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lkj & ,aVkdZfVd esa fLFkr Hkkjrh; LVs’ku ^eS=h^ ¼70-7 fMxzh n-]11-7 fMxzh iw-]½ esa flrEcj 1999 ls 

fnlEcj 2006 rd czhoj  LisDVªksQksVksehVj ls lYQj MkbvkWDlkbM ds m/okZ/kj dkWye ?kuRo dk eki fy;k 
x;kA lkFk gh lkFk ukbVªkstu MkbvkWDlkbM] vkst+ksu vkSj ;w-oh--ch- ds vf/kdre eku ds Hkh eki fy, x,A 
bl 'kks/k i= esa gesa olUr _rq esa lYQj MkbvkWDlkbM esa o`f) dk irk pyk gSA blh vof/k  esa ukbVªkstu 
MkbvkWDlkbM ds dkWye esa Hkh o`f) ikbZ xbZ ijUrq ;g lYQj MkbvkWDlkbM ds leku ugha gSA SO2 vkSj NO2 esa 
;s ifjorZu’khyrk lerkieaMy esa vkst+ksu dkWye dh deh ds dkj.k /kjkry ij ;w-oh--ch- ¶yDl esa o`f) ds 
leku ugh FkhA SO2 dkWye esa ifjorZu’khyrk dks vkst+ksu&fNnz ?kVuk ds nkSjku ;w-oh--ch- fofdj.k esa Hksnu 
xgjkbZ dh v/kkseq[kh izo`fRr }kjk crk;k x;k gSA 

 
ABSTRACT. Vertical column density of sulphur dioxide has been measured at Maitri (70.7°S, 11.7°E), the Indian 

station in the Antarctica from September, 1999 to December, 2006 by a Brewer Spectrophotometer. Simultaneously, 
nitrogen dioxide, ozone and the maximum value of UV-B have also been measured, we found an increase in SO2 during 
spring. An increase in NO2 column was also found during this period but not identical with that of SO2. These variations 
in SO2 and NO2 are not in phase with the increase in UV-B flux at the ground due to the decrease of ozone column in the 
stratosphere. The variation of SO2 column is explained by the downward shift of penetration depth of UV-B radiation 
during the ozone-hole event.  
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1.  Introduction 
 

Nitrogen dioxide is a member of NOx family which 
catalytically destroys ozone in the stratosphere. For this 
reason and since it is easy to measure, measurements of 
this species have been made by various groups at various 
places of the earth by using ground-based, balloon-borne 
and space craft techniques. One important feature of this 
species as emerged from theses studies in low and mid- 
latitude, is that it builds up during forenoon hours, remains 
almost constant during afternoon hours and then decays 
during nighttime. This makes its sunrise value lower than 
the sunset value. This feature is explainable by simple 
chemistry. However, if there is no night, as in case of 
Antarctica from middle of November to middle of 
January, diurnal variation of NO2 is not expected during 
this period. India Meteorological Department installed a 
Brewer spectrophotometer at Maitri (70.7° S, 11.7° E) in 
July 1999 and since then has been measuring the column 
densities of NO2. Simultaneously sulphur dioxide, ozone 
and the maximum value of UV-B are also being 
measured.  
 

Sulphur dioxide is a pollutant. It enters the 
atmosphere as a result of natural phenomena and 

anthropogenic activity: the most important sources being 
the combustion of fossil fuels, the oxidation of organic 
materials in soil and of dimethyl sulfate (DMS) over 
oceans and volcanic eruptions. It is an important source of 
formation of sulfate aerosol layer in the lower stratosphere 
and hence has great impact on both atmospheric chemistry 
and the radiation field of the earth’s atmosphere. SO2 is 
produced from the photo-dissociation of COS [Crutzen, 
1976] by absorption of UV radiation in the spectral region 
186-260 nm. The absorption of UV radiation in the special 
range 135-218 nm would also lead to dissociation of SO2. 
A dramatic decrease in column ozone (called ozone hole) 
at Antarctica occurs during the month of spring [Farman 
et al., 1985]. During these months the UV radiation 
absorbed by O3 layer in the stratosphere will penetrate 
below stratosphere and change the behaviour of special 
species in that region. The majority of SO2 is found below 
stratosphere. It is, therefore, likely that a change in the 
distribution of SO2 will occur during these months. A 
large amount of increase in SO2 and correspondingly a 
decrease in ozone in the atmosphere after volcanic 
eruption have been reported. [Sahai et al., 1997]. But the 
effect on SO2 when reverse occurs, i.e., when a decrease 
in ozone takes place during ozone-hole event in the 
Antarctic, is poorly known.  
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2.  Instrumentation and data 
 

An automated Brewer spectrophotometer (Mark IV, 
No. 153) was installed at Maitri, by the India 
Meteorological Department in July 1999. Regular 
measurements of the total column O3, NO2, SO2 and the 
maximum value of UV-B flux were started here from 
September 1999. The details of this instrument and the 
methods by which these parameters are measured are 
described by Vanicek et al. (2003) (see also Kerr et al., 
1980; 1985; Chakrabarty and Peshin, 2007). Three similar 
Brewer instruments are also operating at India 
Meteorological Department in New Delhi, Pune and 
Kodaikanal where Dobson instruments are taking routine 
O3 observations daily. Simultaneous running of Standard 
Dobson Instrument No. 112 and Brewer instruments at 
New Delhi has shown that ozone values obtained by these 
two instruments do not differ by more than 2%. The data 
obtained at Maitri for the years 1999 to 2005 have been 
used in the present work. 
  
3.  Results 
  

Fig. 1 shows a plot of vertical column density of 
SO2, O3, NO2 and the maximum value of UV-B flux for 
the period 14 September, 1999 to 30 December, 2003 
measured by Brewer spectrophotometer. Since we are 
focusing on ozone-hole event, we show the occurrence of 
this event first [Fig. 1(a)]. Total ozone column was 
measured in both d (direct Sun) and z (zenith sky) modes. 
Fig. 1(a) shows a plot of total ozone values obtained in d 
mode. The ozone-hole event is clearly seen in these 
figures in all the years. Starting from the middle of 
September 1999, as the year pass, ozone column decreases 
till about the middle of November, when becomes the 
minimum. After this time it increases rapidly and reaches 
the maximum in January. From January onwards ozone 
slowly decreases up to about April. After April, data are 
not reliable due to cloudy and bad weather condition. The 
same trend is seen during the above mentioned months in 
2000, 2001, 2002 and 2003. The minimum values during 
1999, 2000, 2001, 2002 and 2003 were found to be 136, 
115, 113, 173 and 119 D.U. respectively. The z-mode 
ozone values were found to be within  5% of the d-mode 
values. But the nature of variation of ozone in both the 
modes was seen to be the same. It is to be noted that in 
Fig. 1(a) we do not have regular data for about three 
months May, June and July during winter. The occasional 
Brewer observations taken by us near full moon days with 
moon as source during 1999 and 2000 winter months 
show that winter ozone values are higher than the April 
values. Roscoe et al. (1997) measured total ozone during 
these months and reported that during June-July, i.e., 
during winter, ozone values were the maximum in 
Antarctica. Roscoe et al. (1997) further shows that ozone 

starts decreasing from the end of winter, i.e., July and 
becomes the minimum in spring. Our results agree with 
the results of Roscoe et al. (1997).  

 

Fig. 1(b) shows a plot of SO2 column for the same 
period mentioned above. It can be seen from this figure 
that SO2 value increases rapidly from the middle of 
September up to the end of October remains almost 
constant up to the middle of January and then decreases in 
April. The same pattern is seen during 2000, 2001, 2002 
and 2003. On the average during the ozone-hole period, 
the SO2 column increases from a value less than 0.5 to 
2.5 D.U.  

 

Fig. 1(c) shows a plot NO2 column for the same 
period mentioned above. It can be seen from this figure 
that starting from the middle of September in 1999, NO2 

column increases till about the middle of January and then 
decreases. The same pattern is seen in 2000, 2001, 2002 
and 2003. On the average, during the ozone hole period, 
the NO2 column increases from a value less than 0.1 to ~1 
D.U. The variation of SO2 is neither exactly identical to 
that of NO2 nor of O3. Also there is no correlation 
between NO2 and O3 variations. The correlation between 
NO2 and O3 variations during ozone hole event was 
studied with a small amount of data obtained by visible 
absorption spectroscopy technique earlier by Shibasaki et 
al. (1986) and Keys and Johnston (1986). 
 

Fig. 1(d) shows a plot of UV-B flux values for the 
same period as mentioned above. One can see from this 
figure that when ozone column decreases from the middle 
of September, UV-B flux increases. And when ozone 
column reaches its minimum towards the middle of 
November, UV-B flux is the maximum. After that time, as 
the ozone column starts increasing, UV-B starts 
decreasing, till up to December/January when it is 
maximum and then starts decreasing. The same trend is 
seen in 2000, 2001, 2002 and 2003 also. On the average, 
during the ozone hole period, the UV-B increases from a 
value less than 40 to ~200mWm². A comparison of Fig. 
1(a) with Fig. 1(d) shows that an anti correlation between 
ozone column and UV-B flux exists. A comparison of             
Figs. 1(b&c) with Fig. 1(d) shows that the variation of 
SO2 and NO2 is different from that of UV-B flux. 
 
4.  Discussion 
 

The UV-B radiation emitted from the Sun is almost 
completely absorbed by the ozone layer in the stratosphere 
and only a very small fraction reaches the Earth’s surface. 
Consequently, as O3 amount decreases during springtime, 
UV-B flux reaching the surface of the Earth increases. 
 

The density of SO2 is nearly 10% in the stratosphere 
and   90%  in  the  troposphere.  Its  lifetime  in  the  upper  
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Figs. 1(a-d).  Daily values obtained by Brewer spectrophotometer from 14 September, 1999 to             
30 December, 2003.  (a) Vertical column density of O3; (b) Vertical column density of 
NO2, and (c) Maximum UV-B flux values. Day 1 corresponds to 14 September, 1999 
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Fig. 2. A simplified chemical scheme for the study of SO2 variation 

 
 
 
troposphere is a few days. The increase of total SO2 
column from the start of spring could be either due to the 
increase of its production rate or decrease of loss rate in 
the region below the tropopause. The photo dissociation of 
OCS is the main source of SO2. Thus in the beginning of 
spring when O3 column is low, a large quantity of UV-B 
rays penetrate below the tropopause, dissociate OCS and 
increase the production rate of SO2. As a result SO2 
column density starts increasing, the UV rays penetration 
depth will move up and slow down the production rate of 
SO2 after the penetration depth has reached the 
stratosphere, any change in SO2 density in the stratosphere 
will not effect the total column density of SO2. This UV 
rays penetration depth moving down in the troposphere 
and then moving up in the stratosphere will, however, not 
affect the column density of NO2 as 90% of this species 
lies in the stratosphere.  

 
A simple calculation that follows will show how in 

the depleted ozone condition in the Antarctica, SO2 
density can increase significantly. A simplified chemical 
scheme used for that purpose is shown in Fig. 2 [Brasseur 
and Solomon, 1998, Turco et al., 1982]. It contains the 
following chemical reactions: 

 
(R1)  OCS + hν  S + CO       J1 

 
(R2)  S +O2  SO + O                 k2 

(R3)   OCS + O  SO+ CO            k3 
 
(R4)      SO2 + O2  SO2 + O              k4  

 
(R5)     SO + O3   SO2 + O2           k5  
 
(R6)     SO + NO2   SO2 + NO       k6 
 
(R7)  SO + ClO   SO2 + Cl          k7 

(R8)  SO2 + hν  SO + O               J8  

 
(R9)  SO2 + HO2  SO3 + OH        k9  

 
(R10)  SO2 + CH3O2  SO3 + CH3O         k10  

 
(R11)  SO2 + O + M SO3 + M                k11  

 
(R12)  SO2 + OH + M  HOSO2 + M    k12  

 
(R13)  SO2 + Cl + M   SO2Cl + M        k13  

 
Using the above reaction scheme, the continuity 

equation for S, SO and SO2 can be written. After doing a 
little algebra, for steady state, the expression for 
concentration of SO2 at a particular height can be written 
as follows:   
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
     (1) 

 
We concentrate at 15 km and take temperature =  

200 K (measured by us at 15 km by balloon-sonde on 15 
September 1999). The value of [O] at 15 km, according to 
Shimazaki [1985], varies from 105 to 10-15 cm-3 from day 
to night. If we take [O] = 105 cm-3 and k3 = 10-16 cm3s-1 
(Whitten et al., 1980), then the value of k3 [O] becomes 
10-11s-1. Whitten et al., (1980) have also given the value 
of J1 at 15 km and 20 km as 1.9 × 10-11 and 1.4 × 10-9s-1 
under normal condition. Thus, the value of J1 and k3 [O], 
under normal condition is comparable. However, during 
absence of ozone during ozone-hole phenomenon, the 
value of J1 below stratosphere will increase significantly. 
Our measured UV-B flux on the ground shows that UV-B 
value has increased by a factor of 5. If we incorporate 
this increase in the value of J1 in Eqn. (1) the value of SO2 
increases by a factor of 4. The increase of NO2 column 
density from the start of the spring can be explained by the 
decrease of length of night since summer is approaching. 
In winter when there is no Sun, NO2 is converted into 
N2O5, HNO3 and probably HNO3 (H2O)3 droplets. With 
the appearance of sunlight, and the increase of 
temperature, these species start getting photo-dissociated 
releasing NO2. This NO2 builds up during daytime and 
decays during nighttime. We take a simple chemistry of 
NO2 used by us earlier (Chakrabarty et al., 2001). It 
contains the following chemical reactions:  
 

(R14)  NO + O3  NO2 + O2               k14  
 
(R15)  NO2 + hν  NO + O                 J15 
 
(R16)  NO2 + O  NO + O2                 k16 
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(R17)  NO2 + O3  NO3 + O2              k17 
 
(R18)  NO2 + NO3 + M  N2O5 + M   k18 
 
(R19)  NO3 + hν  NO2 + O                J19 
 
(R20)  N2O5 + hν  NO2 + NO3                 J20 
 
(R21)  N2O5 + M  NO2 + NO3 + M   k21 

 
Using the above reactions, the continuity equation of 

NO2 with time at a particular height can be written as: 
 

d[NO2]/dt = k14[NO][O3] +J19[NO3]  
  + k21[N2O5] [M] + J20[N2O5]  
  – J15 [NO2] – k16[NO2][O]  
  – k17[O3][NO2] – k18[NO3][NO2]  

 
The rate limiting steps governing the decay of NO2 

during night time are reactions R17 and R18 [Solomon 
and Garcia, 1983, Roscoe et al., 1986] and if NO3 is 
considered to be in a steady state during night, then NO2 
nighttime variation will be governed by: 
 

d[NO2]/dt = -2k17[O3][NO2] 
 
This gives 
 
[NO2]sr = [NO2]ss. Exp. (-2k17[O3]t)                      (2) 
 
where sr stands for sunrise, ss stands for sunset 

values of NO2 and t is the length of night. Since t is 
decreasing, the value of [NO2] sr will continue to grow. 
Also, NO2 layer is at an altitude higher than that of ozone 
layer. Therefore, the depletion of ozone and the 
penetration of UV in the lower stratosphere will not affect 
on NO2 column.  

      
For the decrease of O3 from the middle of September 

upto the end of October, the theory relies on the 
combination of dynamical and chemical mechanisms and 
heterogeneous reactions occurring on polar stratospheric 
clouds (PSC) droplets. The central feature of the 
chemistry is the conversion of reservoir compounds into 
catalytically active chlorine molecules on the surface of 
PSC. When the Sun comes out in spring, Cl2 generated 
from the reservoir is rapidly split into chlorine atoms. 
These chlorine atoms destroy ozone as follows:  
 

(R22) Cl2 + hν  Cl + Cl                  J22 

 
(R23)  Cl + O3   ClO + O2              k23 

 
But the destruction of ozone by these reactions will 

not last long because chlorine monoxide does not release 

active chlorine by the following catalytic chain reaction as 
the concentration of oxygen atoms in the lower 
stratosphere is far too small (Wane, 2000): 

 
(R24) ClO + O   Cl + O2                 k24 

 
Hence, several other reactions have been put forward 

(Wane, 2000). It is to be noted that ozone depletion takes 
place around 16-20 km. The sulfate aerosol layer is also 
around 18-20 km during non-volcanic period (Crutzen, 
1976). At this altitude SO2 can undergo photo-dissociation 
by radiation in the 200-230 nm rage forming O and SO. 
 

(R8) SO2 + hν  SO + O                   J8 
 
This SO can react with O2 to form SO2 and O as 

follows: 
 
(R4) SO + O2   SO2 + O                 k4 

 
If we add R8 and R4 we essentially get  
 
(R25) O2 + hν  O + O                      k25 
 
Thus without any loss of SO2, we get a good amount 

of supply of O which can react with ClO by R24 to release 
Cl and destroy O3 by R23. But this O can also produce 
ozone through the reaction: 

 
(R26) O + O2 + M   O3 + M             k26 

 
This process can continue till ozone density 

increases to normal level in about two months’ time and 
absorbs 200-230 nm radiation. 

 
5.  Conclusion 
 

India Meteorological Department has measured 
simultaneously NO2, O3 and UV-B flux at ground for 
more than 5 years at Maitri by Brewer spectrophotometer. 
Analysis of data shows that NO2 has seasonal variation 
with peak in summer. Analysis also shows that during no-
night condition in summer, NO2 has diurnal variation with 
peak around noon time. We can explain the seasonal and 
diurnal variations of NO2 column if we consider that there 
is an increase in NO density from winter to summer and 
an increase in NO density with decrease in solar zenith 
angle during the daytime. Both neutral chemistry model 
study that includes transport and measurements are needed 
to validate our results.  
 

Column density of SO2 has been measured from 
September, 1999 to December, 2003 at Maitri, the Indian 
station at Antarctica by Brewer spectrophotometer. 
Simultaneously nitrogen dioxide, ozone and maximum 
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value of UV-B have also been measured. An increase in 
SO2 column has been found during ozone-hole event. This 
increase is due to the downward penetration of UV-B flux 
in the troposphere under ozone depleted condition of the 
stratosphere during ozone-hole event. This UV-B 
radiation dissociates COS in the upper troposphere and 
increases the production rate of SO2. The column density 
of NO2 also shows an increase after the onset of spring but 
not identical with that of SO2 column. This increase in 
NO2 column is due to the decrease of the length of night 
as the summer is approaching. The additional available 
from the dissociation of SO2 could take part both in the 
depletion as well as the production of ozone during ozone-
hole event. 
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