX + GL YOX 
{ 85.} MALO2 + HO2 = MALO2H 
{ 223.} MALO2H + OH = MALO2 
{221.} OH + GLYOX = HO2 + 2 CO 
f222.} OH + MGLYOX = CH3COO2 + CO 
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: ARR(7.8E-12, -1020.); 
: 8.9E-12; 
: ARR(6.5E-13, 650.); 
: 5.8*ARR(I.0E-12, 190.); 
: KRC92; 
: ARR(5.6E-12, 310.); 
: 1.0E-11; 
: ARR(l.34E+l6, -13330.); 
: 2.0E-11; 
: 5.5E-12; 
: 5.SE-12; 
: ARR(2.8E-12, 530.); 
: ARR(l.3E-13, 1040.); 
: KRC92; 
: ARR(3.0E-13, 1040.); 

: 3.2E-12; 

: ARR(l.64E-l 1, -559.); 
: KRO2NO; 

: l.ISE-12; 
: KRO2NO; 
: I.0E-11; 
: 4.8E-12; 
: KHO2RO2; 
: KRC92; 
: KRC91; 

: ARR(l.66E-12, 474.); 
: KRO2NO; 
: KHO2RO2; 
: KRC91; 
: KRC92; 
: ARR(l.2E-14, -2630.); 

: ARR(6.5E-15, -1880.); 

: 2.86E-11; 
: KRO2NO; 
: KHO2RO2; 
: KRC91; 
: KRC92; 

: l.37E-ll; 
: KRO2NO; 
: KHO2RO2; 
: 1.7E-ll; 
: 2.0E-11; 
: KRO2NO; 
: KHO2RO2; 
: 2.4E-ll; 

I.IE-11; 
: l.70E-ll; 



{ Isoprene chemistry, version recornmended by IVL, Sep 1997} 
{ } C5H8 + OH = ISRO2 + 0.079 XO2 
{ } ISRO2 + NO = 0.088 ONIT + 0.912 NO2 + 0.912 HO2 + 
0.912 ISOPROD + 0.629 HCHO 
( } ISRO2 + HO2 = C2H5OOH 
{ } ISRO2 + CH3COO2 = 
ISOPROD + 0.5 HO2 + 0.5 CH3O2 + 0.5 CH3COOH 
( } ISRO2 + CH3O2 = ISOPROD + 0.5 HCHO + 0.5 HO2 
{ } C5H8 + 03 = 0.6 HCHO + 0.65 ISOPROD + 0.27 OH + 0.07 HO2 
+ 0.07 CO + 0.2 XO2 + 0.2 CH3COO2 + 0.15 CH3CHO + 0.39 HCOOH 
( } C5H8 + 0 = 
0.75 ISOPROD + 0.25 CH3COO2 + 0.25 HCHO + 0.25 CH3O2 
{ } C5H8 + NO3 = ISONRO2 
{ } ISONRO2 + NO = 
1.2 NO2 + 0.8 CH3CHO + 0.8 ONIT + 0.8 HO2 + 0.2 ISOPROD 
{ } ISONRO2 + HO2 = ONIT 
{ } ISONRO2 + CH3COO2 = 
CH3CHO + ONIT + 0.5 HO2 + 0.5 CH3O2 + 0.5 CH3COOH 
{ } ISONRO2 + CH3O2 = CH3CHO + ONIT + 0.5 HCHO + 0.5 HO2 
{ } ISOPROD + OH = 0.5 CH3COO2 + 0.5 IPRO2 + 0.2 XO2 
{ } IPRO2 + NO = NO2 + HO2 + 0.59 CO + 0.55 CH3CHO + 
0.25 HCHO + 0.08 GL YOX + 0.34 MGLYOX +0.63 CH3COC2H5 
{ } IPRO2 + HO2 = C2H5OOH 
( } IPRO2 + CH3COO2 = 0.5 HO2 + 0.5 CH3O2 + 0.5 CH3COOH + 
0.5 CH3CHO +0.5 CH3COC2H5 
{ } IPRO2 + CH3O2 = 
0.5 HCHO + 0.5 HO2 + 0.5 CH3CHO + 0.5 CH3COC2H5 
( ) ISOPROD + 03 = 0.268 OH + 0.1 HO2 + 0.114 CH3COO2 + 
0.054 CH3O2 + 0.07 XO2 + 0. 155 CO +0.146 HCHO + 0.02 CH3CHO + 
0.0 I GL YOX + 0.85 MGL YOX + 0.09 CH3COC2H5 +0.462 HCOOH 
( } ISOPROD + NO3 = 0.075 CH3COO2 + 0.075 HNO3 + 0.643 CO + 
0.282 HCHO + 0.925 ONIT + 0.282 CH3CHO + 0.925 HO2 + 0.925 XO2 
( } XO2 + HO2 = C2H5OOH 
{ } XO2 + CH3O2 = HCHO + HO2 
{ } XO2 + CH3COO2 = CH3O2 
{ } XO2 + XO2 = M 
{ } XO2 + NO = NO2 
{ } ONIT + OH = NO2 + 0.843 SECC4H9O2 

{ Photolysis reactions} 
{ I. } 03 + hv = 0 ID 
( 2.} 03 + hv = 0 
{ 3.} NO2 + hv = NO + 0 
{ 4.} NO3 + hv = NO2 + 0 
{ 5.} NO3 + hv = NO 
{ 6.} N2O5 + hv = NO2 + NO3 
{ 7.} H2O2+hv=2OH 
{ 8.} HNO3 + hv = NO2 + OH 
{ 9.} HCHO + hv = 2 HO2 + CO 
{ 10.} HCHO + hv = H2 + CO 
{ 11 .} CH3CHO + hv = CH3O2 + HO2 + CO 
{ 12.} CH3COC2H5 + hv = CH3COO2 + C2H5O2 
{ 14.} GL YOX + hv = CO + HCHO 
{ 15.} CH3O2H + hv = OH + HCHO + HO2 
{ 16.} MGL YOX + hv = CO + CH3COO2 + HO2 
{ 17.} C2H5OOH + hv = OH + CH3CHO + HO2 
{ 18.} CH3COO2H + hv = OH + CH3O2 
{ 20.} CH3COCHO2HCH3 + hv = OH + CH3CHO + CH3COO2 
{ 21.} SECC4H9O2H + hv = 
OH + 0.65 HO2 + 0.65 CH3COC2H5 + 0.35 CH3CHO + 0.35 C2H5O2 
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: ARR(2.54E-l 1, 408.); 
: ARR(4.20E-12, 180.); 

: ARR(7.70E-14, 1301.); 
: ARR(8.40E-14, 220.); 

: ARR(3.40E-14, 220.); 
: ARR(7.86E-15, -1914.); 

: 3.6E-l l ; 

: ARR(3.03E-12, -448.); 
: ARR(4.20E-12, 180.); 

: ARR(7.70E-14, 1301.); 
: ARR(8.40E-14, 220.); 

: ARR(3.40E-14, 220.); 
: 3.36E- l l ; 
: ARR(4.20E-12, 180.); 

: ARR(7.70E-14, 1301.); 
: ARR(8.40E-14, 220.); 

: ARR(3.40E-14, 220.); 

: 7. 1 lE-18; 

: l.0E-15; 

: ARR(7.7E-14, 1300.); 
: ARR(l.7E-14, 220.); 
: ARR(4.2E-14, 220.); 
: ARR(3.6E- l 6, 220.); 
: ARR(4.2E-12, 180.); 
: ARR( 1.55E-11 , -540.); 

: 2.00E-4*EXP(-l.4*SECT)*BETA; 
: l.23E-3*EXP(-0.6*SECT)*BETA; 
: l.45E-2*EXP(-0.4*SECT)*BETA; 
: 8.94E-2*EXP(-0.059*SECT)*BETA; 
: 3.53E-2*EXP(-0.08 I *SECT)*BET A ; 
: 3.32E-5*EXP(-0.567*SECT)*BETA; 
: 2.20E-5*EXP(-0.75*SECT)*BETA; 
: 3.00E-6*EXP(-I .25*SECT)*BET A ; 
: 5.40E-5*EXP(-0.79*SECT)*BETA; 
: 6.65E-5*EXP(-0.6*SECT)*BETA; 
: l.35E-5*EXP(-0.94*SECT)*BETA ; 
: 2.43E-5*EXP(-0.877*SECT)*BETA; 
: 2.*6.65E-5*EXP(-0.6*SECT)*BETA; 
: 2.27E-5*EXP(-0.62*SECT)*BETA; 
: 4. *5.40E-5*EXP(-0.79*SECT)*BET A; 
: 2.27E-5*EXP(-0.62*SECT)*BET A; 
: 2.27E-5*EXP(-0.62*SECT)*BET A; 
: 2.27E-5*EXP(-0.62*SECT)*BETA; 
: 2.27E-5*EXP(-0.62*SECT)*BETA; 



{ 22.} CH2OOHCH2OH + hv = 
OH + HO2 + 1.56 HCHO + 0.22 CH3CHO 
{23.} CH3CHOOHCH2OH + hv = CH3CHO + HCHO + HO2 + OH 
{ 24.} OXYO2H + hv = OH + MGL YOX + MAL + HO2 
{25.} MALO2H + hv = OH + MGLYOX + GLYOX + HO2 
{ ivl} ONIT + hv = HO2 + NO2 + 0.2 CH3CHO + 0.8 CH3COC2H5 

: 2.27E-5*EXP(-0.62*SECT)*BETA; 

: 2.27E-5*EXP(-0.62*SECT)*BETA; 
: 2.27E-5*EXP(-0.62*SECT)*BETA; 
: 2.27E-5*EXP(-0.62*SECT)*BETA; 
: 8.67E-6*EXP(-1.25*SECT)*BETA; 

Rate expressions: 
Read ARR(2.0E-1 l, 100.0) as 2.0*I0-11*exp(l00.0/f), where T is the temperature in K. 
Read 2.00E-4*EXP(-l.4*SECT)*BETA as 2.00*104 *exp(-l.4*sec (8) )*~, where 8 is the solar zenith angle and~ isa 
scaling factor depending on the total cloud cover. 
Koo2 = s.1•10-)4*<TJ300.or2

·
8 

KONO = 9.6*10-32*(T/300.orl.6 

FH2O = (l+l.4*10-21*[H2O]*exp(2200n)), where [H2O] is the concentration ofH2O-molecules 
R_AEROSOL = 104 ifrelative humidity > 0.9 

= 10-5 if relative humidity <= 0.9 
KRO2NO = ARR(4.2E-12, 180.0) 
KRC92 = ARR(l.9E-12, 190.0) 
KHO2RO2 = 10·11 

KRC91 = ARR(5.8E-12, 190.0) 
The units for the rate constants are s-1 for first order reactions, cm3 molecule-1 s-1 for second order reactions and 
cm6 molecule-2 s-1 for third order reactions. 

Abbreviations: 
GLYOX 
IPRO2 
ISOPROD 
ISONRO2 
ISRO2 
M 
MAL 
MAL02 
MALO2H 
MGLYOX 
ONIT 
OXYO2 
OXYO2H 
PAN 
XO2 
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