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5.1. 0\' ER\'IEW 

The mission o f the Halocarbons and other Atmospheric 
Trace Species ( llA TS) group is to s tudy halocarbons and 
other trace gases that cause c hemical and radiative change in 
the atmosphere. The goal of I IATS is to measure and 
interpret the distributions and trends of these species in the 
troposphere, stratosphere. and ocean with the best analytical 
instrumentation availab le. The species measured include 
nitrous oxide (N20); many halogenated species, such as 
halocarbons, Ouorocarbons, pcrOuorocarbons (PFCs), and 
sulfur hexafluoride (SF1,); organic nitrates. such as 
peroxyacctyl nitrate (PAN); organic sulfur gases, such as 
carbonyl su lfide (COS); and hydrocarbons (l lCs). The 
halocarbons include the chlorofluorocarbons (CFCs); 
chlorocarbons (CCs}, such as CCl 4, CH1CCl3, CllCl3, 

C H2Cl 2, and C2C 14; hydrochloroOuorocarbons (I ICFCs); 
hydroOuoro-carbons ( H FCs); methyl halides (C l 13 Br, Cl 13CI, 
and Cll 11); bromocarbons (Cll2Br2 and CHBr3); and halons. 

Three primary research areas invo lving these trace gases 
are stratospheric ozone depletion, climate change, and air 
quality. For example. the CFCs and N20 are major ozone-
dcplcting and greenhouse gases. The trace gns SF6 is a 
greenhouse gas with a large g lobal warming potential , but its 
net warming is small because of its low concentration in the 
atmosphere. Short-lived halocarbons, PAN, and the llCs play 
an important role in g lobal and reg ional pollution. PAN is a 
major precursor of tropospheric otone in the remote marine 
atmosphere. Tropospheri c COS is a relatively s table sulfur 
molecu le that contributes to the s tratospheric aerosol layer. 

Resea rch conducted by ll ATS in 2000 and 200 1 included 
(I) weekly flask sampling and analysis of air from remote 
and continental-influenced s ites, (2) operation of 
instrumentation for hourly. in si tu meas ure ments of trace 
gases at the four CMDL baseline observatories, Barrow 
Obscn atory (BRW), Mauna Loa Observatory (M LO), Samoa 
Observatory (SMO). and South Pole ObserYatory (SPO), and 
at four continemal-influenced s ites, (3) preparation and 
maintenance of trace gas standards, (4) participation on 
airborne campaigns with in situ gas chromatographs (GCs) on 
aircraft and balloon pa) loads, (5) i11\'estigation of oceanic 
processes that inOuence trace gas composition o f the 
atmosphere, and (6) measurement of man y trace gases in firn 
air from South Pole. 

Continuing programs \\ ithin HATS arc based upon m situ 
and flask measurements of the atmosphere from the 4 CMDL 
base I ine observatori es and I 0 coopcrati,·c stat ions (Figure 
5.1 ). Table 5. 1 lists the geographic locations and other usefu l 
information for al l the si tes. There are currently 14 Oask 
sites and 8 in si tu sampling s ites in the llATS atmospheric 
sampling network. 

One of the hig hlig hts of this report is that the total 
equivalent c hlorine (Cl + Br) in the troposphere contin ues to 
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decrease at about I o,o yr'1 as a result of the Montreal Protocol 
[ UNEP. 1987]. Total cquirnlent chlorine in the stratosphere 
appears to have leveled off or peaked at most a ltitudes. The 
main reason for the decline in the troposphere is that methyl 
chloroform (Cll 3CCl3) concentrations cominucd to decline to 
less than half of the peak levels present in 1992. 1-lo,,e,cr. 
atmospheric concentrations o f the halons and CFC-12 are st ill 
increas ing because of pcrmilled production in the developing 
countries and the large bank of chemicals that exists in the 
developed countries. As a result or the halon increase, the 
total bromine in the troposphere and stratosphere is s till 
increas ing. Once atmospheric CH 3CCl 1 is depleted , the trend 
in total equivalent chlorine may significantly change. 
requiring further observat ion. 

Other significant result s include the g lobal increases in 
atmospheric and SF<,, observed from both flask and in 
si tu monitoring, the continued growth of the CFC 
replacements (HCFCs and llFCs), and the decline in the 
northern hemispheric concentrations of Cl-ICl1 and as 
a result of the U.S. Clean Air Act. Carbonyl s ulfide 
di st ributions from both in s itu and flas k measurements are 
described for the first time and show a s trong seasonal 
cyc le. A new fla sk stat ion ''as added in 200 I at Trinidad 
Head, Ca lifornia . Airborne measurements were conducte d 
in the upper troposphere and lower st ratos phere in the 
northern polar region during the 1999 and 2000 
Stratospheric Aerosol and Gas Experiment 111 (SAGE 111 ) 
Ozone Loss and Va lidation Experiment (SOLVE) conducted 
from Kiruna. Sweden. The rapid-sampling airborne gas 
chromatograph was also used to measured CFCs, halo ns. 
and chlorinated so lvents in Russia along the trans-S iberian 
railway during June-Jul y 200 1 in a collaboration with 
Russian and German scie nti s ts. The construction of the 
next-generation airborne GC "ith electron capture and mass 
s pectrometric detection was funded by th e National 
Aeronau tic s and Space Administration (NASA) Instrument 
Incubation Program to measure trace gases. includ ing 
hydrocarbons and organic nitrates, that influence 
atmospheric chem istry in the upper troposphere. An in si tu 
GC system. equipped '' ith one mass selccti\c detector and 
two elect ron capture detectors. is being built for the ne'' 
U.S. West Coast sampling si te (Trinidad ll ead, California, 
or elsC\\hcrc on the U.S. West Coast) to monitor pollution 
originating in Asia and transported O\er the Paci fie Ocean. 

5.2. CONT INUl;\"G PROGRAMS 

5.2. 1. FLASK SA:\I PLES 

01'en•iew 
Arrangements were made in 2001 to add t\\O llC\\ stati ons 

to the sampl ing network. One of these is an additional 
remote si te in the far southern hemisphere , located at 
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Fig. 5.1. Geographic locations of stations in the CM DUI-IA TS nask and in situ networks, along wi1h CMDUCarbon Cycle Greenhouse Gases (CCGG) 
siations (N10 and SF6 collec1ed in glass nasks) and lower sites (triangles, future in silu halocarbon measurement). 

TABLES.I. Geograph ic and Network Information for HATS Network Sites 

Elevaiion LST - GMT 
Code Station La1i1ude Longi1ude (m) (h) 

ALT Alen, Nonhwest Territories, Canada* 82.45°N 62.52°w 210 .4 
BRW Point Barrow, Alaska 7 1.32°N 136.60°w II .9 
Ml-ID Mace Head, Ireland (University College) 53.33°N 9.90°w 42 0 
LEF WLEF tower, Wisconsin (CMDUCCGG) 45.95°N 90.28°w 470 -6 
HFM Harvard Fores!, Massachusetts (Harvard University) 42.54°N 12. 18°w 340 .5 
THD Trinidad Head, California (Humbolt State University) 41.05°N 124.15°W 109 -8 
NWR Niwot Ridge, Colorado (University of Colorado) 40.04°N 105.54°w 30 13 -7 
ITN WITN tower, Nonh Carolina (CMDUCCGG)t 35.37°N 77.39°\V 9 .5 
MLO Mauna Loa. Hawai i 19.54°N 155.58°\V 3397 -10 
KUM Cape Kumukahi, Hawaii 19.52°N 154.82°\V 3 - 10 
SMO Tului la, American Samoa 14.23°s 170.56°\V 77 • JI 
CGO Cape Grim, Tasmania, Australia; 40.41 °s 144.64°E 94 + 10 
TDF Ushuaia, Argentina (WMO GAW station)§ 54.82°s 68.32°w 10 .3 
PSA Palmer Station, Antarctica' 64.92°S 64.oo•w 10 + 12 
SPO Souih Pole, Antarct ica 89.98°s 102.00°E 2841 + 12 

F, nasks; I, in situ. 
*Cooperative site with Environment Canada. 
tSite's nask and in situ GC instrument closed down on June 12, 1999. 
tCooperative site with Commonwealth Scientific and Industrial Research Organizalion (CSIRO) and Bureau of Meteorology, Australia. 
§Began collecting data in November 200 I. 
'[Only glass nasks used. 
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Ushuaia. near Tierra de l Fuego (TDF), Arge111ina (Figure 
5.1, Table 5.1 ). This is a cooperati\e s ite with the 
Argentine government and is a Global Atmospheric Watch 
(GA \V) station sponsored by the World Meteorological 
Organization (\VMO). The second s ite. located at Trinidad 
Head, California (TllD). is considered a regional sampling 
site and has been establi shed for ernluating reg ional-scale 
a ir quality. It is an1icipa1cd that Trinidad I lead \\'ill recei' e 
a mix of air from O\ er the remote ocean and from nearby 
forests and small IO\\ ns. It also may be useful for detecting 
air masses 1ranspor1ecl from Asia. Sampling al Mace Head, 
Ireland (to.II ID), was suspended for a lmost a yea r, as nasks 
began di sappearing in transit. Bi\\'eekl y sa mpling at Mll D 
\\'as reinitiated near the encl of 200 I. Efforts 10 improve 
sampling frequency and precision at all sites Jiaye continued 
throughout 2000-200 I . 

Flasks brought into the laboratory are anal yzed on two to 
four instruments, depending upon the species being 
examined and the s ize of the individual sampling fla sk 
(Table 5.2). Analyses are performed by a gas chromato-
graph with electron capture detection (GC'-EC D) and/or a 
gas chromatograph with mass spectrometric (GC-MS) 
detection. Although all 300-ml nasks haYe been retired, 
there st ill remain some 850-ml nasks. "hi ch contain a 
margina l amount of air for all of these lo\\ -le\ el analyses. 
Most nask analyses are of samples from the network, 
although many arc from research cruises, firn air sampling, 
and other special projects. One hundred new electro-
polishcd. s tainless-steel nasks were recently purchased 
from Lab Commerce (formerly knO\\ n as Meritor 
Corporation. San Jose. California) to supply the nc\\' sites, 
to upgrade nask quality and quantit) at o ld sites, and to use 
for s pecial projects. 

In 1996. 269 nasks from the network were filled and 
cleli\ered to the Boulder laboratory for analysis. This 

TABLE 5.2. Instrumentation for I !ATS 
Flask Analysis 

rrcqucnc) of 
lmtrumc111 Type Gases i\el\\ork Data 

OTTO GC-ECD N,O. CFCs (3), Weekly 
(three-channel. ccs (2). s r ,, 
isothermal) 

LEAPS GC-ECD I la Ions (2). Cl l;CI. Scmimomhly 
(one-channel. Cl hBr. Cl IC!i to momhl) 
temperature-
programmed) 

HCFC-:\ IS GC-MSD llCFCs(3). HFCs( I). Scmimomhly 
(one -channel CFCs (3). halons(IJ. 
temperature- CCs (6). BrCs (3 ). 
programmed) c os 

llFC-:vlS GC-MSD 1 ICFCs (5). HFCs (2). Semimonthly 
(one -channel. CFCs (2). halons (2). to momhly 
temperature- CCs (6). BrCs (3). 
programmed) BrCCs(3) 

OTTO. not an acronym: LEAPS. LO\\ Electron A11achme111 Potential 
Species: BrCs. bromocarbons: BrCCs. bromochlorocarbons. 

number has increased each year. reaching a total of 415 in 
2000 (Figure 5.2). This in crease is the result of added s ites 
and more efficient turno,cr o f flasks bct11cen Boulder and 
the fie ld s ites. This was accomplished through imprO\ cd 
record keeping of nasks com ing to Boulder and b) addition 
of fl asks to the network. Sampling success has steadi ly 
improYcd from that fo r 1996 at all sites (Table 5.3 ). This 
"as mainly the result of small leak repairs and rnl\'c 
replacements on flasks. "here necessary. These repairs 
greatly improved the agreement in flask pressure between 
s imultaneously sampled pai rs (Figure 5.3). 

GC-ECD Results 
CFC-12 continues to increase in the atmosphere: 

howc\ e r, it may ha\ e le\ cled off in the northern hemisphere 
(Figure 5.-1). Mi.\ing ratios o f CFC-I I continue to drop 
steadily (Figure 5.5). The CFC-I I gro\\ th ra te (-1.75 ± 
0. 11 (95% C.L.) ppt yr' 1

, 0.7°'o yr' 1) for 2000 through mid-
200 I docs not di ffcr from the rate cletcrm i ncd for 1997-
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rig. 5.2. Number of flask pairs lilled and returned to Boulder each year 
from the HA TS station nct\\ork. 

TABLE 5.3. Percentage Sampling Success at Ct-.lDL 
Obser\'atories and Cooperati\ c Sampling Sites 

Sampling Stat ion 1996 1997 1998 1999 2000 

Barro\\ . AK 69°,. 9-1% 88°. 870o 90% 
;..fauna Loa. HI 69% 83% 90% 96°,. 9-1% 
American Samoa 54% 67% 73% 88°0 88% 
South Pole 770,. 69% 77•. ss•. 81% 
Alert. Canada 52• .• 46% 67°0 67°0 65°:0 
'\iwot Ridge. CO 63°-o 92°0 870,o 7700 88°,. 
Cape Grim. Australia 60"·• 6900 85% 87% 85% 
\\ LEF tower. \\'I 12°. 35°0 69°0 n•. ioo•,. 
Hanard Forest. i\ IA 46% 62°0 69% 69% 88% 
Kumukahi. HI so•,. 5-IOo 67°·0 69°'0 83% 
Palmer. Antarctica 8°0 65°0 s 1°·. 96°0 
i\lacc llcad. Ireland* 8•· '0 15°0 
WITN to\\ er. NCt 65% 62% 62% 38% 

Sampling success is dclincd as the fraction of llasks analy1ed relati\ e 
to the number expected (i.e .. one pair per \\Cek). 

*Sampling was discominucd temporarily in 2000 because of loss of 
flasks in shipments. 

tSitc \\as discontinued indefinitely in 1999. 
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Fig. 5.3. Percentage of flask pairs agreeing'' ithin I psi in total pressure 
upon arrival in 13oulder. 
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rig. 5.5. R.:ccnt measurements of CFC- I I in the atmosphere shO\ling a 
stead} loss rate since 1997 (GC-ECD month!} means: S}mbob as in 
rigure 5.4). 

2001 (-1.73 ± 0.03 ppt )r" 1). CFC-113 and CC l4 arc also 
both decreasing, al about I 0 o yr·'. The g loba l gro'' th rate 
ofN!O (Figure 5.6) during 1978-2000 \\as 0.74 ± 0.01 ppb 
) r· . \\ hich amounts to a mean of about 0.25% yr" 1• During 
1999 through mid-200 I, the g lobal gro\\ th rate ''as 0. 73 ± 
0.06 ppb )r" 1

, \\hich docs not differ from the 23-yr a1crage. 
Sulfur hexanuoridc (Figure 5.7) still appears to be 
increasing I inearl ) in the atmosphere. \\ ith a gro\\ th rate of 
about 0.22 ± 0.0 I ppt yr" 1 since 1996. 
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The mixing ratios of halons arc still increasing slowly in 
the atmosphere, in spi te or a ban on their product ion in 
de1 e loped countries as of 1994. The global gro\\ th rate or 
halon- 130 I (Figure 5.8) from 1999 through 2000 (0.06 ± 
0.07 ppt )r" 1

) docs not differ significant ly at the 95% 
contidencc lei el from the 1995-2000 average of 0.06 ± 0.0 I 
ppl yr" 1, nor from thel995-1996 a1eragc o f 0.044 ± 0.0 11 
ppt yr" 1 reported in 8111/er et al. [ 1998]. The gro'' th rate of 
halon-1211 (Figure 5.9) seems to be slowing, ha1ing 
dropped from a steady ra te of 0. 16 ± 0.02 ppt yr" 1 in the late 
1980s and ea rl y 1990s to 0.094 ± 0.04 ppt yr" 1 for 1999 
through mid-200 I. 
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Fig. 5.6. Atmospheric of since 1977 (GC-ECD monthl) 
means: s)lnbols a:. 111 Figure 5..1 ). A ne\\ GC-ECD instrument has been 
used since 1994. 
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Fig. 5.7. Recent of atmospheric SF. from C1\ IDL llask 
measur.:mcnts (GC-ECD monthly means: S}111bols as in Figure 5..1). 
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Fig. 5.8. Atmospheric history of halon-1301 (GC-ECD bimonthly 
averages; symbols as in Figure 5.4). 
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Fig. 5.9. Recent atmospheric history of halon-1211 (GC-MSD monthly 
means; symbols as in Figure 5.4). 

GC-MS Results 
Chloroj111orocarbo11s alternatives measurement program. 

Measurements of CFC alternatives and other trace gases 
were continued during 2000-200 1 from flasks collected at 
12 loca tions. In both years, three samples per month, on 
average, were filled and analyzed on GC-MSD 
instrumentation at 11 of the 12 sites. Fewer samples from 
MHD were col lected and analyzed owing to difficult ies 
associated with s hipping. 

Tropospheric mixing ratios of HCFCs and HFCs 
continued to inc rease during 2000-200 I (Figure 5.10, Table 
5.4). Fairly linea r rates o f increase have been observed for 
HCFC-22, HCFC- 141b, HC FC-142b, and HFC-1 34a since 
1998. By mid-200 I , chlorine in the three most abundant 
HCFCs amounted to nearly 190 ppt, or almost 7% of al l 
chlo rine carried by long- I ived, purely anthropogenic 
halocarbons. Total chlorine from the HCFCs increased at 
between 8 and 9 ppl yr·1 over this period . Despite rapid 

110 

180 
160 
140 
120 

ii 100 
c.. 80 

60 
40 
20 . 

0 

HCFC-22 

.. .. 

1986 1988 1990 1992 1994 1996 1998 2000 2002 

18 
16 
14 
12 

ii 10 
c.. 8 

6 
4 
2 

HCFC-141b 

0 ...... 
1986 

16 
14 
12 
10 -c.. 8 c.. 
6 
4 
2 
0 
1986 

25 

20 

15 
ii c.. 10 

5 

0 

1988 1990 

HCFC-142b 

1988 1990 

HFC-134a 

1992 1994 1996 1998 2000 2002 

1992 1994 1996 1998 2000 2002 

1986 1988 1990 1992 1994 1996 1998 2000 2002 
Year 

Fig. 5. 10. Atmospheric dry mole fractions (ppt) of selected HCFCs and 
HFC- 134a measured by GC-MSD in the CMDL nask program. Each 
point represents monthly means at one of eight or nine stations: ALT, 
BRW, NWR, red; KUM, MLO, green; SMO, CGO, PSA, SPO, blue. 
Also plotted are results from analysis of archived air samples (open red 
circles) filled at NWR and in past cruises from both hemispheres. 

relative growth observed for HFC- l 34a during the mid-
I 990s, a fair ly constant rate of increase o f 3.2 ppt yr" 1 has 
been obse rved since 1998 (Table 5.4). 

Atmospheric methyl chloroform. Atmospheric mixing 
ratios of meth yl chloroform (I , I , I -tri chloroe thane, 
C H3CCl3) continue to dec line exponentiall y (Figure 5.1 1 ). 
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TABLE 5.4. Global Burden (Mixing Ratio) and Rate of 
Change of HCFCs and HFC- I 34a 

Mean 2000 Mean 200 I Growth Rate 
Compound (ppt) (ppl) (ppl yr"') 

HCFC-22 141.6 146.3 5.0 (1992-2001) 
HCFC-141b 12.7 14.0 1.7 ( 1998-2001 )* 
HCFC- 142b 11.7 12.5 1.0 ( 1998-200 I)* 
l-IFC-134a 13.8 17.2 3.2 (1998-2001) 

Quan1i1ies arc cs1ima1ed from la1i1udinally weighted measurements al 
seven remote s1a1ions: SPO, CGO, SMO, MLO, NWR, BRW, and ALT. 

•Slower growth is indicated in 2000-200 I (0.1-0.2 ppl yr·' less 1han 
shown). 

During 2000 through mid-200 I, the growth rate of C H3CC l3 
declined at about 18% yr" 1• The exponenti al decay time 
constant has been consistent at 5.5 ± 0.1 yr since the 
beginning of 1998, and continues to provide an upper limit 
to the global li fetime of C ll 3CC13 in the atmosphere 
[Montzka et al., 2000]. If it is presumed those emissions of 
C ll 3CC13 have not changed subs tantially from that estimated 
for 1998-1999 [ Montzka et al., 2000; Prinn et al., 200 I], 
then these results continue to suggest a global lifetime for 
C l-1 3CCl3 of 5.2 years (for the years 1998-200 I). In contrast 
to estimates of Cl-13CCl3 li fetime for the years before 1995, 
this lifetime estimate is very insens itive to calibration 
uncertainties . It is still sensitive, however, to the magnitude 
of present-day emissions. 

S light ly shorter estimates of methyl chloroform li fetime 
have been reported by Prinn et al. [200 I] for the period 
1978-2000. They suggest, however, that the methyl 
chloroform lifetime has changed over time. They al so 
estimate a lifetime longer than 5.0 years in the later 1990s, 
which is reasonably consistent with 5.2 years in 1998-2001. 
The outstanding question with regard to this issue is 
understanding thi s apparent change in li fet ime. Docs it 
stem from inaccurate estimates of em issions, decreases in 
011 in recent years, or a change in the true lifetime of 
methyl chloroform that is unrelated to 0 1-1? 

The hemispheric di ffcrcnce has not changed substantially 
since 1998; for the years 1998-200 I , the hemispheric 
difference is estimated to be 2.8 (±0.4)%. This difference is 
s imilar at all sampling stations at comparable latitudes in 
the two hemispheres: 2-3% in the tropics deduced from 
SMO, MLO, and KUM data; 2-3% in midlatitudes deduced 
from CGO, NWR, and LEF data; and 2-4% in polar region s 
deduced from PSA, SPO, BRW, and ALT data (see Table 
5.1 for station definitions and locations). The constancy in 
both the decay time constant and the hemispheric difference 
suggests that the influence of emissions on estimates of 
global lifetime and hemispheric lifetimes has either been 
s mall or relatively constant s ince 1998. 

Overall trends in ozone-depleting gases. Ground-based 
measurements provide an indication of the burden and trend 
of individual ozone-depleting gases. The sum of chlorine 
and bromine atoms in long-lived trace gases provides an 
estimate of equivalent tropospheric chlorine (ETCI) after 
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Fig. 5.11. (a) Atmospheric dry mole fractions (ppl) of CH3CCl1 
measured by GC-MSD in the CMDL nask program. Each point 
represents a monthly hemispheric surface mean as de1em1ined by a 
latitudinal weighting of rcsuhs from individual sampling stations 
(northern hemisphere = triangles. southern hemisphere= circles). (b) The 
hemispheric mixing ratio difference for CH3CC'3 at the Earth's surface 
in recenl years. The difference was inferred from weighted, monthly 
mean mixing ratios at three to six sampling stations in each hemisphere. 
Monthly differences (solid circles) are connected with a thin line: 1he 
hea' y curve represents a 12-mo mnning mean difference. (c) TI1c 
observed e-fold decay time for monthly hemispheric surface means of 
Cl 13CC'3 shown in (a). A fairly constant exponential decay in surface 
mixing ratios of CH3CCI; has been observed since lhe beginning of 
1998; the exponential time constant for this decay is 5.5 years. 



the enhanced effi ciency of bromine to destroy ozone 
compared with chlorine is included (a factor of SO is used 
he re; Solomon et al. [ 1995]). ETCI provides an indication 
of the upper limit to ozone-depleting chlorine and bromine 
in the future stratosphere. Better approximat ions of trends 
in inorganic halogen in the lower stratosphere can be 
derived fro m ETCI after accounting for the diffe rent rates at 
which halocarbons photo-oxidize in the stratosphere. These 
rates have been estimated empirica ll y o r with mode ls and 
are app lied as weighting factors to mixing ratios of 
indi vidual gases in the calculation of effective equivalent 
chlorine (EECI) and effective equivalent stratospheric 
c hlo rine (EESC) [Daniel et al., 1995; Montzka et al., 1996] . 
The only difference between EECI and EESC is that EESC 
explicitl y includes a 3-yr time lag (dates associated with 
EECI corres pond to the time when the surface measurement 
was made). 

The net sum of ozone-depleting halogen from purely 
anthropogenic gases continued to decrease during 2000-
200 I (Figure S.12). The rates of dec line for EECI and ETCI 
in 200 I were about I% yr" 1 a nd 0.5% yr-1

, respectively. 
Amounts of EEC I during mid-2001 were about S.5% below 
the peak observed near the beginning o f 1994. The rate of 
decline in both EECI and ETCI has slowed by about one-
third compared with peak va lues as the in nuence of meth yl 
chloroform has diminis hed. 

The two scenarios for EECI and ETCI shown in Figure 
S.12 provide some insight into causes of past changes and 
the future evolution of net halogen in the atmosphere. The 
measured trends in EECI and ETCI since 1998 have 
remained fair ly c lose to scenario A, in which constan t 
emissions were presumed [Mont.:ka et al., I 999J. Although 
substantial reductions in emissions were reali zed during the 
1990s, these result s suggest that these e mission reduct ions 
have slowed in rece nt years, perhaps owing to enhanced 
CFC production in developing countries. 

The updated projections for scenario B ( Figure S.12 , so lid 
lines) are somewhat diffe rent from the ones made 
previous ly (see refe rences noted in Figure S. 12). The main 
difference arises from consideration of halons in the future. 
In the present ca lculation it has been assumed halon 
e missions wi ll dec rease in future yea rs in reasonable accord 
with reported halon production [Fraser et al. , 1999] and a 
small a llo tment for additional future production. 

Shorter-lived gases- Measurements o f other chlorinated 
and brominated trace gases were continued during 2000-
200 I (Figure S.1 3). The results suggest further decreases in 
mixing ratios of C H2C l2 and C 2Cl4• lnterannual variab ility 
is observed for the methyl halides and will be di scussed in 
future publications. 

No11-stai11less-steel flasks circulated to sampling stations. 
A lthough most samples arc routinel y collected in stainl ess-
s tccl flasks in the HATS program, g lass flasks have also 
been used recently. Glass flasks are particularly useful 
when known artifacts affect sampling in stee l flasks. Glass 
flasks sampled during the South Pole 2000 w inter allowed 
for additional measure ments of compounds that unde rgo 
substantial degradation in s tainless-stee l flasks durin g the 
long period betwee n sampling and analysis (Figure S. 14). 
Glass nasks are a lso useful to determine if result s for more 
reacti ve gases are independent of flask type. Preliminary 
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Fig. 5. 12. The measured and potential future burden of ozone-depleting 
halogen in 1he lower atmosphere. Ozone-depleting halogen is estimated 
from tropospheric measurements of anthropogenic halocarbons by 
appropriate weighting factors to calculate effective equivalent chlorine 
(EECI) for midlatitudes (top) and equi\ a lcnt tropospheric ch lorine 
(ETCI) as an upper limit for polar latitudes (bottom) [Daniel et al., 1995; 
i\/0111zka et al .. 1996, 1999]. A constant offset was added to account for 
Cll 1CI and CH1Br. Projections are based on two limiting scenarios: A. 
emissions of all long-lived halogenated gases (CFCs, HCFCs, Cl 11CCb, 
CCI,, and halons) remain constant at 200 1 levels, and B, scenario A with 
the exception that emissions of CFCs, Cl 13CC'3, halons, and CCI, 
continue decreasing at 5 to 8% yr--' . Future scenarios have been 
fomrnlated in previous CMDL S1111111101J ' Reports and other publications 
with ambient air measurements through 1997 (short-dashed lines 
[Mo11t=ka et al., 1999]) and through 1999 (long-dashed lines [/fall et al., 
200 I]). Updates to current emission rates and their rates of change based 
on measurements through 200 I were used to update projections for both 
scenarios (solid lines). 

resu lts of glass flasks filled at CGO and SPO show good 
cons istency for HCFC-22, HC FC-142b, and 1-1FC-I 34a. 
Glass flasks are not without problems for some compounds, 
however. Poor consistency is observed for HCFC- 141 b and 
C2Cl4 in glass flasks; this contamination probably is 
associated wi th the Teflon seals in these flasks and does no t 
suggest trouble in results reported from stainl ess-steel 
n asks for these gases. 

Carbonyl sulflde. Measureme nts of carbony l sulfide 
(COS) were begun from flasks during 2000-200 1. COS is 
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Fig. 5. 13. Atmospheric dry-air mole fractions (ppt) determined for 
selected chlorinated trace gases and C l-'3Br by GC-M SD in the CMDL 
flask program. Each point represents the mean of two s imultaneously 
ti lied flasks from one of eight or nine stations (symbols the same as in 
Figure 5. 10). Results shown for all compounds except C2CI, arc from 
2.4- L s tainless-steel flasks only. 

an abundan t sulfur-conta ining gas that is believed to 
contribute s ign ifican tly to the sulfur found in the 
s tratosphere. More recent mode l calculations, ho we\ e r, 
have suggested a lesser role fo r COS in maintaining the 
s tratospheric aerosol than was previous ly thought 
[Kjells1r6111 , 1998]. 

The result s from nasks show a sma ll he mispheric 
differe nce biased s li ght ly toward higher leve ls in the 
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Fig. 5. 14. Mixing ratios determined from difTercnt sites and different 
types of flasks. Results for CH3 Br and CC I, from Cape Grim, Tasmania 
(40°5). from stainless-steel flasks (red pluses) are compa1ed with data 
obtained from South Pole from s tainless-steel flasks (open blue 
diamonds) and glass flasks (solid black circles). 

southern hemisphere, strong seasona l variat ions at all s ites 
except SMO . and seasona li ty in the two hemispheres that is 
not 180 days out o f phase (Figure 5. 15). These fea tures are 
a lso evident in data from C hroma tograph for Atmospheric 
Trace Spec ies (CATS) GC-ECD instrumentat ion located at 
selected s ites. Many con nicting reports regard ing hemi-
spheric distributions and seasonali ty can be fo und in the 
current literature for COS. These observations will add 
substant ially to the understanding o f the g lo ba l budget o f 
thi s gas . 

5.2.2. I N SITU GAS C HROi\I ATOGRAPH 
MEASU REMENTS 

Radiatively /111porta11t Trace Species 
The Radiati vely Important Trace Species (RITS) project 

has ended. Table 5.5 outlines , for each s tation and data 
c ha nnel, the shutoff dates fo r the RITS equipment. C hanne l 
A measured N20. CFC- 12 (CC l2F 2) , and C FC- I I (CCl3F): 
c hannel B measured CFC- I I , C l 13CCl3, and CCl4; and 
c ha nne l C measured N20. The RITS instrume nts continued 
to collect data until data from the replacement CA TS 
in strume nts showed s imilar trend s and equal or bett er 
precis ion. The precision fo r a particular chemical was 
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Fig. 5.1 5. Mixing rat ios for CO S detennined from sampling and analysis 
of stainless-steel flasks at BR W (red), KUM (green), and CGO (blue). 
Also shown arc momhly means at BR W from the on-site CA TS GC-
ECD (purple diamonds). For clarity, SMO data are not shown. 

determined as the standard deviation of the ratio of the 
responses of two calibration gases over extended period 
o f time (usually more than I month). Calibration gases are 
normally very stable for the species of interest. 

Instruments associated w ith the CA TS project , developed 
to replace the aging RITS instruments and add new 
measure ment capabil iti es, continue to operate at the CM D_L 
fie ld sites. A CATS syste m was insta lled at N WR m 
O ctober 2000. Table 5 .6 shows the install ation dates for the 
CATS instrume nts and the duration of the RI TS-CA TS 
comparisons. 

A two-channel Hewlett-Packard 5890 GC-ECD used in the 
RITS project was refurbished for installation at Ushuaia, 
Tierra del Fuego, Argentina (TDF), as part of a cooperative 
ven ture with the Servic io Meteorologico Nacional de 
Argentina, sponsored by WMO. The TDF s ite is part of the 
WMO GAW program. This GC measures N20 a nd SF6 on 
the first channel and CFC-1 2, CFC- I I , CFC- 11 3, CH3CCl3, 
and CCl4 on the second c hannel. A significant difference 
between this system and the previous RITS system is that 
nitrogen carrier gas with a C0 2 dopant is used on the N10-
SF6 channel as opposed to 5% CH4 in argon (P-5). The use 
o f COrdoped N2 should (a) e liminate any C02 interfe rence 

TABLE 5.5. RITS Project Shutdown Schedule 

Station Channel* Date and Time (GMT) 

BR\V A, B,C Feb. 17, 1999 (2100) 
NWR A, B, C Aug. 7, 200 1 (1900) 
MLO A,C April I 0, 2000 (2130) 

B Dec. 18, 2000 (2030) 
SMO A,B April 22, 2000 (0530) 

c Sept. 30. 2000 (0000) 
S PO A, B Nov. 30, 2000 (0200) 

• See text for channel definitions. 

Station 

BRW 
NWR 
MLO 
SMO 
SPO 

TABLE 5.6. CATS Project Startup and Overlap 
Schedule wi th RITS 

Installation Date 

June 16, 1998 
Oct. 13, 2000 
Sept. 29, I 998 
Dec. 4, 1998 
Jan. 30, 1998 

Overlap with 
RITS (months) 

8 
IO 
18 [26]* 
17 [22]* 
34 

*Months in brackets are for the one channel that cominued to be 
operated after the others were turned ofT. 

on the N20 signal and (b) improve carrier gas quality (high-
qua lity P-5 is diffi cult to obtain, particularly at remote sites). 

The TDF GC system was installed on October 26, 200 I 
providing the first in s itu CFC measureme nts in South 
America. Scientists from Argentina are interested in 
measuring CFCs because s tratosphe ri c chlorine fro m CFCs 
contributes to the formation of the Antarc tic ozone ho le. 
Duri ng vortex breakup, low-ozone events can occur over 
southern South A merica. Furthermore, whil e the tota l 
atmospheric chlo rine burden is dropp ing [Montzka et al. , 
1999; Elkins, 2000], CFC-12 is s lowly increas ing. Under 
the Montreal Protocol on Substances that Deplete the 
Ozone Layer [ UNEP, 1987] and its amendments, developing 
countries can produce CFCs unt il 20 I 0. 

Mixing Ratio Calc11/atio11 Methods 
O ver the past 3 years the RITS three-chan ne l GC 

instruments at the CM DL baseline observator ies have been 
replaced by four-channe l GC instruments (CATS). In 
addition to the five trace gases measured by RITS 
instruments (N20 , CFC- I I , CFC-1 2, C H3CCl3, and CCl4), 
CAT S instrume nts measure SF6, CFC- 11 3, C HCl3, COS, 
halon- 130 I , ha lon- 12 11 , C H3C I, CH3Br, HCFC- I 42b, and 
HCFC-22. 
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Both RITS and CA TS instruments are ca l ibrated us ing 
two calibration tanks that are sa mpled al ternate ly along with 
ambie nt ai r. One ca libration s ta ndard (C I) cons ists of a 
mixture o f 90% a mbient air and I 0% syntheti c ultrapure air. 
The other s tandard (C2) is 100% a mbient ai r. The seq ue nce 
of sample inj ections is C I, A I , C2, A2, w he re A I and A2 
are ambient air samples obtained at two different he ights on 
the sampling tower. Each sample c hromatograph is 30 
minutes in length ; thus the full sequence takes 2 hours. 
Both RITS and CATS in situ measure me nt programs have 
utili zed several different methods to compute the trace gas 
concentrat ions in air samples bracketed by two calibration 
samples. Thi s sect ion focuses on the d ifficulties involved 
in these ca lcula tions. A new a lgori thm, designed to 
minimize problems associated with ca libration tank changes 
and uncertainties in the assignment of calibration tank 
mixi ng ratios (see section 5.2 .3), is presented here. 

One-point m ethod. The simplest method of ca lculating 
mixing ratios is to use onl y one ca libration tank as a 
reference measureme nt : 



R x., =-;r--x, 
c 

(I) 

\\here R., is the ECO response of the air sample. R, is the 
ECO response of the calibration sample. X is the known 
mixing ratio of the calibration samp le. and z, is the mixing 
ratio of the ai r sample. The one-point method can be 
plagued b) nonlinearities in chromatography and detector 
response (Fi gure 5. 16). Compounding problems occur 
"hen the calibration tank is replaced " ith a nC\\ tank with 
di ffcrent assigned concentrations. Because the one-poin t 
method approximates the actual ECD response with a 
straight line \\ ith a zero intercept. a change in the mixing 
ratio of the cal ibrat ion tank().'.', and R, ) results in a different 
slope used to appro\irnate the ECO response (Figure 5.16a). 
This can lead to discon tinui ties in the atmospheric record 
\\ hen the true ECO response is nonlinear. Small errors can 
occur e\en when two cal ibration tanks are used (i.e .. mixing 
ratio is determined as the mean of two one-point 
calculations). 

Two-point method. The resul ts of both ca libration tanks 
together can be used to calculate mi.\ing ratios b) 
approximation of the ECO response \\ ith a straight line'' ith 
a nonzero intercept (Figure 5. 17): 

Ra- Rt1 (Xc1 Xe.:>) 
1.a = + 1.d (2) 

\\here R., is the ECD response of the ai r sample. R,.1 is the 
ECD response of Cl. I< ! IS the l:.CD response orc2. X.1 is 
the known mi\ing rat io of CI. and Xe-' is the known mixing 
ratio of C2. Im pro' ements in accuracy. compared with the 
one-point method, can sometimes be obscured b) precision 
problems associated with the two-po int method. Random 
noi se in both measured quantities R.-1 and R,! can affect the 
slope and intercept. Averaging ca libration tank respon ses 
over short time periods can improve precision. Changing 
calibration tanks can also lead to discontin uit ies in the 
atmospheric record when the two-point method is used. 
because different segments of the non linear response cune 
arc encountered as calibration tanks with different mixing 
ratios are used. This is particularly true for trace gases\\ ith 
strong tropospheric trends (such as Cll 1CCI i). 

In addition to difficul ti es associated \\ ith nonlinear ECO 
response. the accuracies of both the one-point and two-poin t 
methods arc dependent on the accuracies of the mixing 
ratios assigned to the calibration gases ().'.', 1 and X,!)· To 
address these issues. a new method that utilizes the 
thousands of routine measurements made of each cal ibration 
tank during normal operation was de\ eloped. The method 
can be used to adjust assigned calibration tank 
concentrations (\\ ithin speci fi ed uncertainties) to provide a 
se lf-consistent set of calibration standard s and minimize 
discontinuities in th e atmospheric time series. 

Statistical ratio method. Th e CATS GCs make 
continuous measurements o f each calibration tank every 
day. about 12 injections per da). O'er the lifetime of the 
calibration tank (usua ll ) 9 to 12 months) nearly 4000 
separate measurements of each calibration tank can be 
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rig. 5.16. Estima1es of mixing ratio b) the one-poim me1hod. Plot (a) is 
fu ll scale and (b) is expanded. Both plots demonstrate 1he potential 
problems that can occur" ith a single cal ibration measurement. The 
nonlinear response cur.c (solid) is the nonnaliLed response to a knmrn 
quantit) of a panicular molecule (in arbitrnT) uni1s). The one-point 
method ll>C> a single measun:rrn:nt of an assigned mi,ing ratio (CI ) and 
as>umcs a linear response (dotted lines). For an ECO "ith a nonlinear 
response. a calibration error \\ill occur if the air sample and cal ibra1ion 
gas ha\'e s ignificantly differem responses. The solid 'enical lines (X1• 

X: ) com:spond 10 1he mi.\ing ra1ios calculated for a response of0.8 using 
'''o diflerent calibra1ion s tandards (C I and C I : ). The middle \Cnical 
line (X,) is 1he actual mi\ing ratio if the response cur.e is knO\\n. 

made. Se\eral comparisons of one cal ib ra tion tank to 
another (Figure 5.18) can be used to adjust the assigned 
mix ing ratios such that the effects of calibration tank 
changes arc minimi zed. 

A two-s tep procedure is used to establish a sc i f-consistent 
set of calibration tank mixing ratios. The tirst step takes 
adrnntage of the fact that the mean response ratio of 
calibration tanks is functionally related to the assigned 
calibration tank' alues: 
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lig. 5.18. Response ratio (Cl C'.!) for ClLCCl , at S:'\10 for different 
pairs of calibration Cal ibrat ion tank changes are sho" 11 a ... 
\enical lines identified b) cylinder number along the top of the figure. 

x,_., (3) 

"here 8 11 is the response ratio of the ;•h CI tank to the /h C'.2 
ta nk. Xc1, is the assigned concentration for the ;•h C I tank , 
and X.c:, is the assigned concentration for the /h C'.2 tank. 
The ratio 8 11 can 'ary between 0.5 and I. I depending on the 
gro\\ th rate of the compound anal)led and \\hen the 
cal ibrat ion tanks \\'ere prepared. Plotting the measured 
mean calibration tank ratios (8 11 ) versus assigned 
concentration ratios creates an effecti\e ECO response 
cun e (Figure 5. I 9a) that can be fitted \\'ith a least-squares 
regression line. The line represents a long-term a\'erage 
ECD response for a part icula r molecu le. If the 
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Fig. 5.19. (a) :'\lean response ratio for C H,CCh at S\10 plotted against 
the ratio of assigned C ll ,CCI; concen tration for each calibration tank 
pair. A linear least-square;, fit through the calibration tank ratio> (solid 
line) is used to compute an a,·eragc cffccti\'e response cune. Residual 
differcnccs are plottcd at the top of the graph and demonwmc the 
magnitude of errors assoc iated "ith a calibration tank change. (b) \lean 
response ratio as in (a) e:-.cept that calibration tan I.. concentrations IHI\ c 
been adjusted to minimi1e the residuals. 

chromatography is stable O\cr the per iod of all B,, 
measurements, the linear fit can be used to calculate air 
concentrations and estimate errors. The functional 
relationship is nearly linear for all compounds measured by 
the CA I S instru ments . Problems ari se in the linear 
representation "hen there are chromatographic problems. 
such as co-eluting compounds and ECO res ponse cun es 
that s ho" rclati\ el) large nonLero intercepts. For curren t 
tropospheric m ixing ratios or all species measured b) CATS 
instruments. equation (3) seems to pro' ide a good est imate 
for the effectiYc response cunc. 

Once the s lope and intercept of the effecti\e response 
cur\c are kno\\ n. uncertain ti es in the assigned calibration 
tank mixing ratios ca n be incorporated: 



B _ ( Xc1,;+<lc1,;) + b ij - Ill 
X c2.j + <J c!.j 

(4) 

where <Jc1.; is the possib le uncertainty assoc iated with the i 1
h 

CI and <Jc!.J is the possible uncerta inty associated with the 
/h C2. A nume ri ca l algorithm is used to iterati vely adjust 
a ll <Jc1.; and <Jc!.J to m inimize the residual difference (Figure 
5. I 9b). T he adjustme nts to the cal ibrati on tank va lues are 
constra ined by the estimated uncertainties on the ass igned 
values (section 5.2.3). For most compounds the 
adjustme nts are less than 0.5% of the ambient mixing rat io. 

Equat ion (4) can be rewritten in te rms of Xa to yield two 
equations to compute atmospheric mi xing rat io usi ng the 
optima l values o f <Jci.; and <JcZ,/ 

(5) 

Xa=<xc2.1+acz.)_!_ ( RRa -b) · 
111 c2.j 

(6) 

If both calibrat ion tanks are in operation, the average of 
equat ions (5) and (6) is used . Atmospheric mi xing rat ios 
calculated with the s tati sti ca l ratio method tend to be more 
precise than with the two-po int method and are more 
accu rate than the one-point method. The gain in precision 
comes from use of the average response curve rather than 
est imat ion of a response curve from each sequence of 
measurements, as in the case o f the two-poi nt method. 

Figures 5.20 and 5.2 1 illu strate the di ffe rences between 
resul ts from the two-point method and fro m the s tati stical 
ratio method. Figure 5.20a shows d iscon tinu ities in the 
mixing ratio fo r C H3CCl3 at SMO calculated with the two-
point method . T hese discontinuit ies are the result of rap idly 
changing atmosphe ric CH3CCl3 m txm g ratios, and 
ca libration tanks that have widely varyi ng C H3CCl3 re lati ve 
to the atmosphere. The CH3CCl3 data shown in Figure 
5.20b were calculated with the stat istica l ratio method. 
These data clearly represent a continuous time series. The 
missing data seen prior to the 64461 calibration tank change 
correspond to a period in which the C2 tank (65178) was 
emptied before the arri val of its repl aceme nt. Even though 
the rat io of calibrat ion tanks cannot be used fo r thi s period , 
the stat istical re lationship used to deri ve equa t ions (5) and 
(6) is s t ill val id. In th is case the atmospheric mixing ratio 
can be ca lculated w ith equation (5) w ithou t having to rely 
on the one-point calcu lat ion method. The CFC- I I data 
from BR W shown in Figure 5.2 1 do not show large 
d iscont inuit ies associated with calibrat ion tank changes. 
However, appl ication of the statistical ratio method reveals 
a possib le downward trend in CFC- I I concent ration 
(Figure 5.2 1 b) that is not apparent in data compu ted with 
the two-point method (Figure 5.2 1 a). 

The app lication of the stati st ica l ratio method is new to 
the HAT S in situ program and may undergo further 
enhancements. For example, the two-point method may be 
preferred during periods when chromatography is 
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noticeably di ffcrcnt from the statistics upon \\'h i ch the 
method is based. 1-lo\\'e\ er. \\'ith each additional working 
standard. the enti re data record could change signifi cantly 
when the statistical ratio method is applied. A future 
improvement might be to use equation (2) in conjunct ion 
wi th the est imated a, 1 , and a ,! .J for these periods. 

5.2.3. GRA\' L\I ETRIC STA:'\DARDS 

Calibration Scales 
Numerous standards were prepared in 2000-2001. In 

total. 62 gravimetric standards were prepared and 89 
working standards were filled at N\VR during this period. 

The calibration scales of N20. SF6• CFC-12. CFC-I I. 
CH3CCl3• and halon-121 I were examined \\'ith the 
aim of incorporating all HATS measurements . as well as 
CCGG N20 and SF6 fl ask measurements, on common 
scales. This ir1\ol\ed analysis of numerous working 
standard s used by the flask programs. airborne programs, 
and in situ programs. This work will continue into the near 
future and will include additional molecules. 

A key element o f thi s work involved the preparation o f 
additional gravimetric standards fo r and SF6 ( Fi gures 
5.22 and 5.23). Previous scales for these molecules had 
been defined by a limited number (four to six) of gravimetric 
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standards. While these standards were useful for defining a 
scale O\'Cr a wide concentration range. the lack of mu ltiple 
standards with near-ambient concentrations presented 
difficulties in estab li shing the long-term stabi lity of these 
scales. New primary standards were prepared from the same 
reagents used to establ ish the original scales. Secondary/ 
tert iary standards were prepared from the new primary 
standards as well as from exist ing primary standards. The 
2000 N20 scale is about I ppb lower than the 1993 scale. and 
it is 0.5 ppb higher than that predicted using 300 and 330 ppb 
National Inst itute of Standards and Technology (N IST) 
Standard Reference Materials (S RMs). The 2000 SF6 scale 
differs from the 1994 scale [Geller et al .. 1997) by less than 
0.1 ppt, \\'hich is \\'ithin the uncertainty assoc iated with the 

scale. 
A scale based on a large number of standards makes it 

easier to identify outliers (standards that. for \\·hatever reason. do 
not agree with the majority) (Figure 5.23). These new 
standards ha\·e also helped to improve the long-term stability of 
the N20 and SF6 scales (e.g .. the loss or drill ofa single standard 
does not affect the scale as much as it would if the scale were 
defi ned by onl y a few standard s). More information on 
gravimetric standards used to define HATS scales. 



including a li st or the standards used 10 define the ne\\· :moo 
and 2000 SF6 scales. is available on the Cf\ IDL llATS 

website (l111p:/ \\" \\'.cmdl.noaa.go\ hats standard 1scales.h1m). 
A second element of this work ill\ohed the anal)sis of 

reagent-grade materials used 10 prepare primar) standard s. 
The reagents used 10 prepare primar) Cll ,CCI,. CCl4 • and 
CFC-12 standards \\ere sent 10 l\ IST (Gai thersburg. 
f\laryland) for purity analysis. No signi ficant ,·ola1ile 
impun11es were found in CFC-12 or CCl 4 reagents . 
I I owe\ er. 1he Cl l)CCl3 reagent used 10 estab lish the 1996 
Cll 3CCl 3 scale [sec Hall et al .. 200 I] \\as found 10 contain 
impurities amounting to approximately 6.4°0 (by mole) . 
New high-purit) reagent-grade Cl 11CCl3 11as purchased 
from a different 1cndor (Sigma-Aldrich. SI. Louis. 
f\ li ssouri .). The puril) of this ne\\ reage111 is approximate!) 
99.8% based on the l\ IST analys is (99.9% according to the 
manufacturer' s assay). New primar) standards \1ere 
prepared from this reagent. These ne" standards sho\\ a 
molar response that is roughly 5% higher than those 
prepared from th e old reagent, which is cons istent with the 
results of the reagent ana lysis. Dc1 elopment of a new 
C l 13CCl 3 scale 1s under \\'ay. 11 is e.\peeted that this ne" 
scale will be about 5°0 lo\\'er than the 1996 scale used in the 
publications of l/11r.11 e t al. [ 1997]. Volk et al. [ 1997]. 
Butler et al. [ 1999) . . \font=ka et al. [ 1999. 2000]. and 
Ro 111ashki11 et al. [ 1999]. 

Gra\'imctric standards for carbon) I sulfide (COS) were 
prepared from ne\1 ly purchased COS reagent. Se\ era! ppt-
le1 el standards were prepared in 29- L Acul i fe-treated 
aluminum C) linders. The stability or these standards is 
being e1aluatcd. Two of fi\e ppt-le1el standards an: 
already sho" 1ng signs or COS loss. Although many of the 
working standards used in the in si tu program do not sho\\ 
COS loss. the 1 iabilit ) of aluminum C) lind ers for COS at 
the ppt le, el is sti ll being e\aluated. 

Ne11 gra\ imetric standards for CO 1\cre prepared in 
1999-2000. These ne\\' standards helped 10 con firm that 
secondary standards prepared in 1989 had drifted and that a 
scale update \\as needed [Tans e t a l .. 2001 ]. The scale \I ill 
be maintained by preparation of ne\1 gra\ imetric s tandards 
e\·e ry 2 years and by comparison of ppb-lc\ e l standards lo 
ppm-le,el l\ IST SR\1s. 

Calibration of Working Standards 
Working standards continue 10 be caltbra1ed using a four-

channel gas chromatograph s imilar to those used for in situ 
measurements (CATS). The init ial cal ibration of this 
instrument \\'as established in 1999 by comparison of a 
\\Orking standard (natural air at ambient conecntration) to 
gra1·imetric standards. as well as to pre\ ious working 
standards. Routine calibration is maintained b) comparison 
of the working standard to fi,e additional '' orking 
standards (mixtures of natural and ultrapurc air at 
concentrations rang ing from -t0°o to I00°·o of ambient). 
These compari sons are performed C\ er) 1-2 months or after 
a s ignificant change in GC operating parameters. Frequent 
analysis of these working standards enables detection of 
small changes in GC performance or response 
characteristics '' ithou1 depletion of gra' imc1ric standard s. 
Each set of gra\ imctric standards used to define a particular 
sca le is anal) Led yea rl y. 

The routine ana lys is of the working standards also 
pro\ ides information on the da)-lo-da) \ariability of the 
GC. This information can be used to pro' iclc an estimate of 
the uncertainties associated \\ ith the calibration of \\ Orking 
s tandards using this instrument. KnO\\ ledge of the day-to-
da) \ ariabilil) is crucial if small changes (drift) are to be 
detec ted. Table 5.7 sho\\ S the precis ion O\er a s ingle da) 
and uncertainties O\er multiday periods. associated \\ ith the 
calibration of a working standard. The information in Table 
5.7 is related onl) to the performance of the CATS 
instrument and does not describe the accuracy or the 
calibration scales. It is useful lo assess ho\1 well t1\0 
identical s tandards can be ca librated. or the degree to which 
two calibrations of the same standard. performed months or 
years apart. can be expected to agree (assuming that the 
standard is stable 0\ er this period). Instrument precision on 
a gi\cn day (Table 5.7) is often \cry good. 0.-t ppb for 
for example. HO\\e\ er. differences in the mean 
concentration determined on different days can occur 
because of the imprecise nature of the calibration method 
and small changes in response characteristics associated 
'' ith changes in carrier gas purity. column condition. etc. 
For these reasons. standard s are typicall) analy1cd on 2-3 
different days. Uncertainties associated '' ith multiday 
ca lib rations are larga than the dail) precision and decrease 
'' ith additional analysis. as expected. Although it is 
impractical 10 ana ly1e working standards O\ er I 0 days. 
these data pro\'idc an estimate of the best o\·erall 
uncertainty achiernble '' ith 1hc CATS calibration sys tem. 
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Sell' Higll-Pre!.!.11re Cylinders 
Aluminum cylinders arc not ideal for the long-term storage 

of methyl halides. Air stored in Aculife-treated aluminum 
C) linders. particular!) those purchased since 1998. tend 10 
sho\1 decreases of Cll1Br and increases in Cll 1CI O\er time. 
The rate or change of these compounds is high!) \ariablc and 
C)linder specific. A small number of these C)lindcrs seem to 
be relatively stable. but an altcmati\e is clearly needed. 

TABLE 5.7. Precision and Unccnainties Associated'' ith 
the Calibration of Working Standards 

Uncena11ll) l.Jncenamt} 
Precision* (3 da)>l·;· ( 10 da)>)i· 

l\.Q (ppb ) 0.-1 0.8 0.5 
CTC-12 (ppt) 0.8 1.3 0.8 
crC-11 (pptl 0.6 1.0 0.6 
Cl C-113 CpptJ 0.2 0.5 0.3 
( II CCh!pptl 0.2 0.6 cu 
CCIJ (pptJ 0.2 0.7 0.-1 
sr <rr•I O.D3 0.02 
llalon-12 11 (pptJ 0.03 0.02 

*Typical dail) precision (e\prcsscd as 2cr"N'"J associated \\ith 8- 10 
co111parisons of an unkno\\ n to a rd'erence s tandard at a111bicnt con-
ce111ra1ion. These data are si1111lar to those of I /all <!I al. [200 I ]. 

·;·uncenaintics associated \\ith a muhida) calibrauon con-
fidence k1 cl). The uncenaintics associated "ith the 3-da) calibration 
arc typical for the calibrauon of 11orking standard'> used 111 the flask and 
in situ programs. 



In an allcmpl to obtain gas cylinders that 11 ill be superior 
to aluminum cylinders for the long-term s torage of methy I 
halides. se' eral clectropolishcd. s ta inless-steel cylinders were 
purchased. These cylinders arc appro' ed by the Department 
of Transportation for transport at pressures of 6200 kPa (900 
ps i). Pre limina ry stability tes1ing inrnh·ed filling cylinders 
with mois t ultrapure air and mo is t natural air. No s ig nificant 
changes were observed in the ult rapure air samples ( i.e .. 
outgassing of compo unds normally detected with CATS 
ins truments was not obser,ed). 

5.3. PROJECTS 

The Airborne Chromatograph for Atmospheric Trace 
Species (ACATS- IV) [Romaslikin e1 al .. 2001 ) and 
Lightweig ht Airborne Chromatograph Experiment (LACE) 
(.\foore el al., 2002] arc GC instruments designed to measure 
CFCs, SF6• and other trace gases aboard aircraft 
(ACATS- IV and LACE) and balloo n (LACE) platforms. 
Measurements of these trace gases in the lowe r stratosphere 
can pro' ide ins ight into the chemist ry and transpo rt o f that 
region . This section desc ribes some of the science results 
deduced from measurements made during the Stratospheric 
Aerosol and Gas Experiment Ill (SAGE Ill) O.wne Loss and 
Validation Experiment (SOLVE) (11ith ACATS-IV and 
LACE ) and the Atmospheric Chemis try and Combustion 
Effects Near the Tropopause 11 (ACCENT-I I) campaign (with 
LAC E). 

SOLVE was an in, estigation of 11 intertime s tratospheric 
ozone losses in the Arctic 'ortex usi ng in s itu and remotely 
sensed measurements made from aircraft and balloon 
platforms. The primary goal of SO L VE was to increase 
knowledge of the processes that influence northern polar 
ozone from late autumn throug h late winter. A second 
object he. , ·al idat ion of SAGE 111 o7one measurements. was 
no t achie,ed because the sa tellite was not dep loyed prior to 
the campaign. SOL VE was conducted simultaneously with 
the Third European Stratospheric E\periment o n 0 7one :moo 
(TllESl:.O 2000). which inc luded independent measurements 
from aircra ft and balloons. 

AC A TS-I V 11as part o f the NASA hig h-a ltitude ER-2 
aircraft payload during the 2000 SOL VE campaign. The ER-
2 aircraft flew 11 science fli gh ts from Kiruna. S11eden 
(67.9° 1• 2 1.1 ° E). and 5 transit fli ght segments between 
Kiruna and NASA Dryden. Edwa rds. Californ ia. between 
Ja nuary 9 and i\ larch 18. 2000. Science flig hts included deep 
,·orte:-. penetratio ns to 90°N. \'Ortex edge and extra-\ortcx 
sur,eys. and multiplc-le\el fli ght s for \ert ical profiling. 
ACATS-IV produced science-quality data fo r each of these 
flig hts. As di scussed by Romashkin et al. (2001]. ACATS-IV 
was modifi ed for SOLVE by decreasi ng the interval between 
measurements of Sf 1,. CFC- 12. and halon-12 1 I to 70 
seconds. while C FC- I I. CFC-1 13. CHCl_i. C ll,CCl1• CCl 4• 

and Cl 14 11 ere measured e\'er ) 140 seconds. Rommhkin 
et al. [200 1) also pro,idcd detailed information about the 
operation and ca li bration of AC A TS-IV. the process ing o f 
data. and the precision and e rrors of measure ments. 

LACE was flo11n on 1110 NASA-spo nsored !lights of the 
Obsenatio ns of the l\ lidd le S tratosphere (Oi\ IS) balloon. The 
fi rs t flight. No\ ember 19. 1999. occurred just afte r the 'ortex 
edge had formed. The second fli ght. March 5. 2000. occu rred 
just prior to 'orte.\ breakup. 
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Several significant alterations were made to the ER-2 
payload fo r SOL VE. One important c hange was the 
replacement of the 1 ASA Airborne Tunable Laser 
Absorption Spectrometer (ATLAS). a long-standing source of 
high-quality. 1-117 data. 11 ith a ne11. compact. 
lightwe ight mnable diode laser spectrome ter (Argus) 
designed to pro' ide high-qualit y. 1-117 data as 11 e ll as 
high-precision measurements of Cl 14 every 3 seconds. A 
comparison of coincident N20 data from ACATS- IV. 
ATLAS. and the NASA Jet Propulsion Laboratory (JPL) 
Aircraft Laser Infrared Absorption Spectrometer (ALIAS) 
during t\\'O pre\ ious ER-2 campaig ns el al., 2000) 
showed ty pica I agreement o f I.9°·o between AC ATS-IV and 
ATLAS. 2.7°·o between ACATS- IV and ALIAS. and 2.8°0 
between ALIAS and ATLAS. A s imilar comparison of 
SOL VE data re\'caled typica l agreement of 3.8°0 
between ACATS-IV and Argus. 2.6°0 between ACATS- IV 
and ALIAS. and 4 .0°0 between ALIAS and Argus [/lurst el 
al .. 2002). The poorer agreement between N 20 instruments 
during SOLVE spa\\'ncd the idea to cons truc t a se lf-
consistent. high-resolution data set from the data o f the 
three in s itu instruments. An objecti\' e s tati sti ca l 
method 11 as de\ eloped to reduce biases between the 
instruments . then combine thei r meas ureme nts into a 
"unified" N20 data set 11 ith 3-s temporal resolution (/!tt r.11 el 
al., 2002). The qualit y o r unified data 11as evaluated by 
integration or the data O\'er the cani ster- filling periods of the 
Nat ional Center for Atmospheric Research (NCA R) \\hole 
Air Sampler (\VAS) during SOLVE F:R-2 fli ght s. The 
data from the canis ters agree" ith the integrated unified 
data 11 ithin about 1. 5° o. 11 hi ch is belier than the agreement 
between any pair instruments. 

Record ozone losses for the Arctic s tratosphere ha'e been 
reported for 11 inter 1999 2000 [Richard et al.. 200 I: 
Sa/all'itch el al .. 2002). These losses arc predominantly 
auributed to chemical 0 1 destruction dri' en by 1he most 
11 idespread presence of po lar stratospheric c louds (PSCs) in 
the Arctic s ince the 1970s [Rex el al .. 2002) and near-peak 
le\Cls of tota l halogen (Cl + Br) in the lo11 e r stratosphere 
[£/kins. 2000]. Measurements of ch lorinated and brominated 
source ga ses in the lower s tratosphere. combined with C MDL 
surface measurements of these gases. auest to the high 
a'ai lability of ino rganic halogen in the older air masses o f the 
Arcti c 1 ortex. Figure 5.24 ii lustrat es that o rganic chlorine 
(CC I, ) a nd organic bromine (CBr,) are more 1han 50°0 
col1\ertcd to inorganic chlorine (Cl,'i and inorganic bromine 
(Br) in air masses wi th mean ages. greater than 4.5 and 3.0 
years . respecti' ely. In addition. sc\ ere denitri fication [Popp 
et al .. 2001] (Figure 5.25) grea t! ) inhib ited chlorine and 
bromine deact i\'ation reactions that moderate 0 3 destruction 
rates [Cao el al .. 200 I]. Fahey e1 al. (200 11 describ1.:d the 
first in si tu measure ments o f the large llNOrcontaining 
partic les \\'hose gra' itational sedimentation resulted in the 
obsen ·ed seYere denitrifi cation. In contras t. signili cantl y 
dehydrated air masses (>I 0°o loss ) were rare!) 
encountered bet11een 17 and 2 1 km. indicating that 
temperatures in this altitude range were often belo11 the 
temperatu re at 11 hich nitric acid trihydrate ( NAT) forms. but 
seldom below the ice fros t point. Ho11·e\ er. Herman et al. 
[2002) reported a sl ig ht decrease in to tal hydrogen 11 ith 
altitude that resulted from the "idcspread sedimentation o f 
PSC pan ides during the 11 inter. 



Cumulati ve 0 3 loss and 0 3 loss rates in the Arct ic vortex 
during SOL VE have been calculated from measurements 
made by instruments aboard the ER-2 aircraft and balloons. 
Richard el al. (200 I] ana lyzed in situ data lo determine a 
cumulative 0 3 loss of 58 ± 4% al 19-km altitude bet\\·een 
February 3 and March 12 , 2000. Thei r calculat ions are 
based on the wintertime evolution of the vortex 0 3:N20 
relat ionship (Figure 5.26a). Ozone loss rates at 19 km were 
as high as 51 = 3 ppb d. 1 during late winter (Figure 5.26b) 
(Richard et al., 2001]. Rex et al. (2002] examined data 
from 770 0 3 sondes launched from 29 northern stat ions to 
sample distinct ai r masses twice over several day interval s 
as they ci rcumnavigated the pole and reported 70% 
cumulative 0 3 loss near 18-km alti tude and a cumul ative 
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Fig. 5.2-l. Top: Total chlorine (solid cur\'e). organic chlorine (CCI, . gray 
squares). and inorganic chlorine (Cl,. black circles) as a funct ion of mean 
age for air masses sampled by AC A TS-IV during SOLVE. The fraction of 
organic chlorine com'ened to inorganic chlorine resenoirs was approxi -
mated by the black circles using the right axis scale. Bollom: Same as the 
top graph. but for bromine. CCI, and CBr, are the sums of chlorinated and 
brominatcd source gases measured in the lower stratosphere by AC A TS 
and the NCAR \\hole air sampler. Tomi chlorine and total bromine were 
dctennined from DL global surface trends of source gases with 
appropriate age spectral weightings. CI, and Br, were calculated as the 
difference bem·een total Cl (Br) and CCI. (CBr,). ages were 
calculated from ACATS measurements of SF6 in the lower stratosphere 
and the SF6 global surface trend [Geller et al.. 1997]. 
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Fig. 5.25. Coincident in situ measurements of NO, with the NOAA 
Aeronomy Laboratory total reactive nitrogen instmn;ent [Fahe1· et al .. 
1989) and NiO with ACATS-IV on board the ER-2 aircraft during 
SOL VE (black circles). These data document severe and extensi\c 
denitrification in the Arct ic vortex. The reference cun'e, a quadratic fit 
to NO, and N10 measured by the balloonbome interferometer on 
December 3, 1999 (open diamonds), represents the early-vortex 
N0,:1 10 relationship before the onset of denitrification. Points belm1 
the reference cun e indicate that air masses between 17 and 21 km 
alti tude were denitrified by up to 75% . Nitrification at lower altitudes 
(14- 16 km) is shown by points above the reference curve. (Figure 
adapted from Popp et al. [200 I].) 

column reduction of 11 7 :r 14 Dobson uni ts (DUs) by late 
March 2000. Salall'itch et al. [2002] s tudi ed the evo lution 
of 0 3 :N10 relationshi ps to concl ude that chemical 0 3 loss 
between 14 and 22 km caused a 6 1-DU reduction of column 
0 3 between late November 1999 and March 5. 2000. The 
ozone loss and loss rates deduced in these three stud ies are 
in good agreement. 

Grooss et al. (2002] used data from ACATS-IV and other 
instruments to initialize a stratospheric chemistry and transport 
model. the Chemical Lagrangian Model of the Stratosphere 
(CLaMS), that simulated Arctic ozone loss during SOLVE. 
Model simulations agreed well with the observed ozone loss at 
450 K (about 19-km altitude) but tended to underestimate 0 3 
losses at higher altitudes, probably because of the limited 
amount of data used to initialize the model at higher alt itudes 
and the absence of diabatic descent in the model. 

Accurate differentiat ion between wintertime changes in 
vortex 0 3 caused by chemistry and those caused by 
transport relies strongly on determinations of how much 
extra-vortex air mixes into the vortex. The vortex edge is a 
barrier to the exchange of midlati tude and vortex air. 
Previous work implied that differences between vortex and 
extra-vortex tracer-tracer relationships were due to large-
scale, homogeneous descent in the vortex and significant in-
mixing of extra-vortex air [Pl11111 b el al . . 2000]. Descent 
can be roughly estimated by tracking the motion of ai r 
parcels with an inert tracer, as shown for N 10 in Figure 
5.27. Most of the molecules measured by ACATS-IV and 
LACE are inert in the vortex. lacking local sources and 
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Fig. 5.26. (a) Coincident in situ measurements of 0 1 with the NOAA 
Aeronomy Laboratory dual-beam ultraviolet photometer [Proffill and 
/llcla11ghli11, 1983) and N20 with ACATS-IV on board the ER-2 aircraft 
during SOLVE. These data show the wintertime losses of 0 1 in the 
Arctic vortex. ll1e gray reference curve. a quadratic fit to 0 3 and N20 
measured during four ER-2 and balloon nights between December 3, 
1999. and February 3, 2000, represents the early-vortex 0 3:N20 
relationship prior to ozone losses. Data from subsequent ER-2 flights 
demonstrate cumulative 0 3 losses of up to 60% from early February to 
mid-Ma rch 2000. (b) Ozone loss rates calculated from differences 
between 0 3:N20 relationships in the early vortex and for the four ER-2 
flights shown in (a). (Figure adapted from Richard e l al. (2001).) 
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Fig. 5.27. Profiles of N20 as a function of potential temperature (K) 
from LACE for the two OMS balloon flights during the SOL VE mission. 
Solid curves through the data arc fits used in the calculation of descent in 
the vortex between the nights. Also included is a representation of a 
well-mixed early-vortex profile (dashed curve) from the differential 
descent mixing calculation. 

s inks on the t ime sca les of transport. Because these 
mo lecules have different verti ca l mixing ratio p rofi les, each 
mo lecul e a llows fo r an independent measureme nt o f descent 
a nd other tra nsport characteris t ics. This ca lc ulation of 
descent is only val id if mixing between air parcels of 
differing tracer concent ra tion does not occur on s imilar time 
scales. In the absence of chemistry, thi s type of mixing can 
be seen as a shi ft in the curved tracer-tracer correlation 
plots (Figure 5.28). 
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Ray et al. [2002] were unab le to produce the vortex 
trace r-tracer relat ionsh ips observed by LACE and ACATS-
IV during SOLVE by mode ling homogeneous descent and 
in-m ixing of extra-vortex air. They showed, instead, that 
d ifferential descent and isentropic mixing w ithin the vortex 
could prod uce the observed vortex re lationships. These 
processes were fo lded into the descent ca lculations (do tted 
line in Fi gure 5.27) to give the final descent rates s hown in 
Figure 5.29a. Note the good agreement across all tracers. 
The differenti al descent needed to reproduce the changes in 
tracer-tracer correlations is shown in Figure 5.29b. T he 
lack of significant in-mix ing of extra- vo rtex air during 
w inter 1999/2000 is an important findin g because it 
identifies chemis try, not transport, as the predominant cause 
of the large ozone losses observed during SOLVE. Analyses 
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Fig. 5.28. Tracer-tracer correlation curves from the two LACE SOLVE 
flights. Data from the second night are significantly shi fted from the 
fi rst flight toward the conca\ e s ide of the curves, which suggests mixing 
of some type occurred. 
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Fig. 5.29. (a) Integrated and (b) differential descent deduced from measurements associated with two LACE nights within the core o f the Arctic vortex 
during SOLVE. Error bars represent the calculated statistical uncertainty. 

by Greenblatt et al . [2002] and Morgenstern et al. [2002] 
us ing unifi ed N20 and ACATS- IV tracer data also conclude 
that the 1999/2000 Arcti c vortex was strong ly iso lated and 
experi enced littl e in -mix ing. 

The importance o f accurate determinatio ns o f mean age 
d ist ribut ions in the stratosphere has been stressed by 
Andrews et al. [2001 ]. Compared w ith mean ages 
calculated fro m in s itu measure ments o f age t racers like SF6 
and C0 2, mean ages fro m many s tratospheri c. transpo rt 
models are unde restimated by as much as a facto r of 2 . If 
general c irculation rates in the mode ls a re dec reased to 
inc rease mean ages, mode l tracer di s tributions fa il to match 
o bserved di stribut ions. Hence, mode l eva luatio ns o f 
important enviro nme ntal issues related to trace gases , suc h 
as the impacts o f exhaust from a proposed flee t of 
s t ratospheric aircra ft and ozone layer recovery time scales , 
ma y be of limited accuracy until these discrepanc ies 
between mode ls a nd observatio ns are red uced. Us ing lo ng-
lived trace r data fro m ACATS, LACE, a nd o the r 
instrume nts, Andrews et al. [2002] have constructed 
accurate di s tributions o f mean age in the s tratosphere that 
w ill he lp improve the transport in mode ls. 

SF6 is a s trong greenho use gas w ith a lo ng li fe time. 
Estimating its atmospheri c li fetime is impo rtant in terms of 
its contributio n to the Earth's rad iat ive budget as we ll a s its 
use as a tracer of atmospheri c motio n. The s t ratospheri c 
lifetime of SF6 is do minated by loss that occurs in the 
mesosphe re. Evidence o f thi s loss is measurab le in 
mesospheric a ir that descends into the po lar vorti ces. 
Moo re et a l. [Measured SF6 loss and its influence on age -o f-
air c a lcul ations, in preparat ion, 2002] ca lculated the 
st ratospheric li fe t ime o f SF6 from OMS data assuming that 
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(a) the age o f a ir calculated w ith C 0 2 data [Andrews et al., 
2002] is cor rect, and differences between C02 and S l76 age-
o f-air est imates from vortex data (Figure S .30) are due to 
S F6 loss, and (b) the loss of SF6 occurs o ver 6 months, a nd 
the mesosphe ri c air descends o nly into the no rt he rn vortex 
(6 months later the process repeats into the southern 
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Fig. 5.30. Age-of-air estimates from both C02 and SF6 data, assuming all 
stratospheric sources or sinks are taken into account. The difference 
between these two age estimates, seen both in the vortex filaments and the 
vortex core data, is then assumed to be due to SF6 loss in the mesosphere. 



'onex). The net loss wi thi n the northern 'ortex \\as 
multiplied b) two to estimate the yearl) loss rate. Their 
new estimate for the stratospheric li fetime of SF6 is 600 
( +200, - I 00) years. "hi ch is better constrained than the 
pre' io usly reported range of 600-3200 years [.\forris et al .. 
1995]. The upper bound in the ne\\ estimate is less certain 
than the lower bound because of an uncertainty in SF6 loss 
aboYe 32 km wi thin the \'Ortex. 

S ignifi cant g lobal 0 3 destruction will continue we ll into 
the 2 1" cen tury because of the hi g h halogen burden of the 
stra tosphere [Pri1111 el al., 1999]. Accurate predictions o f 
future 0 1 le' els require accurate determinations of halogen 
budgets and the ir trends. Stratospheric chl or ine 
[Woodbridge el al .. 1995] and bromine [Wamsley el al .. 
1998] budgets are periodically calcul ated from ACAT S, 
LACE, and \VAS measure ments of halogenated source 
gases, allO\\ ing the determinatio n of tre nds. The ca lcu lat io n 
methods ha'e been re' ised over time to reflect s ig ni fica nt 
c ha nges in the tropospheric trends of some halocarbons. An 
important, recent refinement in these calculations is the 
weighting of tropospheric trends with age spectra (Hall and 
Plumb, 199-1; A11drell's el al . . 200 I] instead of mean age, to 
determine trends in total chlorine (Cl,01 ) and total bromine 
(13r",.) ente rin g the stratosphe re [Elkins . 2000]. These 
re\ is ions impro\e calculations of total inorganic chlorine 
(Cl>) and total inorganic bromine (Br>) as the difference 
between to tal chlorine (b romine) and the sum o f chlorinated 
(brominated) source gases CCI, (C Br, ). 

Scha u[/ler et al. [2002] · have · recent ly revi sed the 
s tratospheric chlorine budget based on WAS and /\CATS- IV 
measurements made during SOL YE. A comparison of 
AC/\ TS- IV and \VAS CCI, for SOLVE reveal s differences of 
0.015-0.190 ppb (Figure ·5.3 1), with \VAS \alues a lways 
larger because the ACATS-IV method does not account for 
c hlorine fro m CFC- I 14, C FC-I 14a, CFC-11 5, 
I IC FC- l-12b, and HCFC-14 1 b. These omissions account for 
0.023-0.130 ppb of the CCI> differences. The rest of the 
di screpmlC) result s from ca libration-scal e differences and 
disparity in the ll CFC-22 and C H3C I mixing ratios ca lculated 
by AC ATS-IV but measured by \VAS. The two independent 
data sets are complementary in that AC ATS reports CCI, 
more frequentl y (e,er) 140 seconds) than WAS, but thc \VAS 
CCI, data are inhere ntly more accurate. 

Ti·e nds in Cl, determined from ACATS and LACE 
measurements near 19-, 20.5-, and 2 7 .5-km altitude 0\ er the 
pe riod 1992-2000 impl y that C l, eithe r peaked o r le,eled o ff 
by th e year 2000 (Figure 5.32a). The s um of ch lo rinated 
source gases (CC I>, or ET C I) measured at the surface by 
CMDL ( Figu re 5.32a) illus trates the decreas ing trend in 
C l,01 [Mont:ka et al., 1999], large ly because o f the rapid 
decline in C H ,CCl3. These s urface CCI, data represent an 
upper limit for C l, and are closely matched by I lalogen 
Occultation Experin1ent ( HALOE) Cl> (ll C I) data at 55-km 
alt itude. where near-complete con, ers ion of CC I, 10 C l, has 
occurred (Fig ure 5.32a). Upward trends in Br" ·appare.nt at 
all three a lt itudes (Figure 5.32b). are dri,en predo minant! ) 
by continued emissions of halons. The increasing sum of 
brominated source gases (CBr) measured at the surface b ) 
C MDL pro, ides an upper limit for Br, . 

Of piYotal importance to stratos.pheric O/one are the 
combined influences of ch lorine and bromine trends. The 
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Fig. 5.31. Differences between \\AS and \ CATS- IV detcm1inations of 
as a function of (solid cur\c). Values range from 0.015 to 

0.190 ppb. Panial differences in CCI, that result from the J\Ci\TS 
omission ofCFC-11..J. CFC-1 1..Ja. CFC-115. Cll:Cb. HCFC- 142b. 
and HCFC-1..J I b (dashed cun c) range from 0.023 to 0.130 ppb. The 
remaining diOercnces bemeen \\AS and AC ATS-IV CCI, result from 
calibration scale differences and the fact that Cll ,Cl and l.ICFC-22 are 
ca lculated by AC ATS- IV and measured b) WAS. (Figure adapted from 
Sclwuf}/er et al. [2002].) 

we ig hted sum of ino rganic chlo rine and bromine. namely 
equi valent inorganic chlo rine (EC ll C l) + 45 x Br), 
re fleet s the fact that Br, is o n a' erage 45 Ii mes mo re 
effic ie nt than Cl, at the .destruc11on or 0 3 L1Ja11iel e1 al., 
1999]. Trends iii ECI, (Figure 5.32c) mimi c the decline or 
le,eling off o f C l, (Figure 5 .32a), because C l, is 100-150 
times more abundant than Br, and the upward Br, trend 
docs littl e to offse t the decreasing trend in C l,. ·Future 
trends in ECI), and hence 0 3, are strong ly dependent on this 
interp la) between increasing bromine and decreasing 
chlorine abundance. Cont inued halon accumulation in the 
atmosphere may e,·entuall y o,·ershado" reduced chlorine 
bu rdens, especially as the rate o r Cl 13CCl3 decl ine 
approaches zero. 

Up to thi s point. HATS a irborne GCs were specificall ) 
des igned to make measurements in the upper troposphere 
and lower stratosphere. Tropospher ic issues such as a ir 
qual ity and the accumu lation o f greenhouse gases are 
expected 10 take a higher pri o rit y in thi s century. Funding 
was pro' ided by the NASA Ins trument Incu bator Program 
to develop the PAN and other Trace ll ydrohalocarbons 
Experime nt (PANTll ER) next-generation a irborne GC. A 
mass se lecti\e detector" ill be combi ned "ith two o r more 
ECD c hannels to focus on more reactiYe and sho rter-li ved 
species. The first test flight of PANTllER is schedule d for 
spring 2002 on the ASA l:.R-2 aircraft. Key molecules 
measured o n thi s test fl ight \\ill include pcro.\yacctyl nitrate 
(PAN), acetone (Cll 3C(0)Cll1). and ll C FCs. PAN 
compri ses the largest fraction of oxides of nitrogen (NO,) 
under natural conditions in the troposphere and is ·a 
precursor of 0 3. Acetone is a precursor of PA N and an 
important source of hydroxyl radical in the upper 
troposphere. 
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Fig. 5.32. Estimates or total inorganic halogen from airbom..: GCs 
(includ ing ACATS and LACE): (a) total inorganic chlorine (ppb). (b) 
total inorganic bromine (ppt). and (c) total equivalent inorganic chlorine 
(ppb). at equivalent altitudes of 19. 20.5. and 27.5 km. 11/\LOE 
inorgamc chlorine data at 55 km arc ploucd in (a) (updated b) .-l11deno11 
et 11/. [2000)l. C\IDL ground-based data ar..: ploucd in (a)-(c). 

5.4. OCEAN PROJECTS 

5.4. 1. DATA A:\A LYS lS 

Na tural halocarbons are important contribu tors to the 
destruction of stratospheri c ozone. For examp le, methyl 
bromide (Cl 13Br) and methyl chloride (C l 13CI) together are 
the source or about one-quarter of the equi\·alent chlorine in 
the troposphere [Butler. 2000], \\here equivalent chlorine is 
one \1ay to evaluate the ozone-depicting capacit) of the 
aunosphcrc [Da11iel et al.. 1995). Other brominated 
compounds, such as dibromomethanc and 
bromoform (C llBr3), also might be significant sources of 
bromine to the upper atmosphere [e.g., et al .. 
1999: Sturges et al., 2000). An understanding or the 
sources and sinks of these compounds would enable the 
pn:diction or changes in the cycl ing of these compounds 
associated wi th climate change. Because the oceans are 
both a source and a sink of most natural halocarbons. 

oceanic measurements have constituted o ne component of 
the II/\ TS group research effort. 

Data obtained from previous field missions were 
analyLed during 2000-2001. The \ ariabil it y in sea surface 
temperature (SST ) has been shO\\ n to account for one-hal f 
10 t\\O-thirds of the variability in methyl bromide oceanic 
saturations. according to King et al. (2000). In that stud y, 
data from six cruises were fitted 1\ ith two quadratic 
equations. While g lobal extrapolat ions with this re-
lationship appear reasonable. thi s relat ionship does not 
accuratel y reproduce observations on a regional bas is. 
llo\1eye r, reexamination of the data. along w ith inclusion of 
data from a 1999 expedi tion lo the Paci fie Ocean, has 
signi ficantl y impro\ed the abili t) to reproduce field 
obsen at ions. 

Data from SC\ en research cruises (five conducted by 
CMDL and two by Dalhousie Uni\ers i1y) were di\ ided 
seasonally into two data sets: spring-summer and fa ll-
\\ inter. These data include measurements from the At lan tic 
[Lobert et al., 1996: Gros::ko a11cl .\foore, 1998; King et al .. 
2000], the Pacific [Lobe/'/ et al., 1995: Gros::ko and Moore. 
1998: King et al., 2000; unpublished CMDL data], and the 
Southern Ocean [Lober/ et al., 1997). Measurements made 
bet ween March 20 and September 21 were cons idered 
spring-summer if north of the equator and fa ll -\\ inter if 
south of the equator. Data collected during the remainder 
of the year \\ere assigned to fall-1\ inter if north of the 
equator and spring-summer if south of the equator. Each 
seasonal data set was fitted with t1\0 quadratic equations, 
describing data abO\ e and below I 6°C (Figure 5.33 ). 
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The new equations represent a significant improve-
ment O\ er the exist in g equations. particularly in iemperule 
regions. For example, the previous equations cou ld account 
for only about 15% of the seasonal difference (summertime 
supersa turations and fall undcrsaturat ions) in C l 13 Br 
sa turation anomaly observed in the North Atlantic 
temperate waters (Ki11g et al., 2000). f-10\1 e\ er, the ne'' 
equal ions can reasonably reproduce the obscn cd seasonal 
difference for C ll1 Br in these waters. The seasona l SST 
re lationships also impro\' C the ab il it) to estimate the mean 
saturation anomaly for a gi\en data set. For the two most 
recent c rui ses, Gas Exchange Experiment (Gas Ex 98) 
[King et al .. 2000] and Bromine Air-sea Cruise Pacific 
( BJ\CPAC 99) [Seline/I et al .. 200 I], the mean C H3 Br 
saturation anomalies estimated \\1th the ne\\ equations arc 
abou t 90°0 of the measured \aluc!>. In contrast, the mean 
sa turation anomalies as determined \\ ith the old equat ions 
[Ki11g et al., 2000] arc only about 60% of the measured 
\ alues. 

\!ethy l bromide saturation anomaly maps ha\ c been 
generated \\ ith the seasonal SST relationships and a global 
map ofSSTs (Figure 5.34). The SST data set consists of 1° 
x I monthly means from the National Oceanographic Data 
Center (NODC) [Lel'illls. I 982). Each g rid point represents 
a 3-mo a\·cragc \aluc. In this model C l 13Br under-
salUrations are predicted in both the tropics and polar 
regions throughout the year. The temperate waters. 
howe\ er. show a strong seasonal cycle in both hemispheres. 
With the data used to c reat e these maps, the global. 
annually averaged Cll 1Br saturation anomaly is calculated 
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fig. 5.33. Methyl bromide saturat ion anomaly data lrom li ve CM DL 
cruises and two Dalhousie University cruises between 1994 and 1999. 
plotted as a function of sea surface temperature. The data are divided 
seasonally, with local spring and summer data in the upper plot and local 
fall and winter data in the lower plot. Quadratic fits are used to describe 
data above and below I 6°C for each seasonal data set. 

to be - 15.5%. The calcu lated global, annua lly averaged 
CH3Br flux is - 19.9 Gg yr' 1

. Both of these val ues agree 
with othe r publis hed estimates [e.g., Lober/ et a l. , 1997; 
King el al., 2000]. 

5.4.2. 2001 OCEAN C R UISE 

During fa ll 200 I the HA TS group participated on a 
research cru ise in the Southern Ocean. T he Australian s hip 
Aurora Australis departed Hobart, Tasman ia, on October 29 
and returned to Hobart on Dece mber 13. The vessel headed 
south toward the Antarctic coast before returning to 
Austral ia, retracing a previous Climate Variabil ity a nd 
Pred ictabil it y (CLIVA R) cru ise track (Figure 5.35). The 
HA TS group measured over 20 halogenated compounds in 
the surface seawater and overlying atmosphere. The resu lts 
w ill be coordinated wi th those obtained by research groups 
from NOAA Atlant ic Oceanographic and Meteorological 
Laboratory (AOM L) (halocarbon depth profi les) and the 
University of Cali fo rnia at Irv ine (methyl bromide and 
meth yl chloride degradation rates). 
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Fig. 5.34. Methyl bromide saturation anomal ies plotted as 3-mo 
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Fig. 5.35. The cmise track for the fall 2001 cmise on which the HATS 
group participated . The Aurora Australis departed Hobart, Tasmania, 
and returned to Hobart after approaching the Antarctic coast. 
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Fieldwork 
The atmospheric budgets of most natural halocarbons arc 

poorly de fined . For both meth) l bromide (Cl l1Br) and 
methyl chloride (C l 11CI). best estimates of the known sinks 
outweigh best estimates of the known sources b) 30-50°0 
[K111:1·lo et al., 1999). Although plant production or natural 
halocarbons has not been studied extensi\ e ly. there is 
considerable ne'' e\ idence that plants are ill\ ol ved in the 
cycling of these compounds. Pre\ ious studies ha\ e 
primari l) i11\olved the use of a flux chamber. which docs 
not isolate the plant from the so il and potentially stresses 
the plant [e. g. , Gan et al .. 1998: Redeker et al .. 2000: Rhew 
et al .. 2000, 200 I) . Soi ls are potentia lly problematic 
because they have been observed to remove C l 13Br from the 
atmosphere [e.g .. Jlnmer et al .. 1999). 

The llATS group conducted an experiment in a 
hydroponic greenhouse in orthern California 
(McKin ley\i llc ) over a 2-wk period in July 2001. The 
greenhouse was coYered with doublc-l<1)ered polye thykne 
and housed about -100 tomato plants (lycopersico11 
esc11le11t11111). The plants \\ere gro'' n in bags of inert 
support materia l ( Pearlite) '' ithout so il and were flu shed 
with an aqueous nutrien t mixture at frequent inten als 
througho ut the day. During each experiment, the 
greenhouse was sealed . and halocarbon concentrations were 

in the g reenhouse atmosphere with a GC-M S [) 
loca ted at the site. Sampling lines were placed in the center 
and at one end of the greenhouse. Fans were used to keep 
the greenhouse atmosphere 11ell mixed. o concentration 
differences were obsened between the two sampling 
locations. Experiments were started 111 the late 
afternoon/early evening and were run until the air 
temperature in the greenhouse exceeded about 35°C. usuall) 
about noon the following da y. Eight experiments were run 
in total . and each experiment lasted 16-20 hours. The 
s tandard nutrient mixture was used first for two control 
experiments (C- 1 and C-2). This nutrient mixture conta ined 
no s ignificant halide concent rations. A solution containing 
about 5 ppm Br". Cl", and r was added in line with the 
nutrient mixture during the third. fourth. and fifth 
experiments (H5- I. 11 5-2. and 11 5-3). During the final three 
experiments (1120- 1, H20-2, and 1120-3). a solution of about 
20 ppm Br", er. and r was added in line II ith the nutrient 
mixture. These halide solutions were added continuously 
over the course o f several days. not just during the 
experiments themselves. 

Results a11d Discussion 
During C. I and C-2, no production of C H3Br (Figure 

5.36a) o r Cll1Cl was observed. but methyl iodide (C l l_;I) 
(F igure 5.36b) increased by a factor o f about 5 by the end of 
the experiments. Production was also obsen ·ed for sc i era I 
other halogenated compounds. including bromochloromcthane 
(Cl 11BrCI). dibromomethane (C l-l1Br1) . dibromochloromethane 
(CHBr1Cl). and bromoform (C l-! Br3) (F igure 5.36c). In 
general. anthropogenic compounds. such as CFC- I I (Figure 

127 

Loca l Time 
18:40 21:40 0:40 3:40 6:40 9:40 12:40 15:40 

0 
(.) 

3.5 

3 
2.5 

2 

IC H 3Br l 

(} 1.5 

1 ... 
0.5 

0 

45 
40 

I CH3l I 35 
30 

0 25 (.) 
(} 20 

15 
10 

5 

45 
4 II C HBr3 j 3.5 
3 u 2.5 

(} 2 
1.5 

1 
0.5 

o L 
1.4 

1.2 • 1 .+" 

u 08 
(} 0.6 

0.4 

0.2 1 I CFC11 j 
0 

. .. 

•• 

•• • 

[!] 
I 

_j 

... 

• 

... .. 

0 2 4 6 8 10 12 14 16 18 20 

Elapsed Time (hr) 
Fig. 5.36. Concentration changes of(a) CH.Br. (b) Cl U. (c) Cl I Br,. and 
(d) CFC- I I. during a greenhouse experiment. plotted a function of 
time. All concentrations \\ere non11ali1ed to the corresponding initial 
concentration (C C0 ). During this experiment. no halide ions \\ere added 
to the nutrient mixture. 

5.36d). CFC- 113. and halon-1211. remained relative!) 
constant on:r the course o f the st udy, suggest ing that large-
scale contamination from materials in the greenhouse or 
from the greenhouse it sc i r was uni ikcly. 

The addition of the halide so lution affected the 
production rates of only C H3 Br and CH3 1 (Figure 5.37a.b). 
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(d) CFC- I I. during a greenhouse experiment. ploncd as a function of 
time. All concentrations \\Crc non11alized to the corresponding initial 
concentration (C/Co). During this e:--pcriment. a solution containing 
about 20 ppm Br-. C r . and r flushed the plants wi th the nutriem mixture. 

During experiments f-1 20-1. f-120 -2 . and 1120-3 . C H3Br 
increased by nea rl y a factor of 3. Production of Cl 13 1 
increased by a factor of about 35 during these experiments, 
almost an order of magnitude more than with the standard 
nutri ent mixture alone. Production for other halogenated 
compo unds, suc h as CllBr3 (F igure 5 .37c) and C H Br2CI , 
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did no t change noticeably between experiments run with 
and wi thout th e ha lide so lution. 

Similar results were observed for the HS experiments. 
Only CH 3 Br and Cl 131 production d i ffered fro m the other 
experiments. The productio n for those two compounds 
increased with each experiment. Production during f-1 5-3 
approached the values that were observed during the f-12 0 
experiments. This suggests that production of Cl 13Br and 
Cf-13 1 by tomato plants is a function of halide concentration. 
More s tudies are necessa ry to determine if these 
obser\'ations are reproducible for these and other plant s. 

Although tomato plan ts were chosen for lilt le o ther 
reason than opportunity, thi s s tud y suggests that man y 
plants could emit s ignificant amounts of organic halogens to 
the atmosphere. It also support s propos itions from other 
investigators that there is a relationship between halide 
concentration in the soi l and organic halogen production by 
plants [e.g .. Redeker et al., 2000; Rhell' et al. , 2000]. This 
preliminary study has rai sed man y ques tions. One question 
concerns the production of polybrominated compounds 
when no halides were added , w hereas CH 3 Br concen trations 
remained constan t. It is al so unknown why the production 
ofCll3 Br and CH 3 1 increased wi th the addit ion of the halide 
so lution whi le that o f other halocarbons d id not. The 
po tential variability o f production rates as a function o f 
plant growth stage was a lso not addressed in this study. 
Further s tudies of these and other plants will be necessary 
before these quest ions can be adequately addressed. 

5.5.2. TRANS-SIBERIAN OBSERVATIONS THE 
CllEi\llSTRY OF T H E ATi\IOSPH ERE (TROICA) 

From June 27 to Ju ly I 0. 200 I , about I 1,000 in s itu 
measurements of CFC-12, halon-1 2 11. N 20, and SF6 , and 
nearl y 5000 mea surements o f C FC- I I. CFC- I 13, C HCl3• 

C l 13CCl3• CCl 4, C H4, and f-1 2 were made a long 17 ,000 km of 
the full y e lectrified tran s-Siberian railway be tween Moscow 
and Khabarovsk, Russia (Figu re 5.38), with the ACATS-IV 
gas chromatograph (GC). These measurements were part of 
the seventh Trans-Siberian Observations into the Chemis try 
of the Atmosphere (TROICA-7) sc ient ific ex pedition , a 
collaboration between CMDL. the Coooperati\'e Ins titut e 
for Researc h in Environmental Sciences (C IR ES), NASA, 
the Max Planck Institute for Che mis try (Mainz, Germany). 
and the Ru ssian Institute of A tmospheric Physics 
( Moscow). TROICA expeditions we re inaug urated by 
German and Russ ian sc ienti sts in 1995 and have taken place 
annua lly during differe nt seasons [ Crnt=en et al., 1998: 
Oberlander et al.. 2002]. The primary CMDL objecti ve for 
TROICA-7 was to make freq uent (every 70 or 140 seconds) 
measurements of halocarbon and g reenhouse gases along 
the trans-S ibe rian railway. creating a database to w hich 
future TROICA measurements of these gases can be 
compared. CM DL participat ion in TROICA-7 produced the 
first extens i\'c set of halocarbon measure ments in Russ ia by 
American scicnti sis. 

As during past TROICA expeditions, G erman and 
Russian sc ienti sts operated in s itu analyzers for C O. C02• 

0 3 • C H4 • NO,, 222 Rn, H20. aerosols, so lar radiation. 
temperature, pressure. and rclati\'c humidity [Crut=en e l al. , 
1998]. A g lobal pos itioning system recei\'er tracked 
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Fig. 5.38. Route of the TROICA-7 science expedition along the trans-
Siberian raih,ay. Each of the transects, l\loscow-Khabaro\Sk and 
Khabaro,sk-Moscow, was approximately 8500 km in length and took 
6.25 days. Major cities along the railway are indicated by filled circles. 

movements of the train, and visual observations along the 
route were recorded in detail. A microwave temperature 
profiler was also part of the payload. A ll instrume nts were 
housed in a special rail car (Research Institute of Railroad 
Transport of Russia) situated immediately behind the 
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electric locomotive. Air intakes for instruments were 
attached to a frame structure on top of the science car. 
ACATS-IY sampled air at approximately 4 L min- 1 through 
5 m of 6.4-mm-outside-diameter Dekabon tubing wi th a 
Teflon diaphragm pump (model UN05, KNF Neuberger 
Inc., Princeton, New Jersey). A 2-mm-pore glass fiber filter 
was used to keep large particles out of the intake tubing. 
The sample s tream was dried with Mg(Cl04)i. 

The train traveled at a mean and maximum speed of 57 
and 129 km h-1

• Numerous stops were made during the 6.25 
days required to travel each direction . There were 216 
scheduled stops at stat ions wi th durations of 2-90 minutes. 
Track maintenance and s top signals accounted for 43 
unscheduled, non-stat ion stops with durations of 1-69 
minutes. In general, population density decreased wi th 
distance from Moscow, though large, industrialized cities 
were encountered a lmost daily a long the length of the 
railway. East of the Ural Mountain s, the population density 
is greatest in southern Siberia, near the railway. Rural areas 
were typically birch and larch fo rest (taiga) or rolling 
grasslands wi th some large lowland areas. The Moscow-
Khabarovsk segment of the rai lway spans lat itudes of 48.6° 
to 58.6° N and altitudes of 0 to 998 m above sea level. 
Temperature ranged from 3° to 33°C, with three daytime 
highs >30°C and three nighttime lows < I 0°C. Rain, heavy 
at times, was encountered on 12 of the 14 trave l days. 

Large fluctuations in the mixing ratios of some gases 
were observed during the expedition, as illustrated by the 
time series for the refrigerant CFC- 12 and fire ext inguishing 
agent halon-1211 (Figure 5.39). The variability ( I standard 
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Fig. 5.39. Time series of CFC-12 (top) and halon-1211 (bottom) mixing ratios during TROICA-7 as a function of distance from Moscow. For CFC-12. 
1here were 34 and 83 measurements > I 000 ppt during the eastbound and westbound transects. respectively, that are off-scale in this figure. There were 
2 eastbound and 4 1 westbound halon-1211 measurements > 7 ppt that are off-scale. Of interest for these two gases are their high variability along the 
railway and their generally higher mixing ratios during the westbound transect 
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dc,·iation) of e' Cl') gas measured along the rail\\'ay "as at 
least 50°0 greater than lls measurement precision (Table 
5.8). Variabilit) rclati\e 10 the mean mi:-.ing ratio wa\ 
high (>70°0) for CHCl1 and CO: 11-32% for CFC-12. 
halon- I:! I I. and CO, ; 6-9% for CFC- I 13 and C114 : and 
<3°o for N,O. SF6 • CFC- II , Cll 3CCl1. and CCl4 . 

Fluclllations in mixing ratio obsened along the raih,ay 
were also much greater than at Point 13arro". Alaska 
(BR\\'). during June-Jul y 2001 (Table 5.8) except for 
CH 3CCl 3, "hich showed about the same lo\\ 'ariabilit) at 
both locations. Ratios orTRO ICA-7 to BR\V \ariabilit) for 
gases other than Cl I ,CCl3 ranged from I. 7 for SF 6 10 59 for 
CFC-I:!. 

For gases that exhibited conct:ntrations higher than the 
northern hemispheric background. a major concern is the 
possibilit) of air sample contamination due to train-based 
sources fornard and or aft of the sampling inlets. No 
kno\\ n sources of the measured gases \\'ere located forn ard 
of the sample inlets. but > 100 mart there were small coal-
fired "ater heaters in passenger carriages and a working air 
conditioner in the restaurant car. There \\·as also an 
inoperative air cond itioning unit in the science carriage wi th 
no discernible pressure of CFC-12. lntuiti\cly. a forward 
source \\ ould frequentl y contaminate the air stream sampled 
by instruments, espec ial!) at high train speeds. An aft 
source cou ld ha' e contaminated samples" hen the train was 
moving slow! ) or stopped. 

To e:-.plore the possibilit) of contamination by train-
based sources, data for four highl y 'ariable gases (CFC-12. 
halon- I:! 11. CO. and were separated b) train speed: 
high. IO\\. and stopped. For\\'ard con1amina11011 of samples 
was im estigated by comparison of data at high train speeds 
wi th CM DL data al remote, h igh-latitudc northern 
hemisphere s itt:s during June-Jul) 200 I. For these gases. 
30-60% of the data taken at high train speeds were 
represcntati,·c of well -mixed. background air masses. 

indicating that samples \\Cre not consistent ly contaminated 
b) forward sources. This is supported b) the fact that 
de' ated mi:-.ing ratios (>80'h percentile) were detected lt: ss 
frequent I) at high train speeds than \\hen the train was 
stopped. ll owc,er. this t:\idencc. along \\ith s ignificantly 
lo\\ er fractions of background CFC- I:! and CO mi\ing 
ratios at stops compared \\ ith high train spi:eds. suggests 
that aft sources on the train man) ha\'c contaminated 
samples \\hen the train \\aS stopped. Of course. these 
biases may simpl) reflect the fact that the train stopped 
primaril) at stations in populated areas where sources were 
present. To explore train contamination from aft sources 
during stops. CFC- I:!. halon-121 I. CO. and CO: 
measurements made at scheduled station stops were 
st:parated from those made at unschcduh:d. non-station 
stops. For these four gases. fractions of background data at 
non-stat ion stops (57-80°/o) were I A lo 2.3 times greater 
than at station stops (24-4 71\o). Fractions of elcrnted 
mixing ratios at station stops were also factors of 1.3 to 3.5 
higher than at non-station stops. Though these statist ics for 
station and non-station stops do not preclude the poss ibility 
or sample contamination by the train during stops. the) 
strongly imply that sources proximate to train stations in 
populated areas "ere responsible for the ele,·atcd mi\ing 
ratios measured during stops. 

CFC- 12 and halon-1211 concentrations \\ere quite 
'ariablc during both the eastbound and westbound transects 
of TROICA-7 (Figure 5.39). but were general!) higher 
throughout the \\CSlbound re turn to Mosco\\ because or 
lame. sustained concentration increases obsened on some 
nigl11s. These increases. abo seen in C0 1• 

11' Rn. and Cl ICl1 
data (Figures ).40 and 5.4 1 ). occurred beneath noctu111al 
temperature in ' crsions that were much stron ger and 
prolonged during the westbound transect ( Figures 5.40a and 
5.4 1a). Increases in and CO: beneath the night1ime 
inversions \\ere generall y broad and \\ell-corrt:lated because 

TABLE 5.8. Summary Statistics of Gas Measurements During TROICA-7 and at Barro\\. Alaska 

TROICA-7 

75rn - 25.n 95•h - 5•h BR\\' 
Gas N \lean \tedian Precision• \'ariahilit) -<· Percentile Percentile Variahilityt 

1',0 (ppl) 10815 316.7 316.4 0.6 1.9 I. I 3.7 0.8 
sr. (pp1l 11 086 5.00 4.99 0.05 0.15 0.07 0.19 0.09 
CFC-12 {pptl 11132 573 551 4 118 36 123 2 
llalon-1211 {pp!) 11125 H6 4.55 0.0.J 0.52 0.25 0.94 0.04 
CFC-I I {ppt) 4629 263.0 262.0 0.5 5.3 1.3 6.3 1.2 
CFC- I 13 (ppl) 4573 82.3 81.9 0.3 7.2 0.9 2.3 0.7 
CHCI , (ppt) 4929 16.3 14.1 0.2 12.6 .J.2 15.3 1.7 
CH,CCJ, (ppt) 4700 38.9 38.8 0.5 0.8 I. I 2.1 0.8 
CCI, (ppt) 4690 102.7 l02.5 0.4 2.5 0.6 2.3 0.4 
H, (ppb) 463.J 549 507 14 177 66 350 15 
CO{ppb) 82.JI 146 126 10 102 59 218 5 
CH, (pph) 4459 1882 1852 16 109 83 212 2l 
CO, (ppm) 10706 379.3 365.3 .j 1.8 2.J.9 127.8 1.4 

*Precision is e-...pressed as the standard de' iation of residuals of AC A TS-I\' calibration measun:mcnts made during the e'pedition. "here residuals 
are de' iations of ra\\ calibration data from >lllOOthed. drift-corrected calibra11011 data. 

tTRO IC A-7 'ariability is e\pressed as l standard de\ iation. 
t BR\V ' ariabilit} is expressed as the standard de\iation of residuals of houri) a'erages of in situ obscrrntions made at Pomt Barro\\. Alaska 

{ T2° :-; ). during June-Jul} 200 I. Re,iduab are de\ iatiom, from smooth cun e lits to the data that account for seasonal cycles and longer-term trends. 
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Fig. 5.40. Solar flux, temperature difference, and mixing ratios for C02, 
222Rn, CFC-12, halon-1211. and CHCl3 during the eastbound transect ofTROlCA-7. 

The mixing ratios of these gases increased broadly beneath relatively weak temperature inversions during several nights of the transect. CFC- 12, halon-
1211, and CHC13 mixing ratios also sharply increased near several cities. Data for these gases are the 20th percentiles in 1-h windows. Solar fluxes identify 
daytime and nighttime periods . .6.T is the difference in temperature at 0 and 600 m above the science car roof such that .6.T < 0 indicates a temperature 
inversion. Major cities along the railway are listed along the bottom axis. 
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Fig. 5.4 1. Same as Figure 5.40, except for the westbound transect ofTROICA-7. Time series should be viewed from right to left (east to west) as the train 
retumed to Moscow. Several strong nighttime temperature inversions caused large. broad increases in gas concentrations. Note the greatly expanded 
concentration ranges compared with those in Figure 5.40. the result of stronger temperature inversions and perhaps greater emissions from upwind sources. 
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both gases a re wide ly emitted by soils. S imil ar nighttime 
incre ases in 222 Rn , C02, a nd other gases have been observed 
during previous TRO ICA expeditions [Bergamaschi et al., 
1998; Crutzen et al., 1998; Oberlander et al., 2002]. 
C HCl3, CFC- 12, a nd ha lon- 12 11 m ixi ng ratios increased 
broadly be neath several nighttime invers ions and sharp ly 
near some c it ies. Nigh tt ime increases in these ha locarbons 
were typic all y coincident wi th inc reased 222 Rn and CO, but 
their magnitudes were not genera lly consiste nt with ihRn 
and C0 2 increases, possibly because o f geographi cal 
var iations in the s treng ths o f halocarbon sources. 

Ana lyses o f the TROICA-7 data continue in an e ffo rt to 
characteri ze the source e missions, t ransport, a nd boundary 
laye r dyna mics responsible fo r the observed trace gas 
variabi lity. Under the Montreal Protocol on Substances 
that Deplete the Ozone layer [ UNEP, 1987], non-Art icle 5 
(developed) countri es like Russ ia a nd the United States 
were requi red to cease production of ha lons a nd C FCs by 
Ja nuary 1994 and 1996, respecti vely. Economic d iffi culties 
prevented Russ ia from mee ting these targe t dates. Only 
with substanti a l financial incentives did Russ ia fina lly cease 
C FC and halon production in December 2000. Inspecto rs 
have since veri fied that Russia is no longer produc ing C FCs 
and ha Ions. It is o f great interest now to determine whether 
the detected emissions of CFC- 12 and ha lon- 12 1 I a long the 
tra ns-Siberian railway a re re lated to stockpile leaks, dis-
charges from in-use s tructures a nd equipme nt, o r seepage 
from abandoned s tructures a nd d isca rded equipment. 
CMDL sc ienti sts inte nd to be part of the next T ROICA 
expedition proposed for winter 2002/2003. 

5.5.3. FIRN AIR SAl\IPLING, 2001 

In Jan ua ry 200 I , CM DL sc ie nt ists joined invest igators 
from Bowdoin Universi ty, Pri nceton Uni versity, and the 
University of Wisconsin to collect an archive of 2o•h 
century a ir from the fi rn (snowpack) at South Pole (Figure 
5.42). Sampl es were co llected into separa te pa irs of 3-L 
g lass fl asks for measurements o f Oi/N2 (by Bowdoin a nd 
Princeton) and carbon cycle gases (by CM DL/CCGG); 
ind ividual 3-L s tai nless-steel and g lass flasks for 
measurements o f halocarbons, N 20 , SF6, and COS; large 
(33-L) sta inless-stee l canisters to mai nta in an arch ive of air 
for futu re analyses; and a few can isters each for 
measurement of 14C H4 (by N IWA and CS IRO) and very 
low-level ana lyses of SF6 (by Scri pps Inst itution of 
Oceonograpy, SIO) (Table 5 .9). A ll samples were ana lyzed 
d uring 2001 , incl uding ini tia l ana lyses of the archive 
canis te rs. Although it was hoped to obta in air dat ing back 
to the turn of the century, the ana lyses suggest that the 
earl iest date was 192 1 for C02 and just after 1900 for gases 
that diffuse more s lowly, such as methyl bromide and 
meth yl chloride. 

CM DL scient is ts have been participat ing in the collection 
a nd a na lys is of fi rn air from Antarct ica and G reenland s ince 
1995 . Samples have been analyzed from Vostok, Taylor 
Dome, South Po le, and Siple Dome in An tarct ica and from 
Tunu in Greenland. The data have been used to estimate the 
atmospheric h istories of these gases where real-t ime 
measurements were not ava ilable [Bal/le et al., 1996; Butler 
e t al .. I 999] , ex tending the earl iest records of many t race 
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Fig. 5.42. Bladder being sent down into one of the two holes at South 
Pole for subsequent sampling of fim air. The 10-m-long bladder was 
pressurized 10 inhibit airflow from above while fim air was sampled 
through a 15-cm-high, stainless-steel-lined open chamber s ituated 
between the bottom of the bladder and the bollom of the hole. Each of 
two holes, extending ultimately 10 the snow-ice transition at 122-m 
depth, was drilled and sampled at 2- to 10-m increments. The drill lies 
on the snow 10 the left. 

gases from the late 1970s back to the end of the 19•h 
century. They also have been used to evaluate seasonal 
bias ing of the mean gas mix ing ratios [Severinghaus et al., 
2001]. T he 200 1 samp ling at South Po le was the second 
deep sampling conducted at that site; the firs t was in 1995. 
Samples from this most recent collection provide a uniq ue 
opportunity to examine the diffus ion of trace gases in the 
fi rn (Figures 5.43 and 5.44), which should reduce error in 
the est imation of the age of the firn air. A lso, the o ldest 
firn air ever collected comes from South Pole, whic h makes 
the archived samples particularly val uable for fu ture 
a nalyses o f gases not yet reported. 

Pre liminary evaluation o f the data from the 200 1 
campaign shows that diffusion rates of gases in the firn are 
very c lose to molecular rates, calculated by extrapo lat ion of 
measu rements made at very high tempera tures to the 
temperature of the firn , - -50 ° C. Although often used in 
models of firn a ir movement , such extrapolated va lues are 
always suspect. Determination of the actua l d iffus ion rates 
in the fi rn will remove this uncerta inty and allow for the 
direct ca lculation o f gas di ffus ion at these temperatures and, 
subsequentl y, the mean age of the air at each depth. 

TABLE 5.9. Gases Measured in South Pole Fim Air, 2001 

Insti tution 

CM DL or Univ. of 
Colorado 

Princeton Univ. 
orSIO 

NIWA or CSIRO 

Gas 

CO,, CO, CH,, N20, H2, SF6, CFCs, 1-ICFCs, 
HFC-134a, CH3Br, CH3CI, Cl-131, COS, 
halons, tJco, 

•sN,O, N,'so, isN,, iso,. 110 ,, t•co,. 
Ar, Kr, Xe. Ne, Ar/Ni. 0 1/Ni, SF6 

14CH, 



0 
0 

-20 

-40 

-60 

.s 

.c a. 
-80 

-100 

Dry Mole Fraction (ppt) 

50 100 150 200 250 300 

+········· ···+·· ··········· ! ....... • ............ . 
; l l 
i j j !• : 

.............. i ........ ..... L ........... .l ..........•. ! . ... .... : .............. . . : : :a 
: : : 

·························' . , : .. -
: • :. l l 

: . : : : 
...... j ............... , . . . . 

i.· • l . I 
· i········ .. : .............. . 

• 1995, Both Holes, Glass Only 
• 2001, Hole 1. Glass 

-120 A 2001, Hole 1, Steel 
• 2001, Hole 2 , Glass 
A 2001, Hole 2 , S teel 

-140 L--..i....--=========::...1 
Fig. 5.43. CFC- I I in South Pole fim air in 1995 and 2001. Samples in 
1995 were collected from two separate but only imo glass flasks. 
Samples in 200 I also were collected from two separate holes, but both 
glass and electropolished stainless-steel flasks were used. ote the lower 
\alue at the surface in 200 I, reflecting the decreased atmospheric burden 
between 1995 and 2001. Also note the 20-m penetration at mid-depth, 
where the gradient is steepest and venical restriction still low. 

Data are being analyzed and evaluated with the obj ect ives 
to (I) improve estimates of trace gas diffusion at low 
temperatures and the corresponding effect on mean-age 
estimates for lirn air samples and (2) report 20'h cen tury 
hi sto ries of gases, such as COS, previous ly not ana lyzed 
throughout the century. Other laboratories are currently 
analyzing the archive of air in 33- L canisters in an attempt 
to obtai n reliable records of additional gases . It is 
anticipated that sufficient air will be availab le for analysis 
of even more gases a nd isotopes as new ana lytica l 
techniques become available. 
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