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1. Introduction. 

During last years the active urban development 
is observed in many regions of the world leading to 
tremendous increase of vehicles traffic and different 
industries which are the main sources for nitrogen 
oxides. Emissions of gases from motor vehicles and 
stationary sources can be carried hundreds of miles 

from their origins, and result in high concentrations 
over very large regions. NO2 is a member of NOx 
family which is involved in relatively rapid chemical 
reactions. According to1 fossil fuel combustion is 
responsible for 46% of NOx generation, and 26% is 
generated from biomass burning. There are also 
other natural sources of NOx: the product of soil, 
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lightning, etc. Nitrogen oxides are produced by the 
combustion of petroleum products by motor vehicles 
and electricity generating stations and several 
industries such as paper mills, wood burning, oil 
refining and gas production, cement processing, 
steel and iron industries, etc. Moscow with its 
population over 10 million of people is a 
megalopolis, which can produce great amount of 
NO2. It was estimated that in Moscow at the 
beginning of 1990s the NOx generation comprises 
40% from vehicular and 60% from stationary 
sources2. During 1993-2003 the number of vehicles 
has increased threefold. This substantial growth in 
NOx generation has led to +13.2% per decade 
increase in NO2 concentration over Moscow area3.   

NO2 has distinct absorption bands in UV and 
visible wavelengths and therefore it can be a 
noticeable contributor to the additional absorption of 
solar irradiance in the atmosphere over large urban 
centers. Its large concentration can also influence the 
evaluation of aerosol properties4. The objective of 
this study is to estimate the effects of additional 
absorption by NO2 in the atmosphere on the aerosol 
properties retrieved from the inversion algorithm 
developed for CIMEL instrument, which is being 
currently used in AERONET program5,6. Cimel sun 
and sky photometer has 5 wavelengths within NO2 
absorption interval. The absorption coefficients of 
NO2 for these wavelengths are shown in Table I. 
They were calculated with application of NO2 
absorption cross sections Kabs(λ) from7,8 and 
spectral functions of CIMEL filters, SP(λ), 
according to the equation:  

 
 

 
 

(1) 
 
 
 
 

 
 

TABLE I 
Absorption coefficients of NO2 for CIMEL 

instrument according to 7,8. 
Wavelength,nm k [NO2], 1/cm 
340 10.89 
380 16.53 
440 13.204 
550 6.021 
670 0.213 
 
 
2. Results. 
2.a The description of the method of 

evaluation of total NO2 content in the low 
troposphere. 

 

We propose to derive total content of NO2 
using widely spread surface gas-analyzer NO2 
measurements coupled with the model vertical 
distribution in the low troposphere. We assume that 
the main sources of NOx are located near the ground 
in the boundary layer, so this method should be quite 
sensitive. The NO2 concentration in the upper 
troposphere and stratosphere can be neglected or can 
be accounted as a constant because of its small value 
- less than 0.3 matm.cm (see, for example, Table 
from4). We will not also consider the lightning 
conditions, which produce large NO2 amount in the 
upper troposphere9. 

To characterize the surface NO2 concentration 
the data provided by “Mosecomonitoring» State 
Environmental Agency, the measurements from the 
new ecological laboratory at Meteorological 
Observatory of Moscow State University (MO 
MSU), and from Oboukhov’s Institute of 
Atmospheric Physics have been used. Their analysis 
has shown significant variation of NO2 concentration 
depending on the distance from urban area. In 
remote areas the NO2 concentration is less than 
1 ppb, for example at Lovozero station in Kolsky 
peninsula10. Even at Moscow suburb its 
concentration does not usually exceed 1-3 ppb11.  At 
the same time over an urban area the NO2 
concentration can be significantly higher. Figure 1 
shows average diurnal cycles of NO2 over Moscow 
in different conditions including the situation of fire 
smoke in July-September 2002. Usually in Moscow 
NO2 concentration lies within 20-40 ppb while it has 
reached 80-90ppb during fire period.  

 

 
Figure 1. The average diurnal cycle of NO2 surface 

concentration in Moscow in different seasons and fire 
smoke conditions.  

 
According to the measurements of the US 

Environmental Protection Agency mean NO2 
concentration observed in the US is also significant 
and is about 20 ppb12.  

 
In order to retrieve total NO2 content in the 

low troposphere we have applied model vertical 
profile obtained from 3-D GEOS-CHEM model 
described in 13,14. The vertical profiles were 
calculated directly over Moscow for July and 
January 199615. Since the NO2 data above 1.5 km are 
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inaccessible and its concentration is rather small, we 
assume that NO2 higher than 1.5km is constant and 
equal to 0.1ppb. Figure 2 shows vertical NO2 
profiles according to 3-D (GEOS-CHEM) model. 
We evaluated the OD(NO2) values corresponding to 
minimum and maximum surface NO2 
concentrations, which are being considered in the 
further analysis. We can see significant variations in 
OD440(NO2) from 0.018 to 0.126. The maximum 
value corresponds to the existence of smoke 
conditions over Moscow when additional 
photochemical generation of NO2 was observed. 
Using model vertical profiles during summer time 
over other urban areas (Washington DC and 
Mexico) we have made roughly estimates of the 
uncertainty of NO2 retrievals. They comprise about 
0.01-0.02 in the well mixing atmosphere and can be 
much higher in conditions with the temperature 
inversion, which can be observed in early morning. 
In order to show the sensitivity of OD NO2 
evaluation to the vertical profile the calculations 
have been also made with GEOS-CHEM model 
profile for winter conditions (see Figure 2). In cold 
season NO2 concentration decreases rapidly with the 
height and the total NO2 content is several time less 
than that calculated for summer conditions.  

 
 
 

 
Figure 2. Vertical NO2 profiles according to 3-D 

GEOS-CHEM model coupled with minimum and 
maximum surface NO2 concentration. The corresponding 
retrieval of OD440(NO2) are  shown in the Table inside the 
Figure. Moscow, cloudless conditions,  2002. 

 
Using this approach we calculated ODNO2(440) 

for the clear sky cases during summer 2002 in 
typical and fire conditions over Moscow. Figure 3 
shows frequency distribution of ODNO2(440). 
According to our estimates in typical situations in 
70% of cases ODNO2(440) values lie within 0.02-
0.06 while in fire conditions bimodal distribution is 
observed with both modes higher than that in typical 
urban conditions. It should be emphasized that we 
have chosen the cases of NO2 surface concentration 
measured during midday when the most intensive 
mixing of the atmosphere is taken place and the data 

were tested on the absence of temperature 
inversion16.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. Optical depth of NO2 at 440nm in typical 

(AOT500<0.4) and fire conditions (AOT500>0.8). 
Moscow, 2002.  

 
2.b. The effect of NO2 on aerosol retrievals 

from CIMEL sun and sky photometer. 
 
In order to estimate the effects of NO2 content 

on the retrievals of aerosol properties the inversion 
procedures have been accomplished with and 
without NO2 account. In both cases the evaluation 
of residuals of the inversions has been made. The 
cases, which were obtained from the best quality 
input data and were observed at different NO2 
content have been considered for the analysis. 
Figure 4 shows the changes in the residuals due to 
the account of NO2. Except one case, the significant 
improvement of the inversion is observed. With 
account of NO2 the residuals do not exceed 3% 
while without it they increase up to 6%. On the 
whole, the mean decrease of the residuals due to 
NO2 account exceeds 30%.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. Residuals of the inversion procedure with 

and without account for NO2.  
 
Figure 5 shows the radii distribution with and 

without account of NO2 for typical and fire 
conditions. Non accounting of NO2 leads to the 
changes mainly in fine mode: there is a bias towards 
smaller sizes in fine mode both for fire and typical 
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urban aerosol when NO2 is not taken into account. 
There is also some difference in absolute dV/dlnr 
values.   

 
 
 

Figure 5. The changes in radii distribution in the retrievals with NO2 account (lines) and without it (dotted lines) for 
typical (2.05 and 5.05) and fire (5.09 and 7.09) conditions. Moscow, 2002. 

 
We also study the changes in real and 

imaginary part of refractive index. Figure 6a,b 
shows the absolute difference in real part of 
refractive index and relative difference in 
imaginary part as a function of OD440(NO2) to 
AOT440 ratio. This Figure also represents error 
bars of the uncertainty of evaluation of these 
characteristics. There is a slight tendency to 
decrease in both real part and imaginary parts of 
refractive index but in most cases the changes lie 
within the uncertainty of evaluation of these 
parameters. 

The slight decrease in imaginary part of 
refractive index as well as changes in aerosol 
distribution led to the changes in evaluation of 
aerosol single scattering albedo. There is a slight 
decrease in single scattering albedo in all cases 
reaching 0.02 when OD440(NO2)/AOT_440 ratio is 
higher 8%. The differences lie within the 
uncertainty of the inversion procedure, which 
comprises 0.03. The account of this bias due to NO2 
can improve the climatology of SSA in urban area 
which typically is substantially lower than in 
remote sites (see, for example,  the climatology for 
Moscow in 17). The account of NO2 can partially 
decrease the artificial bias of low SSA values.  

 
A/ 
 
 

 
 
 

B/ 
 
Figure 6 a,b. The changes in real (a) and imaginary 

(b) part of refractive index due to NO2 account as a 
function of the OD440(NO2)/AOT_440 ratio. The arrows 
show the uncertainties of these parameters evaluation in 
standard approach4.  

 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. The changes in SSA due to NO2 account 

as a function of OD440(NO2)/AOT_440 ratio. 
 
 
Conclusions. 

• Optical depths of NO2 at 440nm during 
warm period in the polluted area mainly vary 
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within 0.02-0.06 (more than 70% of cases); they 
increase significantly during fire events when even 
the second mode of OD440(NO2) can appear (0.1-
0.12). 

• The uncertainties of OD_NO2 evaluation 
from surface measurements and model vertical 
profile are smaller during midday due to better 
mixing of the atmosphere and the absence of 
temperature inversions. Ground NO2 observations 
can be a useful tool in distinguishing the situation 
where it is necessary to include the correction on 
NO2 and can be used in addition with model 
vertical NO2 profile for evaluation of total NO2 
content with reasonable uncertainty. 

• The account of NO2 leads to substantial 
decrease of the residual of the inversion procedure. 

•  This account slightly changes the aerosol 
size distribution shifting the fine mode to the larger 
particles.  

• The changes in refractive indices for most 
cases lie within the uncertainty. But there is a slight 
tendency to decrease in both real part and 
imaginary parts of refractive index.  

• Non account of NO2 leads to lower SSA 
values up to 0.02 if OD_NO2/AOT ratio is higher 
8%. However this difference lies within the 
uncertainty of SSA evaluation. 
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