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Abstract. Volume fractions of different atmospheric gas constituents were modelled using Master Me-
chanism (MM) model developed by S. Madronich (NCAR, Boulder, CO, USA). Ozone 3(O )  and hydro-
gen peroxide 2 2(H O )  seasonal variations were estimated at three different locations in Zagreb. Modelled 
ozone values showed good agreement with measured values at all three sites. The estimation of 2 2H O an-
nual variations with the MM model showed typical 2 2H O  seasonal variation at a remote location and at 
an urban location not exposed to traffic, with the highest values over the summer months, due to higher 
solar radiation. The summer/winter differences were more pronounced at the remote location. At the site 
exposed to traffic, 2 2H O  volume fractions did not show seasonal variations and 2 2H O  levels were deter-
mined by the levels of nitrogen oxides. The model was also used to estimate oxidant levels during the heat 
wave in August 2003. It yielded high hydrogen peroxide (2.5 ppb–3.5 ppb) and ozone (> 100 ppb) levels, 
followed by increased concentrations of OH radicals. The model confirmed that in extreme conditions 
(high temperature and solar radiation, elevated CO and 2NO  levels) over the summer, the atmospheric 
oxidizing capacity in Croatia exceedingly rises and may exert harmful effects on the environment.  
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INTRODUCTION 

Atmosphere contains many oxidants, above all oxygen 
and ozone 3(O ).  Tropospheric OH radical is also a 
strong oxidant formed mostly from tropospheric ozone, 
and both, 3O  and OH, are sensitive to UV radiation.1,2 
Many compounds emitted in the atmosphere are oxi-
dized by the reaction with OH radical (methane, hydro-
carbons, carbon monoxide...), so, in certain conditions, 
the decrease in OH levels may lead to an increase in the 
concentrations of some compounds in the atmosphere.1 
The oxidizing capacity of the atmosphere can be defined 
as the capability of "self-cleaning" by oxidation of 
traced gases emitted in the environment. However, 
increased levels of oxidants in the atmosphere have 
harmful effects on living beings as well. Hydrogen 
peroxide 2 2(H O )  in the gaseous phase of the tropo-
sphere is formed mostly by the recombination of two 

2HO  radicals. It is removed from the atmosphere 
through the processes of deposition and wet scavenging 
(with subsequent liquid-phase reactions). From gaseous 
phase it can also be removed by photolysis or by re-
action with OH radical. 2 2H O  levels indirectly depend 
on OH levels, so due to its role in atmospheric chemi-

stry, hydrogen peroxide seems to be a better indicator of 
atmospheric oxidizing capacity than ozone.3 The reac-
tivity of ozone (as a strong oxidant) and its role in  
photochemical air pollution have been well described in 
literature. There are many papers4–7 with results of 
ozone measurements in the troposphere. Many models 
successfully predict its concentrations, and some of 
them have already been used in some neighbouring 
countries.8 Ozone is also the only atmospheric oxidant 
measured continuously in Croatia by now.9–11 The meas-
uring results show that over the summer months ozone 
concentrations exceed air quality standards set by Cro-
atian and European legislation.  

By now, measurements of atmospheric 2 2H O  
were limited to a few places in the world, mostly due to 
difficulties during measurements and sophisticated and 
expensive equipment. The most used analytical pro-
cedure is based on fluorimetric detection12 with previous 
dimerisation of p-hydroxyphenyl acetic acid in the pre-
sence of peroxide, catalysed by enzyme horseradish 
peroxidase.12,13 

Hydrogen peroxide in the troposphere shows  
characteristic daily and seasonal variations and depen-
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dence on meteorological conditions. Similar to ozone, it 
reaches maximum values in the early afternoon, when 
the sunlight is the most intense. It also shows seasonal 
variation with the highest concentrations observed in the 
summer months.13 

2 2H O  is considered a major oxidant of 2SO  in 
aqueous phase. However, successful removal of in-
dustrial 2SO  over the last two decades has led to an 
increase in 2 2H O  concentrations worldwide.14,15 Simi-
lar processes have probably occurred in Croatia as well. 
The first 2 2H O  measurements in Croatia were carried 
out in the summer 2004. 2 2H O  volume fractions ranged 
from < 0.05 ppb to 6.2 ppb (average hourly value 0.3 
ppb), and showed diurnal variation with a peak between 
15 h and 16 h, local (CEST) time.16 Average 2 2H O  
corresponds to the levels observed in other European 
countries with similar climate. However, maximum 
hourly value of 6.2 ppb obtained in July 2004 shows 
excessive air pollution by oxidants. Due to limited 

2 2H O  measurements in Croatia, the purpose of this 
paper was to investigate seasonal variations of 2 2H O  
using an appropriate computation model. We have also 
used the same model to estimate peroxide and ozone 
levels in extreme, summer heat wave conditions. 

 

EXPERIMENTAL 

Model Description 

Levels of ozone, hydrogen peroxide, and other oxidants 
in the air of Croatia were calculated using the Master 
Mechanism (MM) model. This model is a multi-task, 
interactive, atmospheric box model program that gives 
an insight into the time behaviour of chosen input 
amounts of atmospheric constituents under selected, 
either fixed or variable, condition.17,18 It does not in-
clude transport, and describes best reactions and trans-
formations that occur within an air package at rest in a 
horizontal plane under the influence of sunlight and 
under given meteorological parameters. However, the 
model can also include the effects of some other 
processes such as time-dependent dilution (caused by 
changes in planetary boundary layer (PBL) height), 
temperature and pressure change, emission, or de-
position. It allows one to predict the time evolution of 
any reactive air composition as dictated by correspond-
ing reaction rate constants and physical parameters.  

In this study we used the NCAR Master Mecha-
nism model, version 2.4., developed by S. Madronich, 
and updated in April 2006 to model the concentrations 
of atmospheric compounds. The model includes about 
5000 reactions between about 2000 species, but in this 
study it was limited to about 2300 reactions. Photolysis 
coefficients were calculated using the Tropospheric 

Ultraviolet-Visible model (TUV), version 4.4 developed 
by Sasha Madronich; released May 2003).19–22 TUV is a 
multistream radiative transfer model able to quantify the 
transfer of radiation in a scattering and absorbing  
atmosphere. Atmospheric curvature (important for low 
sun conditions) is modelled using a pseudo-spherical 
approximation. It is a one-dimensional FORTRAN 77 
model suitable to compute various radiative quantities 
over a broad range of environmental conditions. It can 
be used in the wavelength range of 121–750 nm for 
calculating the spectral irradiance, the spectral actinic 
flux, photodissociation coefficients and biological  
effective irradiance. Output parameters are presented as 
functions of wavelength and altitude.  

The accuracy of the MM model was tested pre-
viously by comparing modelled and measured 2 2H O  
values at one location in Zagreb (Ruđer Bošković Insti-
tute, RBI) during summer 2004.16 The relative differrence 
E between modelled and measured volume fractions 
was calculated according to the equation: 

 
(modelled) - (measured)

= ×100
(measured)

φ φ
E

φ
 

where φ is volume fraction of the specie. 

It was founded that on cloudless days, maximum 
hourly 2 2H O  volume fractions were calculated with the 
relative difference of less than 20 %. For 3O , the rela-
tive difference was less than 12.5 % for the calculation 
of maximum hourly values and less than 25.3 % for the 
calculation of average daily values. Table 1 presents the 
relative differences between modelled and measured 

Table 1. Relative difference, E(a) (in %) between measured(b) 
and modelled volume fractions, φ, of 2 2H O and 3O  (in ppb) at 
RBI between 26 June and 5 July 2004 (for cloudless days 
only) 

Date 

2 2H O  3O  

E 
average 

daily 
value 

E 
maximum 

hourly 
value 

E 
average 

daily 
value 

E 
maximum 

hourly 
value 

26 June 26.4 1.0 11.3 –12.5 

27 June 64.7 23.2 23.6 –4.7 

1 July 59.1 20.2 12.0 5.8 

3 July 22.1 –10.1 1.2 –8.7 

4 July 50.9 12.1 10.4 0.7 

5 July 48.4 –21.6 25.3 12.1 

(a) (modelled) - (measured)
= ×100

(measured)

φ φ
E

φ  
(b)detection limit of the measuring technique is 0.05 ppb 
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2 2H O  and 3O  volume fractions for the days without 
clouds and precipitation. The model overestimates the 
volume fractions of the 2 2H O  systematically. 

The Estimation of 3O  and 2 2H O  Levels  

For the TUV model the following environmental con-
ditions, common for all calculations were used: 

- time zone: 1 

- single scattering albedo of aerosols: 0.99 

- air number density: 19 32.53 10  molecules cm  

- surface albedo: 0.1 at all wavelengths  

- aerosol vertical optical depth: aer = 0.235τ  at 550 nm 
from surface to space (for aerosols, vertical profile typi-
cal for continental regions from Elterman23 was as-
sumed). 

Additional information included data on corres-
ponding latitude, longitude, surface elevation, tempera-
ture, relative humidity, pressure and total ozone column. 
Meteorological data were obtained from the Meteoro-
logical and Hydrological Service of Croatia24 and from 
literature.25 Total ozone column data were obtained 
from NASA/TOMS web site.26 Due to the lack of accu-
rate data on emission sources, emission data were not 
included in the model. 

Annual 2 2H O  and 3O  variations were estimated 
for three locations in Zagreb: Puntijarka (PUNT), Ruđer 
Bošković Institute (RBI), and Institute for Medical Re-
search and Occupational Health (IMI) using the MM 
model. These locations were chosen because they have 
continuous air pollution measurements and data on 
pollutant concentrations from previous years. Puntijarka 
is a remote mountain location at 980 m a.s.l. to the north 
of Zagreb; Ruđer Bošković Institute (180 m a.s.l.) is in 
the city, but at a distance from road traffic while the 
Institute for Medical Research and Occupational Health 
(160 m a.s.l.) is situated in a residential part of the town 
and is exposed to modest road traffic density. Daily 
variations of volume fractions of different chemical 
species were calculated for every 15th day in the month. 
Tables 2–4 show meteorological data and input volume 
fractions used for modelling. 

Average daily values obtained in previous meas-
urements were used as input volume fractions for 3O ,  

2 2H O ,  CO, 2H O,  benzene, toluene and xylene (BTX). 
For 2CO ,  we used the average of 330 ppm. Previous 
analysis showed that urban area modelling with input 
average daily volume fractions of NO and 2NO  did not 
give good agreement with measurements. The reason is 
the emission of NOx  from local sources, which can not 
be ignored. Unfortunately, Master Mechanism is a box 
model and it does not include the transport of species. 

Table 2. Input data for the MM model used to estimate annual variations of oxidants for Puntijarka site (45.950° N, 15.983° E, 
980 m a.s.l.) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

V
ol

um
e 

fr
ac

ti
on

 / 
pp

b 

2 2H O  0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 

3O  36.4 42.4 46.0 48.3 51.3 45.7 53.8 52.7 43.0 39.0 32.5 33.1 

NO 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

2NO  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

2CO  330 330 330 330 330 330 330 330 330 330 330 330 

Benzene - - - - - - - - - - - - 

Toluene - - - - - - - - - - - - 

Xylene - - - - - - - - - - - - 

2 4C H  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3 6C H  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

2CH O  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3CH CHO  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3 3CH COCH  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

              

Temperature / °C 0 2 7 12 16 20 23 21 18 12 6 2 

Relative humidity / % 50 50 50 50 50 50 50 50 50 50 50 50 

Pressure / hPa 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 

Total ozone column / DU 344 364 372 368 357 340 319 308 288 278 284 306 
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The whole daily cycle of NO was included in the model 
in order to compensate the influence of transport and 
emission (not just an average initial value), with an 
assumed zero value overnight.16 Average daily volume 
fraction was used as input value for 2NO .  Based on 
literature data27 and on the first VOC measurements at 
Ruđer Bošković Institute, 1 ppb was taken as the input 
volume fraction for 2 4C H ,  3 6C H ,  2CH O,  3CH CHO,  
and 3 3CH COCH .  Dry deposition was included in all 
calculations (MM model calculate deposition as a re-
action Compound X → “no products” with correspond-
ing deposition rates from its own database). Changes in 
PBL during the day were also put in the model, based 
on the values from Jeričević et al.28 

To estimate annual variations at Puntijarka station, 
we used the average monthly ozone fractions for the 
period 1989–199929 as input ozone values. Temperature 
values which were put in the model represent averages 
for the period 1862–1990.25 Input of 2 2H O  volume 
fraction was 0.3 ppb.16 Volume fractions of NO and 

2NO  were obtained from measurements with the 
CRANOX system on Puntijarka during 1995.30 BTX 
values were not put in the model due to lack of BTX 
measurements at this site. It was supposed that BTX 
levels were too low (approximately zero) to signifycantly 
affect the model.  

To estimate annual variations at RBI, we used data 
from literature and from previous measurements at the 

same location.31 Average monthly volume fractions for 
the period 1988–1994 were used as input values for 
ozone.9,29 Temperatures used in the model represent 
averages for the period 1862–1990.25 For NO, we took 
minimum daily cycle measured over the summer of 
2004, as described by Acker et al.,16 together with ave-
rage 2H O,  CO, BTEX, and 2NO  volume fractions 
measured during the same campaign. 

To estimate annual variations at IMI, we used data 
on NO, 2NO ,  and 3O  volume fractions obtained by 
automatic analyzers for 2005.32 Other conditions were 
the same as for the RBI site (for pollutants which have 
not been measured at IMI we took values obtained at 
RBI for the summer 200416). 

All estimations were made for maximum solar 
radiation, i.e. for cloudless conditions. 

We also used the Master Mechanism model to  
estimate the August 2003 heat wave peroxide and ozone 
levels. Volume fractions of chemical species were cal-
culated for five days, from 9 to 13 August 2003. Input 
data included average ozone volume fractions measured 
at RBI on days before the heat wave33 and average mass 
concentrations of CO and 2NO  measured at the station 
of the National air pollution monitoring network in the 
city centre on 6 and 7 August.34 For NO, we put in the 
model a daily cycle with a peak at 8 a.m. Meteoro-
logical data for August 2003 were obtained from the 

Table 3. Input data for the MM model used to estimate annual variations of oxidants for Ruđer Bošković Institute site (45.833° N, 
15.983° E, 180 m a.s.l.) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

V
ol

um
e 

fr
ac

ti
on

 / 
pp

b 

2 2H O  0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

3O  5.0 5.0 15.0 25.0 35.0 41.0 40.0 40.0 29.0 15.0 10.0 10.0 

2NO  6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 6.7 

CO 285 285 285 285 285 285 285 285 285 285 285 285 

2CO  330 330 330 330 330 330 330 330 330 330 330 330 

Benzene 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 

Toluene 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 

Xylene 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

2 4C H  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3 6C H  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

2CH O  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3CH CHO  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3 3CH COCH  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

              

Temperature / °C 0 2 7 12 16 20 23 21 18 12 6 2 

Relative humidity / % 50 50 50 50 50 50 50 50 50 50 50 50 

Pressure / hPa 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 

Total ozone column / DU 344 364 372 368 357 340 319 308 288 278 284 306 
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national Meteorological and Hydrological Service. For 
BTEX and 2 2H O  we took average monthly values 

measured at RBI in August 2004. Table 5 shows all 
input data. 

 

RESULTS AND DISCUSSION 

Estimation of Annual 2 2H O  and 3O  Variations  

Ozone and peroxide annual variations were estimated at 
three different locations (PUNT, RBI, IMI) using the 
Master Mechanism model. The estimation was done on 
the basis of calculated average daily values. The modelling 
results are shown in Figures 1–3 and Table 6. Figures 
1–3 show that measured and modelled ozone fractions 
do not differ significantly. This confirms that we used 
appropriate input parameters which best described the 
real conditions.  

According to the MM model, average monthly 
ozone volume fractions at PUNT ranged from 33.8 ppb 
in December to 53.8 ppb in July, with maximum hourly 
average of 55.5 ppb in July. Average monthly 2 2H O  
volume fractions were between 0.32 ppb in Janu-
ary/December and 0.63 ppb in June/August. Maximum 
hourly average of 0.90 ppb was obtained for July and 
August (Table 6). At RBI monthly ozone volume frac-
tions were calculated between 4.0 ppb in January and 
33.2 ppb in June, with the maximum hourly value of 
45.9 ppb in June and July. Average monthly 2 2H O  
volume fractions were estimated to between 0.215 ppb in 

Table 4. Input data for the MM model used to estimate annual variations of oxidants for the Institute for Medical Research and 
Occupational Health site (45.833° N, 15.983° E, 160 m a.s.l.) 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

V
ol

um
e 

fr
ac

ti
on

 / 
pp

b 

2 2H O  0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3 

3O  11.5 17.0 22.0 28.5 23.5 42.5 44.0 30.0 8.0 7.5 7.0 9.0 

2NO  24.6 22.5 23.5 24.0 26.7 29.3 25.1 21.4 21.4 23.5 20.9 22.5 

CO 285 285 285 285 285 285 285 285 285 285 285 285 

2CO  330 330 330 330 330 330 330 330 330 330 330 330 

Benzene 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 1.4 

Toluene 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 3.9 

Xylene 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 2.5 

2 4C H  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3 6C H  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

2CH O  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3CH CHO  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

3 3CH COCH  1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 

              

Temperature / °C 0 2 7 12 16 20 23 21 18 12 6 2 

Relative humidity / % 50 50 50 50 50 50 50 50 50 50 50 50 

Pressure / hPa 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 1002 

Total ozone column / DU 344 364 372 368 357 340 319 308 288 278 284 306 

 

Table 5. Input data for the MM model used to estimate oxi-
dant levels during the heath wave in August 2003 

Temperature / °C 26 

Relative humidity / % 50 

Pressure / hPa 1002 

Total ozone column / DU 310 

  

 Volume fraction / ppb 

2 2H O  0.3 

3O  100 

2NO  31.3 

CO 859 

2CO  330 

Benzene 1.3 

Toluene 2.4 

Xylene 2.0 

2 4C H  1.0 

3 6C H  1.0 

2CH O  1.0 

3CH CHO  1.0 

3 3CH COCH  1.0 
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December and 0.250 ppb in June and July. The maxi-
mum hourly 2 2H O  was estimated to 0.342 ppb in June 
(Table 6). Hydrogen peroxide levels at PUNT show 
characteristic seasonal variation with peaks in the sum-
mer months due to higher solar radiation. At RBI sea-

sonal variations were less pronounced. For monthly 

2 2H O  averages they can be even neglected. 

In rural areas in England, 2 2H O  showed signifi-
cant seasonal variation with maximum values in the 

Figure 2. Annual variations of 3O  and 2 2H O  at RBI esti-
mated using the MM model (modelled average daily values 
for 15th day in the month and modelled maximum hourly 
values compared with measured ozone for the period 1988–
1994). 

Table 6. Maximum hourly and average monthly 3O  and 2 2H O  volume fractions, φ, calculated using the MM model 

Month 1 2 3 4 5 6 7 8 9 10 11 12 

PUNT 

3O  
/ ppbφ  37.3 43.1 47.1 48.9 51.6 51.8 53.8 52.8 44.2 40.3 33.8 33.8 

max / ppbφ  38.4 44.4 48.3 50.1 53.2 53.2 55.5 54.0 45.4 41.6 35.2 34.9 

2 2H O

 

/ ppbφ  0.32 0.37 0.46 0.56 0.60 0.62 0.63 0.63 0.57 0.45 0.34 0.32 

max / ppbφ  0.33 0.45 0.63 0.80 0.86 0.89 0.90 0.90 0.81 0.60 0.37 0.33 

               

RBI 

3O  
/ ppbφ  4.0 5.9 12.1 19.3 27.5 33.2 32.5 26.9 15.4 10.4 6.2 5.3 

max / ppbφ  12.5 19.7 28.2 35.6 41.4 45.9 45.8 43.8 33.8 25.2 15.9 12.0 

2 2H O

 

/ ppbφ  0.220 0.241 0.246 0.2 0.245 0.249 0.249 0.247 0.243 0.236 0.222 0.215 

max / ppbφ  0.300 0.300 0.302 0.31 0.330 0.342 0.334 0.317 0.308 0.304 0.301 0.300 

               

IMI 

3O  
/ ppbφ  12.8 19.2 27.8 39.6 33.2 48.2 62.4 43.1 23.1 15.7 14.2 9.7 

max / ppbφ  32.3 42.2 55.6 57.9 51.6 75.6 89.4 75.3 55.7 41.9 30.7 27.1 

2 2H O

 

/ ppbφ  0.283 0.267 0.244 0.191 0.198 0.222 0.194 0.203 0.218 0.248 0.181 0.286 

max / ppbφ  0.292 0.284 0.273 0.244 0.248 0.261 0.246 0.251 0.258 0.274 0.238 0.293 

φ - average daily value for 15th day in the month 
maxφ - maximum hourly value 

Figure 1. Annual variations of 3O  and 2 2H O  at PUNT esti-
mated using the MM model (modelled average daily values
for 15th day in the month and modelled maximum hourly
values compared with measured ozone for the period 1989–
1999). 
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spring and early summer.35 2 2H O  in the air, rain, and 
suspended matter also showed such variations in Ger-
many. In Berlin, average 2 2H O  volume fractions in the 
air were 0.04 ppb in the winter and 0.12 ppb in the 
summer.13,15 In Great Britain, summer 2 2H O  average 
was 0.38 ppb while winter average was 0.1 ppb.35 

2 2H O  measurements in South Korea showed 2 2H O  
levels between 0.01 and 0.38 ppb, with pronounced 
daily and seasonal variations.36 In Florida, 2 2H O  levels 
in the rain ranged between 0.3 and 138.6 μmol L  (ave-
rage 16.9 μmol L ). Characteristic seasonal variations 
were associated with higher solar radiation and higher 
evaporation of volatile organic compounds.37 In our 
study, seasonal variations of 2 2H O  (low concentrations 
in winter, high concentrations over the summer) calcu-
lated with the MM model correspond to the variations 
measured at similar locations in the world.13,15,35–37 

At the IMI site, the MM model predicted average 
monthly ozone volume fractions between 9.7 ppb in 
December and 62.4 ppb in July, with the maximum 
hourly value of 89.4 ppb in July. For the summer 
months, the model produced higher ozone values than 
were actually measured (Figure 3). Modelled monthly 

2 2H O  averages ranged from 0.181 ppb in November to 
0.286 ppb in December, with the maximum hourly  
volume fraction of 0.293 ppb in December. However, 
no seasonal variations were found at IMI. It seems that 

2 2H O  levels depend on the levels of nitrogen oxides 
from car exhausts (Figure 3). NO reacts directly with 

2HO  radical, forming 2NO  and OH radical. During 
months with higher 2NO  levels, 2 2H O  levels were 
lower.  

2 2H O  and 3O  Levels during the Heat Wave in 
August 2003 

Figure 4 compares modelled and measured ozone vol-
ume fractions during the heat wave in Zagreb between 9 
and 13 August 2003. Figure 5 shows peroxide levels 
estimated with the MM model for the same period. 

Figure 4 shows that the MM model predicted well 
the variations of ozone volume fractions at RBI from 9 
to 13 August 2003. According to the model, 2 2H O  
volume fractions increased on the first day to approx-
imately 3 ppb, and over the following four days ranged 
between 2.5 ppb and 3.5 ppb with a slow decrease start-
ing after the third day (Figure 5). Volume fractions  
of OH radicals were between 0 ppb overnight and  

Figure 4. The comparison between measured and modelled

3O  volume fractions during the heat wave in August 2003. 

Figure 5. Peroxide levels modelled for the period 9–13
August 2003. 

Figure 3. Annual variations of 3O  and 2 2H O  at IMI esti-
mated using the MM model (modelled average daily values
for 15th day in the month and modelled maximum hourly
values compared with measured ozone for the year 2005).
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6×10–4 ppb during the day. Daily OH maxima slowly 
increased over the next five days to 8×10–4 ppb 2HO  
radical levels had the same daily variations as the OH 
radical, but the noon maxima slowly decreased from 
4×10–2 ppb to 2.5×10–2 ppb. Figure 4 shows estimated 

3O  and 2 2H O  levels. 

 

CONCLUSION 

The MM model showed a typical seasonal variation of 

2 2H O  at the remote Puntijarka location, with the high-
est values over the summer months. At the urban lo-
cation not exposed to traffic (IRB) the summer/winter 
differences were less pronounced and 2 2H O  levels 
were almost constant over the year. At the site mod-
erately exposed to traffic (IMI), 2 2H O  volume fractions 
did not show seasonal variations and 2 2H O  levels de-
pended on the levels of nitrogen oxides.  

For the August 2003 heat wave, the MM model 
correctly predicted high ozone levels (> 100 ppb). It 
also estimated high hydrogen peroxide levels (2.5 ppb–
3.5 ppb), followed by increased concentrations of OH 
radicals. The shape of calculated ozone volume fraction 
curve is sharper than the measured one. The model is 
smoother and the measured values can produce sharp 
notexplainable peaks. The model confirmed that in ex-
treme conditions (high temperature and solar radiation, 
elevated CO and 2NO  levels) over the summer, the  
atmospheric oxidizing capacity in Croatia exceedingly 
rises and may exert harmful effects on the environment.  
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SAŽETAK 

Procjena razina ozona i peroksida u zraku Hrvatske 

Gordana Pehnec,a Leo Klasinc,b Vladimir Vađića i Glenda Šorgob 

aInstitut za medicinska istraživanja i medicinu rada, Ksaverska cesta 2, 10000 Zagreb, Hrvatska 
bInstitut Ruđer Bošković, Bijenička c. 54, 10000 Zagreb, Hrvatska 

Volumni udjeli različitih plinovitih atmosferskih sastojaka modelirani su korištenjem Master Mechanism (MM) 
modela, autora S. Madronicha (NCAR, Boulder, CO, USA). Sezonske varijacije ozona 3(O )  i vodikova peroksida 

2 2(H O )  procijenjene su na tri različite lokacije u Zagrebu. Modelirane vrijednosti ozona pokazale su dobro sla-
ganje s izmjerenim vrijednostima na sve tri lokacije. Procjena godišnjega hoda 2 2H O  pomoću MM modela poka-
zala je tipične sezonske varijacije na udaljenoj lokaciji i na urbanoj lokaciji neizloženoj prometu, s najvišim vri-
jednostima tijekom ljetnih mjeseci, kada je najjače sunčevo zračenje. Razlike ljeto/zima bile su više izražene na 
udaljenoj lokaciji. Na lokaciji izloženoj prometu, volumni udjeli 2 2H O  nisu pokazali sezonske varijacije, a razine 

2 2H O  bile su određene razinama dušikovih oksida. Model je također korišten za procjenu razina oksidansa tije-
kom vala vrućine u kolovozu 2003. godine. Dobivene su visoke razine vodikova peroksida (2,5 ppb–3,5 ppb) i 
ozona (> 100 ppb), popraćene porastom razina radikala OH. Model je potvrdio da usljed ekstremnih uvjeta (visoka 
temperatura i sunčevo zračenje, povišene razine CO i 2NO )  oksidacijski kapacitet atmosfere u Hrvatskoj tijekom 
ljeta prekomjerno naraste te može imati štetne učinke na okoliš.  
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