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Abstract. The role of halogens in both the marine boundar). 
layer and the stratosphere has long been recognized, ivhile 
their role in the free troposphere is often not considered in 
global chemical models. Ho\vever, a careful examination of 
free-tropospheric chemistry constrained by observations us- 
ing a full chemical data assimilation system sho\vs that halo- 
gens do play a sigmficant role in the free troposphere. In 
particular, the chlorine initiation of methane osidation in the 
free troposphere can contribute more than 1056, and in some 
regions up to 50% of the total rate of initiation. The ini- 
tiation of methane osidation b>~  chlorine is particularly im- 
portant below the polar vortes and in northern mid-latitudes. 
Like\vise, the hydrolysis of B r 0 S 0 2  alone can contribute 
more than 35% of the "03 production rate in the free- 
troposphere. 

1 Introduction 

Halogens play a variety of roles in atmospheric chemistr!.. 
Most notable is their involvement in catalytic ozone loss and 
the formation of the stratospheric ozone hole (Johnston and 
Podolske, 1978; Cicerone et al., 1983; Farman et al., 1985). 
Like OH, they are also involved in the initiation and catal- 
ysis of hydrocarbon osidation and consequently also play a 
role in the partitioning of OH and H02. Similarly they are 
involved i\-ith the partitioning of NO and N02.  Some of the 
same reactions involved in ozone hole chemistry also lead 
to the production of nitric acid, namely the hydrolJsis of 
BrOKO:! and C10302 on sulphate aerosols. These roles 
are well knoum and accepted \%.hen stratospheric chemistrj, 
is being discussed (DeMore et al., 2OOO). The role of halo- 
gens is also important in the marine boundac layer (Vogt 
et al., 1996; Sander and Crutzen, 1996; Richter et al., 1998; 
Dickerson et al., 1999; Sander et al,, 2003; von Glason, and 
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Crutzen, 2004). Hou,ever, tvhen the chemistry of the free tre 
posphere is considered the role of halogens is not normally 
considered important. 

A chemical data assimilation analysis using a full 
Kalman filter (Fisher and m, 1995; Lary et al., 
2003a, 1995; Laq,, 1996; Lary et al., 2003b; Lac, 2003) 
(http://pdfcentral.shriver.umbc.edu/AutoChem/) 
starting in October 1991 reveals that halogens are also pial-- 
ing a significant role in the chemistry of the free troposphere. 
Comprehensive results from the analysis are available 
online at http: //pdfcentral.shriver.umbc.edu/ 
CDACentral/. In this study sulphate aerosol observations 
from SAGE I1 (Ackerman et al., 1989; Oberbeck et al., 1989; 
Russell and McCormick, 1989; Thomason, 1991, 19%; 
Bauman et ai., 2003) and HALOE (Heri,ig et ai., 1993,1996; 
Henig and Deshler, 1998; Massie et al., 2003) were used, 
ozone obsenations from UARS (Reber et al., 1993) MLS 
v 6  (Froidevaus et al., 1996; Waters, 1998), HALOE v19 
(Russell et al., 1993), POAM, ozone sondes and LIDAR, 
nitric acid obsen,ations from UARS MLS v 6  (Santee et al., 
1997, 1999), CLAES, ATMOS, CRISTA (Offemann and 
Conway, 1999) and ILAS (Wood et al., 2002), hydrochloric 
acid observations from UARS HALOE and ATMOS, 
\vater obsen,ations from UARS HALOE v19, ATMOS and 
MOZAlC (Marenco et al., I%), methane observations 
from UARS HALOE v19, ATMOS and CRISTA \vere 
used. All though the bulk of these observations were in the 
stratosphere a significant number of satellite observations 
were aailable for the free troposphere dolvn to 5 km, and 
from sondes and aircraft data is also available below 5 km 
(e.g. Figure 1). 

The analJses grid used in this stud!- is cast in equivalent 
PV latitude, potential temperature coordinates. With 32 
latitudes bet\\een 80°S aiid SOON, and 24 logarithmicall) 
spaced isentropic surfaces betneen the earth's surface and 
2400 K. As the potential temperature at the surface changes 
with time \\.e use a fixed number of isentropic levels be- 
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Log,,(HONO,)on 15/10/1991 at 11:15 

Fig. 1. Panels (a) to (d) show the global ozone, nitric acid, methane and hydrochloric acid analyses from the surface up to the lon,er 
mesosphere produced by chemical data assimilation for mid-October 1991. The analyses are presented as equivalent PV latitude - potential 
temperature cross sections. The background colors show the loglo of the volume mixing ratio and the o\-erlaid color filled circles sho\v the 
observations used. The thick red line overlaid on the plots is the thennal tropopause diagnosed from the UK\.IO analyes. The \t hite space 
at the bottom of the plots is because the analysis is terrain following and the surface potential temperature changes with time and location. 
It can be seen that although the bulk of the observations are in the stratosphere many obsenations are also available below the tropopause. 
Based on the analyses produced by chemical data assimilation system panel (e) shows the percentage of the initiation of methane oxidation 
due to OH. At firrt glance it confirms the conventional position that in the free-troposphere the initiation b!, OH is all that needs to be 
considered. However, on closer examination it can be seen that there are estensive regions \tithin the troposphere ithere the initiation 
of methane oxidation due to Cf (Panel (f)) contributes more than 10% and some regions \vhere it contributes up to 50%. The regions of 
significant initiation by C1 are: as ivould be expected, in the region belon the pol= vortex, m d  more suqprisingl) in northern mid !atitudes. 
The northern mid-latitude feature persists. For esample, it can be seen that the mid-latitude role of chlorine initiation is greater in Februan 
1993 (Figure 2 panel (b)). 

Atmos. Chem. Phys., oooO,0001-7,2004 \v\v\v.atmos-chem-phj s.org/acp/oooO/ooO1/ 



D. J. Laq: Halogens and Free Tropospheric Chemistc- 

Fig. 2. This I S  the analogue to Figure 1 panels (e) and (f) for mid- 
Februar). 1993 It can be seen that the northern mid-latitude role of 
chlonne initiation IS slqhtl) greater than for December 1 9 9 1  

tween the surface potential temperature for a given da!. and 
equivalent latitude band and 500 K, above 500 K the levels 
remain fixed {vith time. The isentropic levels correspond 
approximately to the UARS surfaces spaced at 6 per decade 
in pressure (c.f. the UARS reference atmosphere levels 
http://code916.gsfc.nasa.gov/Public/Analysis/ 
UARS/urap/home.html). 

The follo\ving sections examine some of the roles halo- 
gens play in tropospheric chemistry. 

2 Initiation of Hydrocarbon Oxidation 

Methane and hydrocarbon oxidation are some of the most 
significant atmospheric chemical processes. The h!.drou)pl 
radical (OH) is an important cleansing agent of the lower 
atmosphere, in p c u l a r ,  it provides the dominant sink for 
CH4 and HFCs as \vel1 as the pollutants NO,. CO and 
VOCs. Once formed, tropospheric OH reacts nith CHI or 
CO within a second. It is generally accepted that the local 
abundance of OH is controlled b5- the local abundances of 
KO,, CO, VOCs, CH4, Oi3, and H 2 0  as well as the inten- 
sit!. of solar UV; and thus it wries greatly \vith time of da!; 
season, and geographic location (Houghton md Ding, WOl). 

3 

Methane olidation is usually initiated by hydrogen ab- 
straction reactions such as 

OH + CHd CH3 t H 2 0  

O('D) + CHI - CHJ + OH 
C1+ CH4 + CH3 + HC1 
Br + CHI - CH3 + HBr 

The rate at which hydrogen is abstracted from CH4 by OH 
and CI is a strong function of temperature, altitude, and the 
total reactive chlorine loading (ClO, = 2C12 + CI + C10 + 
2C1202 + HCI + HOC1 + ClC)NO& 

Initiation of methane oxidation by C1 is a strong function 
of (210,. Bumett and Bumett ( 1  99% have inferred from their 
OH column measurements that chlorine is likely to be in- 
\.olved in the initiation and oxidation of methane. In agee- 
ment ivith this, Figures 1 and 2 show that significant initia- 
tion of methane oxidation is due to C1. 

Hone\-er, the halogen initiation and catal!.sis of hydrocar- 
bons is not usually considered in global chemistry models. 
This is not due to a lack of kinetic knowklge but rather 
an assumption that halogens play a minor role outside of 
the boundary layer (Vogt et al., 1996; Sander and Crutzen, 
1%; Richter et al., 1998; Dickerson et a!., 1%; Sander 
et al., 2003; von Glason and Crutzen, 2004) and stratosphere 
(Johnston and Podolske, 1978; Cicerone et al., 1983; Farman 
et al., 1985). Figures 1 and 2 show that in the IoIver strato- 
sphere and even in the free troposphere, halogencatal \zed, 
and halogen-initiated, methane oxidation can be important. 
Halogen-catalyzed methane oxidation can play a significant 
role in the production of HO, (= H + OH + HO2) radicals 
in just the region v here it is usually accepted that nitrogen- 
catalj~zed methane oxidation is one of the main sources of 
ozone (Houghton and Ding, 2001). Aspects of methane 
oxidation b!. halogens has been previousl\- mentioned by 
Crutzen et al. (1992); Bumett and Bumett (1995) and the 
mechanism specifically described by La!, and Toumi (1997). 

Figure 1 panels (a) to (d) show the global ozone, nitric 
acid, methane and hj.drochloric acid analyses from the sur- 
face up to the IoLver mesosphere produced bj. chemical data 
assimilation for mid-October 1991. The analyses are pre- 
sented as equivalent PV latitude - potential temperature cross 
sections. The background colors show the logl,, of the vol- 
ume mixing ratio and the overlaid color filled circles sho\t. 
the obsen,ations used. The thick red line overlaid on the 
plots is the thermal tropopause diagnosed from the UKMO 
analyses. The nhite space at the bottom of the plots is be- 
cause the anal!sis is terrain following and the surface po- 
tential temperature changes ivith time and location. It  can 
be seen that although the bulk of the observations are in the 
stratosphere many observations are also available below the 
tropopausc. Based on the analyses produced by chemical 
data assimilation system Figure 1 panel (e) sho\vs the per- 
centage of the initiation of methane oxidation due to OH. At 
first glance it  confirms the conventional position that in the 
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Fig. 3. The contribution of four of the main HNOs production channels. It is well known that two of the key nitric acid production channels 
in the troposphere are the bimolecular reaction of OH with SO2 (panel (a)) and the heterogeneous h\drolysis of 5 2 0 5  on sulphate aerosols 
(panel (b)). In the stratosphere the heterogeneous hydrolysis of ClOX02 (panel (c)) and BrOX02 (panel (d)) is also routinely considered. 
It can be seen that they are also significant sources of H T 0 3  in the free troposphere. 

free-troposphere the initiation by OH is all that needs to be 
considered. Ho\i>e\,er, on closer examination it can be seen 
that there are extensive regions within the troposphere where 
the initiation of methane oxidation due to CI (Figure 1 panel 
tf)) contributes more than 10% and some regions ivhere it 
contributes up to 50%. The regions of significant initiation 
b). C1 are, as n,ould be expected, in the region below the polar 
r'ortex;, and more surprisingly in northern mid latitudes. The 
northern mid-latitude feature persists. For example, it can be 
seen that the mid-latitude role of chlorine initiation is greater 
in February 1993 (Figure 2 panel (b)). 

ered in models of the free troposphere these channels are not 
normallj considered in the troposphere. Figure 3 (c) sho\\s 
that the h\drol>sis of BrOTO:, alone can contnbute more 
than 35% to the HNO.; production rate. Therefore elclud- 
ing halogen chemist5 from global chemical models can lead 
to a significant error in these repons, jet  another reason for 
considenng halogen chemistrj in the free troposphere. 

4 Partitioning of OH and HOS 
3 Production of Nitric Acid 

It  is \\ell knonn (DeMore et al., 2OOO) that tno of the kej 
nitric acid production channels are the bimolecular reaction 
of OH ~ i t h  NOS and the heterogeneous h\droljsis of NzO; 
on sulphate aerosols (please see Figure 3 (a) and (b)). i n  
the stratosphere the heterogeneous h j  drolj sis of C10K02 
and BrOSO2 are also routinel! considered (DeMore et al , 
2OOO). Hone\ er, as halogens are often norrnallj not consid- 

HOBr is readily photolyzed in the visible and yields OH. Fig- 
ure 4 (a) sho\vs that HOBr photol>-sis can contribute close to 
10% of the total OH production rate at high latitudes in the 
free-tropphere. Like\vise Figure 4 (b) shows that the pro- 
duction of HOBr by the bimolecular reaction of BrO nGth 
H 0 2  contributes more than 5% to the total HOz loss rate at 
high Izttitudes in the free-trcpsphere. 
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4: nt nrm i n  OH due to ml+th-.m+Br mas- 

5 

Fig. 4. HOBr is readily photol>zed in the visible and yields OH. Panel (a) sho\vs that HOBr photollsis can contribute close to 10% of the 
total OH production rate at high latitudes in the free-troposphere. Liken ise panel (b) show that the production of HOBr b j  the bimolecular 
reaction of B10 with HOz contributes more than 5% to the total HO? loss rate at high latitudes in the free-troposphere. The tropospheric 
partitioning of SO and SO? is affected by halogen interactions. Panel (c) shows that there are large regions in northern mid-latitudes and 
below the southern polar vortex where more than 10% of the loss of SO is due to reaction with C10. Panel (d) sho\is that for much of the 
free-troposphere the reaction of 50 with BrO contributes more than 5% to the loss of SO. 

5 Partitioning of NO and NO2 

The tropospheric partitioning of NO and NO2 is affected b!- 
halogen interactions. Figure 4 panel (c) sh0u.s that there are 
large regions in northern mid-latitudes and below the south- 
em polar vortex where more than 109'0 of the loss of NO Is 
due to reaction Ivith C10. Figure 4 Panel (d) shonzs that for 
much of the free-troposphere the reaction of NO with BrO 
contributes more than 5% to the loss of NO. 

6 Conclusions 

A careful constraint of a photochemical modelling system us- 
ing chemical data assimilation and a varietj. of atmospheric 
obsenations has been conducted. A detailed analysis of the 
results shows that halogens are playing a role in the chem- 
istry of the free troposphere. In particular, methane oxidation 
is initiated by CI as \vel1 as OH in the troposphere. The CI ini- 
tiation of methane oxidation can contribute more than 10% 
to the total rate of initiation belon. the polar vorte: and in 
mid-latitudes. In addition, the hydrolysis of B1-0502 alone 
can contribute more than 35% of the IINO:: production rate 

uriv\v.atmos-chem-phys.org/acp/OOOO/OOO1 / 

in the free troposphere. The partitioning of NO and NO2 in 
the free troposphere is also sipificantl! affected bj halogen 
reactions. 
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The role of halogens in both the marine boundary layer and the stratosphere has long been 
recognized, while their role in the free troposphere is often not considered in global 
chemical models. However, a careful examination of free-tropospheric chemistry 
constrained by observations using a full chemical data assimilation system shows that 
halogens do play a significant role in the free troposphere. In particular, the chlorine 
initiation of methane oxidation in the free troposphere can contribute more than lo%, and 
in some regions up to 50%, of the total rate of initiation. The initiation of methane 
oxidation by chlorine is particularly important below the polar vortex and in northern 
mid-latitudes. Likewise, the hydrolysis of bromine-nitrate alone can contribute more than 
35% of the nitric-acid production rate in the free-troposphere. 


