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5.1. CONTINUING PROGRAMS 

5. 1.1. I NT RODUCTION 

Researc h conducted by the Nitrous Oxide and 
Halocompounds Group (NO AH ) of CMDL in 1996 and 
1997 included: ( 1) weekly flask sampling and analysis of 
air from remote locat ions and regionall y influenced s ites, 
(2) operation of instrumentation for hourl y, in s itu 
measurement of trace gases at the fou r CM DL 
observato ries and a t four regionally influenced sites, (3) 
pre parati on and maintenance of calibration gases for all 
measurement s, (4) part icipat ion on campaigns requirin g in 
s itu st ratospheric measure ments from high-altitude aircraft 
and balloons, (5) investigation of oceanic processes 
influenci ng trace gas composition of the atmosphe re, (6 ) in 
situ monitoring of air at multiple elevations from tall 
towers, and (7 ) measurement of gases in air th at is archi ved 
in consolidated polar s now in Antarctica and Greenl and . 

The main mission of NOA H is to measure and to evalu-
ate the di stribut ion and trends of nitrous oxide (N20 ) and 
many halogenated gases in the atmosphere and ocean with 
the best analyti cal tool s ava il able. The halogenated gases, 
or halocompounds, include the chloronuorocarbons 
(CFCs), chlorinated solvents (CCI 4 , C H3CCI3, C HCI3 , 
etc.) , hydrochlorofluorocarbons (HCFCs), hydrofluoro-
carbons (HFCs), methyl halides, halons, and sulfur 
hexafluoride (S F6). The recent motivations for measuri ng 
these compounds arc: ( I ) that many of the brominated and 
chlorinated compounds tha t cause ozone depletion are 
being phased out of production as required by the amended 
and adjusted Montreal Protoco l [United Nations 
E11 viron111ental Prog ramme (UNEPJ, 1987, 1997], and (2) 
that these and many of the compounds introduced to 
replace them con tribute to global warming. The Protoco l 
of the Third Con ference of Pa rties to the United Nations 
(UN) Framework Conve ntion on Climate Change, held in 
Kyoto, Japan, December 1997 , recommended future li mits 
on the emiss ions of s ix compounds or compound g roups: 
( I ) carbon d ioxide (C0 2). (2) methane (C H4 ) , (3) nitrous 
oxide (N20 ), (4 ) HFCs, (5) SF6, and (6) the 
perfluorocarbons (PFC). The las t four o f these s ix 
categories a re within the do main of NOAH 's research. 

Contin uing programs within NOAH are based upon in 
s itu o r flask ai r sample measurements from fou r CMDL 
observatories and nine cooperative sampling s ites (Figure 
5.1, T able 5 . 1. These stations provide a robust network for 
eval uating global atmospheri c change and hemispheri c 
relationships fo r the various compound s. 

One of the more significant discoveries in the past 2 
years is the turnover of total anthropogeni c chlori ne in the 
atmosphere. Thi s finding came from the combined result s 
o f flask sampling, in si tu monitoring, and stand ards 
programs and is d iscussed in the following sec tions. 
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Fig. 5. 1. Geographic locations of old and new stations in the NOAH 
flask (gray circles) and in situ (crosses) networks. The site for the 
tropical balloon launches, Juazeiro do Nono, Brazil, is noted by an "X." 

Other sig11t11c ant results include the observed g lobal 
inc reases in N20 and SF6 . aga in in both flask 
and in s itu monitoring, the continued growth of 
atmospheric HC FCs and HFCs as they increasingly are 
used as repl acements fo r the ozone-depleting CFCs, and 
the surpri s ing, protracted growth of the halons in the 
atmosphere years after the cessation of their production in 
developed countries. 

5.1.2. FLASK SAMPLES 

Overview 
The flask sampling program has undergone a few 

changes in 1996- 1997 designed mainly to facilitate 
process ing of samples and data . O ver the past decade the 
number of gases analyzed by this group has ri sen from 3 to 
over 25 and the number of weekly sampling s ites has more 
than doubl ed, from 5 to 11 (Fi gure 5. 1, Table 5. 1 ) . 
Addi tional flasks arc collected as pa rt of special projec ts, 
including oceanic expeditions, pol ar firn sampling , and 
aircraft missions. Flasks that once were a nalyzed by one 
instrument are now analyzed by four in struments, two of 
whi ch are mass spectrometers (T able 5.2). This increase in 
the number of nasks sampled and gases measured has 
resulted in a considerable increase in the laboratory 
workload. Attempts to offset thi s have focu sed on 
automation of ins truments, st reamlining of data processing, 
and improvement of qual it y control. In 1991 the firs t of 
the au tomated instruments, a three-channel gas 
chromatograph (GC) electron capture de tec1or (ECO) 
system capabl e of measu ring seven gases, was put in 
service. T his sys tem replaced the o ld manual, one-c hannel 



TABLE 5.1. Geographic and Network Information on NOAH Network Siles 

Elevations LST-GMT 
Code Station Latitude Longitude (Ill) (hr) Type 

ALT Alert, Northwest Territories, Canada (AES)* 82.45°N 62.52°W 210 -4 F, I 
BRW Point Barrow, Alaska 71.32°N 136.60°W II -9 F, I 
MHT Mace Head. Ireland (Uni versity College) 53.33°N 9.90°W 26 0 F 
LEF WLEF tower, Wisconsin (CMDL-CCG) 45.95°N 90.28°\V 470 -6 F, 1 
HFM Harvard Forest, Massachusetts (Harvard Un iversity) 42.54°N 72.18°\V 340 -5 F, I 
NWR Niwot Ridge. Colorado (University of Colorado) 40.0.J 0 N 105.54°W 3013 -7 F, I 
ITN W!TN tower, North Carolina (Cl\IDL-CCG) 35.37°N 77.39°W 9 -5 F, l 
MLO Mauna Loa. Hawaii 19.54°N 155.58°W 3397 -10 F, I 
KUM Cape Kumukahi. Hawaii 19.52°N 15-1.82°W 3 -10 F 
SMO Tuluila. American Samoa l-1.23°S 170.56°W 77 -I I F.1 
CGO Cape Grim, Tasmania, Australiat 40.41°S l-14.64°E 94 +10 F 
PSA Palmer Station, Antarctica+ 64.92°S 64.00°\V 10 +12 F 
SPO South Pole, Antarctica 89.98°S 102.00°E 284 1 +12 F. I 

Cooperative sites (F = flasks, I = in situ)" ith: 
• In situ GC: Only N20 and SF6: flask sampling for all gases, however. 
tCommom,ealth Scientific and Industrial Research Organization (CS IRO) and Bureau of Meteorology, Australia 
+Only glass flasks used. 

GC/ECD 1ha1 measured only three gases [Tho111pso11 et al., 
1985 ]. Afler a few years of debugging and inter-
comparison, the old, manual GC/ECD was ret ired in 1996. 
Software for running 1he au1oma1cd GC/ECD system was 
upgraded in 1995. In the pas! 2 years quality control 
programs were written and a database developed that now 
allows evaluation of da1a from immediately 
following analys is. 

TABLE 5.2. Instrumentation fo r NOAH 
Flask Analysis 

Instrument Type Gases 
Frequency of 
Network Data 

OTTO GC/ECD. 3-channcl. N!O· Weekly 

LEAPS 

1sothennal CFC's (3) CIC's (2) 
SF6 

GC/ECD. I -channel. Ha Ions (2) CH ,Cl 
temperature CH3BrCFC's Cl) 
programmed 

HCFC-1\IS GC/MS, I-channel, 
temperature 
programmed 

HCFCs (3) 
HFCs (I) 
CFCs (3) 
Halons (I) 
CICs (6) 
BrCs (3) 

HFC-1\IS GC/l\ IS. I-channel. 
temperature 
programmed 

HCFCs (5J 
HFCs (2) 
CFCs (2) 
Halons (2) 
CICs (6) 
BrCs (3) 
CIBrCs (3) 

Semi-monthly 
to monthly 

Semi-monthly 

Semi-month!} 
to monthly 
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Other efforts at au tomati on included the GC mass 
spectrometer (MS) mainly responsible for measurement of 
llCFC's and methyl halides, and an additional GC electron 
caplure detector (ECO) system, Low Electron Attachment 
Potential Species (LEAPS), mainly used for measurement 
of halons and methyl bromide. Programs also have been 
wriuen to speed up processing of data from these 
inst ruments. Peak integration is now fully automated on 
both GC/MS instruments, alt hough manual integration of 
peaks is still necessary on 1he LEAPS GC/ECD system. 

Thirty-two new, 3-L sampling flasks from Meriter 
Corporation (San Jose. California) were purchased for 
incl usion in our sampling network. T hese flask s are 
constructed from no. 316 stainless steel, are highly 
e lectropolished, and ha·1e minimal internal weld exposure. 
Stability is excellent for most gases in these flasks, 
alt hough CCl4 and, 10 a lesser extent, CH3CCl3 can 
degrade over the long term as they do in all sta inless steel 
flasks filled wilh dry air. Recent work with glass flasks in 
sampl ing firn a ir has shown that glass flasks identical to 
those used in 1he carbon cycle network can be used for 
sampling halocarbons over the short term. Further 1es1s uf 
flasks already in th e network showed 1ha1 many of them, 
depending upon their history, can be contaminated. We 
continue to purchase and tes1 these in small lots as a 
possible optio n for use in special projects and for 
measuring gases that arc less stable in selected stainless 
steel flasks. 

A number of improvements at our flask sampling sites 
during 1996 and 1997 were made. At SMO the sample 
inlet was moved from 1hc stack to 1he pump board Air-
Cadet tnlct system of the Radiatively Imporlant Trace 
Species (RITS) GC to avoid cross contamination from 
other observatory instruments with inlets attached to the 
stack. Samples are now collected from the continuous 
flow, pressurized inlet at all sites except CGO, which will 
be changed over in 1998. Because of concerns about 1he 
durab ilit y of the Air-Cade! pumps for use with the RlTS 



inlet system and flask sampling, ex isting pumps were 
repl aced wi th K NF Neuberger N-05 pumps during visits lo 
the South Pole Observatory, Antarctica (SPO), Mauna Loa 
Observatory, Hawai i (MLO), Cape Kumukahi, Hawaii 
(KUM), and SMO. Pumps at the remai ning s ites will be 
upgraded in 1998. At KUM before November 1997, a 
pump system was connected upst ream of the continuo usly 
flowing, Air Cadet pump lo facilitate flask sampling. In 
November 1997 the Ai r cadet pump was replaced by a 
continuously fl owing KNF Neuberger pump. F lasks can 
now be sampled from a simple mani fo ld. BRW and CGO 
will be visited in 1998 to receive the same improveme nts. 
At NWR, AC power was installed at T -van. The battery-
powered pump system wi ll be repl aced by a new system 
that all ows flasks to be fill ed to higher pressures. 

In addition to improvements at these s ites, sampling wi th 
g lass fl asks was in it iated at P almer S tati o n , Antarctica 
(PSA) at the end of 1997 in an at tempt to understand the 
seasonal cycling o f some of the more react ive halogens at a 
southern he mi spheric coastal site. The objective is to 
compare results from thi s si te wit h those from BRW where 
seasonal cycles are pronounced and perhaps influenced by 
the sprin gtime breakup o f ice. With assistance from 
CMD L's Carbon Cycle Group (CCG), samples are 
collected in g lass fl asks two times per month. The glass 
flasks are filled to about 1.3 kPa with the CCG MAKS 
sampling apparatus by personnel t rai ned by CCG. 
Although contaminatio n is observed for some halocarbons, 
pump tests and preliminary results suggest good data can 
be obtained for many other compounds with this technique. 

CFCs and Chlorocarbo11s 
Measurements fro m the automated fl ask GC (OTTO ) 

s how that at mospheric mixing ratios o f CFC- I I and CFC-
11 3 con tinued to decline th roug h 1996 and 1997 at rates 
simil ar to those previously reported for earli er years 
[Mo111zka el a l., 1996]. while the g rowth rate of C FC-12, 
although st ill positive, decreased from 5.9 to around 4 ppl 
yr-I (see cover figure) . As a result of declin ing 
concentrations and g ro wth rates fo r CFCs, meth yl 
chloroform, and CC14 , the amo unt o f chl orine, equi va lent 
chlorine (chlorine + bromine weigh ted by an efficiency 
factor), and effective e qui valent c h lori ne (equ ivale n t 
ch lorine weighted by destruct io n rates in the midlatitude 
stratosphere) con tained withi n long-lived, halogenated 
gases (CFCs, HCFCs, C H3CC13 , CC14 , a nd halons), peaked 
in 1992-1994 and decli ned through 1995 [Mo11tzka et a l., 
1996]. C111111old et al. [ 1997] found s imi lar result s for 
chlorine-containing compounds measured by the Advanced 
Global Atmospheric Gases Experiment (AGAGE). The 
measurements suggest that declines in these q uant it ies 
cont inued during l 996- 1997 at rates s imi lar to those 
observed in mid-1995 (Figure 5.2). Amounts observed at 
the end o f 1997 represen t a dec rease of 2-4% from the peak 
C l, ECI, and EECI delivered to the at mosphere from these 
gases in earlier years . Relative decl ines in the total 
atmospheric burden of Cl , ECl, and EECl are s maller 
because other gases (e.g., C H3C I and C H3B r) also 
contribu te signifi can tly to the atmosphe ric burden of these 
quantities. 

The gas cont ribu ting the most to this decl ine is 
C H3CCl3 , wh ich has an atmospheric li fetime o f less than 5 
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Fig. 5.2. Trends in chlorine, equivalent chlorine (chlorine + bromine 
multiplied by an efficiency factor of 50), and effec1ive equivalent 
chlorine (equivalent chlorine where compound-specific halogen release 
rates are considered) from CFCs, HCFCs, halons, CC14, and CH3CCly 
Symbols refer to the nonhem hemisphere (filled diamonds), southern 
hemisphere (filled squares), and global tropospheric mean (crosses). 

years. As this gas is removed from the atmosphere, the 
overall rate o f t he decline in total chlorine will become 
slower. However, distributions and trends o f thi s gas 
all ow understand ing of other atmospheric processes. For 
example, the difference in the atmospheric mixing ratio of 
C H 3CCl3 between hemispheres has become dramatically 
s maller since 1992 as emissions have decl ined. The global 
latitudi nal distribution of C H3CCl3 in 1992 and ear lier 
years reflected the distribu tio n of sou rces; mi xi ng ratios in 
the northern hemisphere were higher than in the southern 



hemisphere because this solvent was emi11cd pre-
dominantly in the northern hemisphere. As emissions 
become in significant, the distribution of C H3CCl3 will 
instead reflect the latitudinal distribution of sink s for thi s 
compound, which is dominated by the reacti on of C H3CCl 3 
with the hydroxyl radical (Figure 5.3 ). Since the summer 
of 1996, mixing ratios at SMO have been lower than at 
CGO, likely as a result of the greater abundance of OH in 
the tropics. Continued monitoring of methyl c hloroform as 
emissions diminis h further should allow for refined 
estimates of the global li fe time of CH 3CCl 3 and, therefore , 
of other trace gases that react with OH. It also wi ll be 
useful in es timating the relative mean O H abundance in the 
northern and southern hemis pheres. 

The global mixing ratio of CCl.1 is more difficult to 
determine from flask samples because CCl4 (and to a muc h 
lesse r extent CH 3CCl 3 and CH3Br) can be degraded in dry 
air samples s tored fo r extended periods in stainless steel 
flask s. This is indi cated by anomalously low mixing ratios 
and poor flask pair agreement in many of the samples 
collected at SPO a nd less frequ entl y from wintertime 
samples collected at ALT, BRW , MLO, and NWR. 
Nevertheless, measurements from re li ab le flask samples 
(those for which pair agreement is within acceptable 
limits) support the trends and abundance determine d by the 
RITS program, showing a continued dec rease of 0.8 ppt 
yr· I for atmospheric CCl4 through 1996 and 1997. 
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Fig. 5.3. The annual mean abundance of mcth) !chloroform rela1ive 10 
!he abundance at Cape Gnm. Tasmania, for 1ha1 year Similar years are 
conncc1ed wi1h lines 10 guide !he eye. Mi xi ng rauos are de1ermincd 
from GC/MS analysis of paired nask samples. 

Np 
The growth rate of atmospheric N20 over the past two 

decades has ranged from under 0.5 to over 1.0 ppt yr· I . 
The mean , globally-averaged growth rate o f thi s gas from 
fla sk measureme nt s during this time was 0.75 ± 0.03 (95% 
confidence limits (C. L. )) ppt yr·l, which amounts to about 
0.25% yr·l. These data and growth rates arc from 20 years 
o f flask analyses a nd arc corroborated by measurements 
with RITS in s itu instrumentation o ver the past 11 years 
(sec tion 5 . 1. 3). The factors that cause thi s increase and 
determine the iso topic composition of atmospheric N20 are 
currently unexplained [8011w111a11 er al., 1995: Cicerone, 
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1989; Kim a11d Craig, 1993]. However, our measurements 
of firn air [Bartle er al. , 1996] and other ice-core records 
[Khalil and Ras11111sse11, 1989; Le11e11berger and 
Siegenrhaler. 1992; Ma chida er al . . 1995] show c learly 
that N20 has been increas ing in the atmosphere for at least 
the past I 00 years. 

SF6 
SF6 is a trace gas only recently introduced into the 

atmosphere. It has a lifetime of -3200 years 
[Ravislzankara er al., 1993] and a g reenhouse warming 
potent ial (GWP) of 15 ,000-35,000 [Schimel et al. , 1996], 
making it an extraordinarily strong greenhouse gas on a per 
molecule basis. SF6 is used mainly as an insu lato r in 
electrical transformers and circuit breakers. Once leaked 
into the at mosphere, it will persist for millennia. Al-
though present at low ppt levels in today's atmosphere and 
cu rre ntly of little global consequence, SF6 has been 
increasing in abundance since the early 1970s [Geller er 
al., 1997; Maiss a11d Levi11, 1994]. SF6 data, which 
include archived air samples and recent samples from the 
fla sk network , show that the growth rate has not changed 
much over the pas t dec ade (Figure 5.4). The growth rate 
of 0.20 ± 0.03 (95'k C.L.) ppt yr· 1 from the flask network 
samples, which run from 1995-1998, does not differ 
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Fig. 5.4. CMDL measurements of atmospheric SF6. (a} Global and 
hemispheric averages of the dry mole fraction of SF6 in nask samples 
dating back to 1995. (b) Annual growth rates calculated from year-to-
year differences in the global mean N20. The dark line is a loess srnomh 
of the daia. 



significantly from 1he 0.22 ± 0.03 (95% C.L.) ppl yr·l 
determined from archived NWR samples which go back 10 
1987. Northern hemisphere (NH), southern hemisphere 
(S H), and global growth rates for this gas are identical, 
which is 10 be expected for a gas with cons1an1 source 
strength and long lifetime. 

Halons 
Measurements show 1ha1 the atmospheri c burden of 

halons H- 130 I and H-1211 has doubled and that of H-2402 
has increased by over half during the past decade (Figure 
5.5) [Butler et al., 1998). Halon mixing ratios continued 
to increase in recent years despite an in ternational ban on 
their produ ction and sales in developed nati ons e ffecti ve 
Janu ary I , 1994. The growth rate of H-130 I appears 10 
have slowed recentl y, but i1 remains s ignifi cant (Table 5.3, 
Figure 5.5a) and, within slated uncertai nti es, 1he 1997 
growth rate does no1 differ from 1ha1 reported for the end 
of 1996 [B11tler et al. , 1998). Atmospheric H-1 21 1 is 
increasing al a much higher rate than H- 130 I and has nol 
shown much sign of slowing over the past decade (Table 
5.3, Fi gure 5.5b). The 1997 tropospheric growth is 
virtuall y identical 10 growth over 1he past decade. 
Allhough 1he growth ra1e of H-2402 is subs1an1ially slower 
1h an 1ha1 of 1hc oth er two halons, H-2402 contains 1wo 
bromine atoms per mol ecul e. Thus the increase of Br due 
10 growth of H-2402 in lhe atmosphere in 1996 is almosl 
half 1ha1 of H-1 30 I and about one-tenth tha1 of H-1 2 11 . 

Few measurements of halons that allow for accurate 
comparisons 10 the results presented here have been 
reported over the past decade. Usually such reports are 
associated with fi eld m1 ss1ons 1ha1 are limited in 
geographic distribution , period of sampli ng, or both. Some 
are part of s1ra1ospheric in ves 1iga1ions , so con1ribu1e only 
a few va lues for the troposphe re. Even if these differences 
in sampling arc taken into account , ii is still clear 1ha1 
measurements from these studies in the past have no1 
agreed well (Figure 5.6). Such widespread disagreement 
amon g laboratories underscores the need for ex tensive 
in1ercalibra1ion among inves1iga1ors making these 
measurements. Small offsets in calibrat ion can lead 10 
large errors in est imates of po1en1ial ozone depleti on 
because of 1he possibility of 1he halons offse11ing gains in 
s1ra1ospheri c ozone pro1ec1 ion resulting from reductions in 
chlorocarbon emi ss ions [e. g. , Mont z.ka et al., 1996] . Smal l 
errors in estimat in g lhe atmospheric burden of halon s can 
lead to s ignificant errors in es1ima1es of the atmospheric 
burden or trend of equivalent chlorine in the atmosphere 
[Daniel et al. 1996] . 

Evaluations of the growth rates and the amounts of 
"banked " halon available for use suggest that H-130 1 
emissions could continue at the present rate for another 40 
years before depleting 1he bank of H-130 I [B11tler et al., 
1998). This would leave an atmospheric mixing rat io of 
3.6 ppt, or 57% higher than observed today. Under the 
same scenario , reserves of H-1211 would be depleted in 8 
10 12 years leaving an atmospheric mixing ratio of 4.6-5.0 
ppl, or 3 1-43% hi gher than observed today. However, 
there is a significant di screpancy between H- 121 1 
emiss ions calculated from production and use and 
emissions deduced from atmospheri c measurements. The 
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discrepancy can be reconc iled by lowering estimated 
emiss ions by -259c, reducing the atmospheric lifetime of 
H-121 1 from the 20 years given in Kaye et al., [1994) 10 
11 years or some combinat ion of 1he two [Butler et al., 
1998). These uncertainties cause considerable doubt in 
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T ABLE 5.3. Atmospheric Halons 

Troposphe1ic Mole Fraction 
(pmol mol-1) 

Global Growth Rate 
(pmol 11101-1 yrl) 

H-1301 
H-12 11 
H-2402 

2.4±0. l 
3.6 ±0. l 
0.45 ± 0.03 

0.044 ± 0.0 I 5 
0. 15 ±0.02 
0.009 ± 0.001 

Tropospheric mole fractions for H-130 l and H-12 11 are for the end 
of 1997. The tropospheric mole fraction for H-2402 is for the end of 
1996. Global growth rates for H-130 1 and H-1 2 11 are given as the 
observed change in the latitudinally weighted, global, mean 1111xmg 
ratios for 1995-1997 for H-12 11 and for 1995-1996 for H-2402. 
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Fig. 5.6. Measurements of tropospheric halons over the past decade. 
Solid lines are CMDL global averages for (a) H-1 2 11 and (b) H-130 1. 
Symbols signify measurements by other laboratories and research 
groups. Filled squares represent work by Khalil and Rasmussen [Eh/wit 
et al. 1988, Khalil and Rasmussen. 1992], open triangles are from a 
study by Singh et al. [ 1988]. open squares represent measurements by 
Oertel [ 1992]. fi lled circk s arc measurements by C.J.-L. Wang, D.R. 
Blake, N. Blake, and F.S. Rowland, as given in Loren:e11 -Sch111idt 
[1994]. filled diamonds are values from Loren:en-Schmidt [ 199-t]. open 
circles are from Schauffler et al. [ 1993]. and filled triangles are from 
Fabian et al. [ 1994). 
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modeled predictions of the future burden and fate of 
H-121 1 in the atmosphere. It is not certain whether the 
continued rapid increase in H-121 1 res ul ts from a 
depiction of known reserves , inordi nately high fugi ti ve 
emissions during its production in thi rd world countries, o r 
un reported production of halon. 

Chlorofluorocarbon Alternatives Measurement Program 
(CA MP) 

Measurements of chlorofluorocarbon alternatives 
cont inued on two instruments during 1996 and 1997. On 
average, one to three flask pairs per month from eight 
remote and three regional sampling locations were 
analyzed on the o lder GC-MS in st rument. In addi tion, 
abo ut one sample flask pair pe r month was a nalyzed from 
the remote locations on the in stru ment dedicated to making 
measurements of HFC- I 34a. The main changes made in 
this program involved automated data manipulation on 
both instruments as of January 1997 and automated 
analysis of larger flasks on the o lder GC-MS instrument as 
of September 1997. 

Au tomated data manipulation allows res ul ts to be 
calcu lated and compi led more efficien tly. This is achieved 
through the use of macros that determine chromatographic 
peak areas and calculate and compile results with a 
commercially-available spreadsheet software package. 
Automation allows for unattended analys is of up to eight 
flasks or four high-pressure cylinders. Flasks and 
secondary air standards are connected via a 16-port stream 
select ion valve to the instrument inlet. Flows from flasks 
are regu lated with different le ngths of s mall diameter 
s tain less steel tubing that are matched to the in itial flask 
pressures. With automated analysis, agreement between 
replicate inject io ns and between simultaneously filled 
flasks is s imil ar to or improved over manual analysis. 
Results from a subset of flasks analyzed by both methods 
agreed for nearly al l compounds. Some small offsets were 
observed for HCFC- l-l2b and HCFC-14 1 b and appear to 
resu lt from problems associated wi th manual analysis of 
flasks. Protocols for rou tine checking of sample integrity 
as it passes through the multiple sampling ports are being 
implemented. 

Mixi ng rati os of the most abundant HCFCs (HCFC-22, 
-141b, and - 142b) continue to increase throughout the 
troposphere (Figure 5. 7, Table 5.4). In mid- 1997 these 
three gases accou nted for abou t 5% or 150 ppt of the 
atmospheric burden of chlorine contained wi th in long-
lived, anthropogenic halocarbons. This amou nt was 
increasing by about 10 ppt per year in 1997 or similar to 
that reported for earlier years [Elkins et al., l 996a; 
Montzka et al., 1996). 

Cont inued increases were also observed fo r HFC- I 34a, a 
gas fo r which rest rictions on future use are being 
considered as part of the Kyoto Protocol (Figure 5.7, Table 
5.4). Global mix ing ratios of this CFC repl acement are 
current ly below I 0 ppt. Because of laboratory ai r 
con tamination and other issues, the number of good 
measurements made in 1997 was limited, but 
improvements arc being implemented to avoid these 
problems in the future. 
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Fig. 5.7. Atmospheric dry mole fractions (ppl) of the most abundant 
HCFCs and HFC-134a. Each point represents the mean of two 
simultaneously filled nasks from one of eight stations: ALT, fi lled circle: 
BRW, fi lled triangle: NWR, filled diamond; KUM, crosses; MLO, open 
square; SMO, open triangle; CGO, fi lled diamond; SPO, filled circle. 
Also plotted are results from analysis of archived air samples (open 
circles) filled at NWR and in a past cruise from both hemispheres (mid-
1987). 

Short-Lived Gases 
Measurements of CH2Cl2, CHC1 3, and C2Cl4 by GC-MS 

techniques co ntinued from remote flask sampling location s 
du ring 1996-1997 (Figure 5.8) and as part of CAMP. 
Beginn ing in 1995 the use of a new type o f flask built at 
Max Planck Institute for Chemistry (MP!) , Mainz, 
Germany, all owed for more reliable measurements of 

97 

TABLE 5.4. Global Mid-Year Burden and Rate of 
Change fo r HCFCs, and HFC- I 34a 

Mid-1996 Mid-1997 1996-1997 
Mixing Ratio Mixing Ratio Growth Rate 

Compound (ppt) (ppt) (ppt yr') 

HCFC-22 121.6 126.0 4.9* 
HCFC-14lb 5.4 7.4 1.9 
HCFC-142b 7.7 8.7 1.0 
HFC-1 34a 3.1 5.4 2.1 

Quantities estimated from latitudinally weighted measurements al 
seven remote sampling locations. 

*Growth rate estimated from 1992-1997. 

CH2Cl2 and CHCl3, and reliable measu rements o f CH3CI 
and CH3Br (Figure 5.8). These MP! flasks are larger (2.4 
L versus 0.8 L), made out of a higher grade s tainless steel, 
and do not contain any seals that require Teflon tape. 
Results from simultaneously filled pairs of these flasks 
generall y agree to within the instrument measurement 
capabili ties, suggesting that m1x1ng ratios of gases 
contained within the fl asks do not change during storage 
and transport. T hi s was not true for some gases, 
particularly C H3CI and CH3Br in the older, 0.8-L flasks . 

5.1.3. RADIATIVELY I MPORTANT TRACE S PECIES 
(RITS) MEASU REMENTS 

Operations Update 
The major operational change in th is program over the 

2-year period of this report was the relocat ion of 
equipment to new buildings at three sites. The air line 
intakes were not moved during th is period, but in 
November 1995 the tower at SPO was moved and the lines 
extended to accommodate construct ion of the Atmospheric 
Research Observatory (ARO) . Normal equipment and 
software maintenance continued as usual based on failures 
and problems reported by the s ite personnel. 

At the C-1 site on Niwot Ridge, Colorado, a 3 m x 5 m 
Tall Ranch Tuff Shed was placed at the site in early 
October 1995 eas t of the existing facil ity. Over the next 6 
months as time and weather permitted , a window was 
insta lled and the in terior of the st ructure was wired for 
electrici ty. The bu il ding was insulated and wall board. 
flooring, heating equipment, and air condi tioning were 
install ed. Finish work was done by NOAH staff. 
University of Colorado personnel brought power to the 
buil ding and in stalled a fi ber optic computer network. On 
Apri l 3, 1996, all of the equi pment was moved into the 
new building. As the air lines were moved , one of the 
lines was found to have a small hole in it about I m from 
where it en tered the old building. The Dekabon tub ing was 
cut at that point and attached to the pump in the new 
building. A comparison of the previous month 's data 
shows no significant diffe rence between the two air li nes 
fo r any of the chemicals measured. 

T he new building at SMO was completed in early July 
1996 and our equi pment was the firs t to be moved from the 
old EKTO building. The equ ipmen t was checked and then 



700 
600 
500 

... 400 
0. 
0. 300 

200 
100 CH3CI 

0 
1992 

20 

15 

a. 10 
0. 

5 

CH3Br 

a " •" •• . . .. 

1994 1996 1998 

.. . . ... ......:... ... ...... 
• id 06 o • ,,,. /16•• • 

D .& .. 0 6 • • . . ..;. .... 

1992 

60 

50 

40 

a. 30 
0. 

20 

10 

1994 1996 1998 

CH2Cl2 

1992 

18 
16 
14 
12 

CHCl3 

a. 10 
0. 8 

6 
4 
2 

1994 1996 1996 

1992 

14 
12 
10 

a. 8 
0. 6 

4 

2 
0 
1992 

C2Cl4 

1994 1996 1998 

1994 1996 1998 

Fig. 5.8. Atmospheric dry mole fractions (ppt) determined for selected 
chlorinated trace gases and CHiBr. Symbols are identical to those 
described in Figure 5.7. Results shown for CH3Cl, CH3Br, and CHCl3 
are from 2.4-L flasks only. Results plotted fo r CH2Cl2 and are 
from both 2.4-L and 0.8-L flask samples. All results arc based on 
preliminary calibration scales. 
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turned off on Jul y 20, 1996, moved and tested, and was 
operational on July 25th. Because the existing air lines 
were too short to reac h into the new building, a union 
fitting was put in each line and about 9 m of new Dekabon 
tubing was added to reach the pump board . 

On J anuary 2 1, 1997, the computer and GC eq uipment 
were s hut down in the Clean Air Facility at SPO , crated for 
transport, and quickly moved to the new ARO. By January 
27 all of the equipment was operational again. The very 
long air sampling lines were moved and cable tied above 
the snow wi th other lines on poles to avoid being crushed 
by people and equipment. Since the di s tance from the 
ARO to the sampli rig tower was closer than the C lean Air 
Facility to the tower, the excess air line was coiled up in 
the crawl s pace below the first noor where the equipment 
is located. 

Three 4-channel Chromatograph for Atmospheric Trace 
Species (CATS) (old STEALTH system) type gas 
chromatographs are currently in operation at HFM , ITN, 
and LEF. A fourth single-channel version measures N20 
and SF6 at ALT. The RITS 3-channel GCs will be phased 
out after a 6-month comparison with the CATS system. 
This period will be used to ensure comparable result s. The 
first CATS system was sh ipped in December 1997 and was 
ins talled at SPO in January 1998. 

Data Analysis 
A thorough review of our current calibration scale for 

CFC-12 was undertaken before an intercomparison meeting 
with AGAGE staff in May 1997. This resulted in c hanges 
on the order of -2% to assigned mixing ratios for all 
calibration tanks used at the field s ites from 1993 to the 
present. Likewise, by applying the same techniques to 
other gases, the calibration scales for CFC- I I , nitrous 
oxide, methyl ch loroform, and carbon tetrachloride have 
changed , though not dramatically. All data presented here 
have had these corrections applied and are our c urrent best 
estimates of what is happening in the global tropospheric 
atmosphere. 

The revised, globall y averaged maximum CFC- I I mix-
ing rat io was 272.5 ppt in late 1993 (Figure 5.9). The 
mixing ratio was 268.8 ppt at the end of 1997, the growth 
rate was -1.3 ppt yr· I, and the interhemispheric d ifference 
was 2.6 ppt. The global CFC-12 mixing ratio at the end of 
1997 was 531.4 ppt (Figure 5 . 10). The growth rate slowed 
until mid- 1996 and now appears to be holding steady at 3.6 
ppt yr· I . The average interhemispheric difference 
continues to decline and was 7.9 ppt in late 1997. 

Carbon tetrachloride has bee n decreasing in the 
troposphere over the last 6 years at the rate of -0. 7 ppt 
yr· 1• At the end of 1997 the global mixing ratio was 102.0 
ppt and the interhemispheric difference about 1.4 ppt 
(Figure 5.11 ). The revised calibration scale has increased 
mixing ratios by approximately I % from 1993 and the rate 
of decrease is less than previously reported. 

As note d in section 5.1.2, methyl c hloroform mixing 
ratios continue to dec rease in the atmosphere (Figure 
5.12). At the end of 1997 the global mixing ratio was 76.9 
ppt , and the interhemispheri c gradient was near zero. The 
global distribution in 1997 renects the distribution of s inks 
more than sources now that emissions have dropped 
substantially . 
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T he atmospheric burden of ni trous oxide continued to 
increase at an average rate of 0.68 ppb yr- 1 (R ITS 
measurements) over the past 4 years (Figure 5. 13). The 
global mixing rat io at the end of 1997 was 3 13. l ppb and 
the average hemispheric difference over the 1987- 1997 
period was 1.2 ppb. There is an annual cycle in the 
southern hemisphe re that is in phase with the an nua l cycle 
in the northern hemisphere, generally peaking in the first 
quarter of each year. 
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Fig. 5.13. Monthly average nitrous oxide mixing ratios in ppt from the 
in situ GCs, (b) hemispheric to global average mixing ratios, and (c) 
global average growth rate. 

Chromatography and Softwa re 
Each in situ gas chromatograph system is custom 

designed specifically for each site. Table 5.5 lists the 
compounds to be sampled by the new in situ gas 
chromatograph at the CM DL observatories. 

Chromatograph) is controlled and data acquired with 
custom programs developed on the QNX operating system 
run on personal computers. QNX is a UNIX-based 
operating system with structured C programming language 
support. As a multitasking operati ng system, QNX 
provides simultaneous programming functions that allow 
for concurrent control, data acquisition, user interface 
operation, and data retrieval. T he enhanced capabilities of 
QNX have allowed the addition of fea tures that take 
advantage of available technology. 

TABLE 5.5. Peak Characteristics on Four-Channel GC at SPO 

Retention Peak Window 
Compound Channel Time (sec) Size (sec) 

N20* I 250 40 
SF6* I 310 20 
N20t 2 50 30 
CFC-12t 2 70 30 
CFC-lit 2 215 70 
CFC-1 l:j: 3 200 20 
CFC-113:j: 3 235 20 
CHCl3:j: 3 350 20 
CH3CCl3:j: 3 425 30 
CCl4 :j: 3 485 30 
TCE:j: 3 590 40 
PCE:j: 3 1230 80 
HCFC22§ 4 640 30 
CH3Cl§ 4 710 40 
CH3Br§ 4 1148 60 

*Porapak Q column 
t Unibeads Is column (replacing old Porasil a column) 
+ov I 0 I column 
§Capi llary column (Poraplot Q) 

The control functions of the in situ gas chromatograph 
fall into two categories: those controlled by a custom 
digital interface and those controlled by an RS-485 
network. Sample selection, chromatographic valves, cu t-
off solenoids, and now controllers are controlled by a 
custom digital interface. Temperature controllers use an 
RS-485 net work. Two data acquisition circuit boards 
handle input f10111 the gas chromawgraph electrometers, 
temperature sensors, and pressu re sensors. Chromato-
graphic data from the electrometers and engineering data 
are stored in a file buffer on the hard drive of the 
compu ter. Raw chromatograms and a representative subset 
of the engineering data are extracted from the buffer, 
compressed, and stored in a retrieval sub-directory, set up 
as a firs t-in-first-ou t (FI FO) on the hard drive and archived 
on 100 mb Iomega Zip disks at the site. 
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A computer workstation at CMDL Bou lder automat icall y 
retrieves the chromatographic and engineering data from 
the in situ gas chromatograph on a daily basis for 
processing. Rou tines for this retrieva l were programmed 
using TCP/IP - Internet links . Additional programs for use 
in trouble-shooting and routine maintenance have been 
included in the QNX software. A World Wide Web 
(WWW) site al lows scientists and technicians to determine 
the operational status of the ins trument system over the 
Internet. T he WWW page includes real-time and near real-
time engineering and chromatograph ic data disp layed in 
tabular and graphic formats. This user interface, accessed 
wi th widely available WWW browser software, adds 
conside rable flexibility for scientists and technic ians to 
anticipate problems to resolve quickly. 

5.1.4. G RA VIMETRI C STANDA RDS 

The NOAH standards project was expanded in 1996 wi th 
the addition of one full-time research assistant. A new gas 
chromatograph, similar to the CATS GC, was tested and 



calibrated. The new GC wi ll provide measurement of 
C H3Br, C H3C I, and HCFC-22 in the standards labo ratory 
and eliminate the need for three separate GCs for 
measuring the other seven gases. Thirty gravimetric 
standards were prepared during 1996- 1997. A tot al o f 132 
secondary and primary gravime tric standards were 
analyzed in the standards laboratory. Thirty-three 
standards were made for o ut sid e o rganizatio ns and ot her 
NOAA laboratories. The leade r o f the standards project 
left for a new position at NIST ac the e nd of 1997. 

One of che major goals of che stand ards program was to 
provide a uniform standardi zat io n between the major 
networks responsible fo r monitoring N20 and many 
halocompounds in the atmosphere. A workshop was he ld 
d uring May 1997 in Boulder to begin thi s process. A 
seri es of round-robin tanks a re being d istri bu ted for 
in tercomparison . A number of tescs involving cyl 111der 
scability are underway. 

Calibrations for CFC- 12, mechyl chloroform, and carbon 
tecrachloride were revised since the last report [Elkin s el 
al., l 996b]. All atmospheri c CFC-12 daca reported afcer 
1993 were about 2.3% hi g her than actual. The reason for 
the error was che rel iance o n a set of 1993 s tandards that 
deviated from the rest of the standards which were made in 
1991 and 1997 (Fi gure 5. 14). R emoval of that set resulted 
in better agreement (withi n 1%) fo r atmospheric 
measurements o f CFC-12 between the CMDL and AGAGE 
networks. New gravi metri c standards were prepared for 
CH3CCl3 and CCl4 in 1996. Aft er comparing standards for 
all gases, the same 1993 set was fo und to have p roblems 
with these gases too (Fi gure 5. 15). The values of the 1993 
CCl4 are o n average 4% lower near ambient 
levels ( I 02 ppt ) than those made in 199 1 and 1997. The 
net effec t to atmospheri c CCl4 val ues (RITS GCs) repo rted 
in the last summary report is s mall, because a cali bration 
cracking error in the opposite di rection was found. The 
1993 CH3CCl3 s tandards exhi bi ted g reater imprec ision 
than the combined 1991 and 1996 sets but no significant 
o ffset. The atmospheri c values are rel atively unchanged 
from the last summary report. The new scales for C H ,CCI :1 
and CCl4 g ive atmospheric values that arc about 8 ppt and 
3 ppt higher in 199 7 than those measured by AGAGE. An 
exchange of weig hed pure solvent s in sealed microtubes is 
pla nned to tes t methods used by both networks. 
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5.2. STRATOS PHERI C MEASUREMENTS 

5.2.1. AIRCRAFT PROJECTS-A CATS- IV 

ASHOEIMAESA: S tratosp heric and Atmospheric 
Lifetimes of Source Gases 

The environmental impact of the measured anthro-
pogenically-produced source gases depends, amo ng other 
factors, on the rate at which they break down, re leasing 
ozone-depleting chemicals in the stratosphere, i.e., on their 
st ratospheric lifet imes. For many compounds studied here, 
the re ex ist no significant tropospheric sinks (e.g .. N20, 
CCl4, C FCs 11 , 12, and 113). so the stratospheric lifetime, 
defi ned here as the atmospheric lifetime w ith respect to 
s tratospheric loss, is ide ntical to the atmospheric lifetime for 
these species. A long atmospheric life time means a greater 
ozone depletion potential and a greater g lobal warming 
potenti al than s imilar sou rce gases with shorter lifetimes. 

Plumb and Ko [ 1992) showed that 111 the "global 
diffuser" model, stratospheric transport can be described 
by a simple one-dimensional flux-gradient relat ionship. If 
the mixing ratios of two long-lived tracers, crt and cr2, are 
in steady state, then the s lope of thei r correlatio n in the 
lower stratosphere equals the rat io of the ir stratospheric 
removal rate s. Thus, 

dcr2B1 
1 2 - dcr18 2 

(I) 



where 8, is the total atmospheric burden for species i, and 
t, is it s steady-state s tratospheric lifetime, equal lo the 
s teady-s tat e atmospheric lifetime for species without 
tropospheric sinks. Volk et al., [ 1997] showed that under 
the same conditions, s teady-state stratospheric lifetimes 
may be deri ved from the gradient of the steady-state tracer 
mixing ratio, cr, wi th respect to the mean age of 
stratospheric air [Hall and Plumb , 1994], r, in the 
measured air parcels: 

dcr M 
r ctr " (2) 

where Mu is the total number of molecules above the 
tropopause, and the tracer gradient with respect to age, 
dcr/df, needs to be evaluated at r = 0 which is assumed to 
be the extratropical tropopause. 

If the tropospheric mixi ng ratio o f the tracer is changing 
with time, part o f the tracer gradien t at the tropopause is 
due to accumulation in the troposphere and 111:; in either 
equatio n ( I ) or (2) has to be replaced with t,-1 + Bu'/B , 
where t, is the instantaneous lifetime a nd Bu' is the total 
accumulation rate above the tropopause. Volk et al. [ 1997] 
proposed an alternat i ve method of account ing for 
tropos pheric growth and non-steady-state mix ing ratios , 
x, to obtain steady-s tate lifetimes. In this method, one 
deduces the correc tion factors C(X;) for each species using 
the tracer gradient with respect to age at the tropopause, 
dX;/df, the time ser ies of tropospheric mixing ratios of the 
respective species du rin g a 5-year period pr ior to the 
stratospheric 'observations, and estimates of the width of 
the stratospheric age spect rum from three-dimensional 
transport models [Hall and Plumb , 1994) . 

Volk et al. [ 1997) showed that corrected steady-state 
correlation slopes defined as: 

dcr · ( dx · J c ---'-
1 

- = observed ' • ' 
dcrcFc-11 dXcFc- 11 C ccFc-11) 

(3) 

can be used in equation ( I) to derive steady-state lifetimes 
based on a g iven CFC- I I reference lifetime. M ixing ratios 
of N20 from the Airborne Tunable Laser Abso rption 
Spectrometer (ATLAS) [Loewe11stei11 et al., 1989) and 
ACATS CFC-113 pl o tted against ACATS- IV CFC- I I 
(Figure 5. I 6a, b) are u sed 10 calculate the observed 
gradient (dX;/dXcFc- 11 ) in Table 5.6. ATLAS N2 0 
measurements were calibrated from CMDL N20 standards 
and agreed with onboard ACATS N20 measurements to 
within ±2% . ATLAS N20 data are used here to increase 
the number of measurements used by a factor of 2. The 
steady-state stratospheric lifetime for a source gas using 
the reference li fetime for CFC- I I is: 

where cr is the mean atmospheric mixing ratio with the 
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Fig. 5.16. Two methods used to calculate the stratospheric 
lifetimes from aircraft data . The mixing ratio and its gradient of 
(a) ATLAS N20 and (b) ACATS CFC-113 against a lifetime 
reference molecule such as CFC- I and the mixing ratio and its 
gradient of (c) ATLAS N20 and (d) ACATS CFC-11 3 against the 
mean age of the air mass calcu lated from airborne SF6 
measurements. Observations (pluses, where symbol s ize 
indicates uncertaint y, left axes), no rmali zed local correlation 
slopes (triangles with error bars, right axes), and quadratic fits 
with uncertainty envelopes (lines, right axes) are shown . 

gradient calculated at the tropopause. From Figure 5. 16 
and Table 5.6, the s teady-state atmospheric and s trato-
sphe ric lifetime for N20 is 122 ± 22 years and for CFC-
11 3 is 100 ± 32 years using a CFC-I I reference lifetime of 
45 ± 7 years using equation (4). 

The s teady-s tate gradient, dcr/dr defined as (observed 
dxi/df) times C(Xi), is used in equation (2) to obtain the 
steady-state lifetime using the "mean age" technique . The 
steady-stale stratospheric lifetime for a source gas based on 
mean age becomes 

(5) 



TABLE 5.6. Stratospheric Steady-State Lifetimes From Volk et al. [ 1997] Compared to Current Reference Values 

Observed Steady-State Observed 
Source dxitdr Lifetime Based dxi/ dXcFC·ll 
Gas (ppt yr '±%) on Age (year)* (ppt/ppt, ± %) 

N20 -13,000 ± 38% 124 ± 49 436 ± 11 'k 
CH, -109,000±48% 84 ± 35 3230 ± I 0% 
CFC-12 -43.8 ± 25% 77 ± 26 1.29 ± 7% 
CFC· l 13 -7.3 ± 22% 89 ± 35 0.2 12 ± 20% 
CFC-I I -33.5 ± 28% 41±12 ( I) 
cc1. -15.9 ± 32% 32 ± 11 0.5 15 ± 3.6% 
CH3CC13 -16.3 ± 35% 30 ± 9 0.472± 10% 
H-12 11 -0.84 ± 3 1% 20 ± 9 0.0237 ± 7% 

*Unccnainty o f CFC-I I lifetime is not included in uncenainty estimate. 
t [WMO, 1995]. Table 13-1. 
WPCC, 1995b]. Table 2.2. 
§[ IVMO, 1992). Table 6.2, scaled to 1:cfc.11= 45 years. 

where M3 is the total atmospheric mass (5.1 3 x I Ot8 kg) 
and Mu is the total atmospheric mass in the upper 
atmosphere above the tropospause ( I. I x JOI 8 kg). From 
Figure 5.16 the steady-state atmospheric and stratospheric 
lifetime for N20 is 124 ± 49 years and for CFC-113 is 89 
± 35 years based on "mean age" calculated using equation 
(5) (Table 5.6). The uncertaint ies on the lifetimes using 
mean age are less precise than those calculated from the 
reference lifetime method because SF6 was onl y measured 
during the last quarter of the flights du ring AS HOE/ 
MAES A. 

Lifetime resu lts from the two methods presented in Volk et 
al. , ( 1997] are consistent with each other (see Table 5.6). In 
most cases the calculated st ratospheric lifetimes from 
observations are shorter than the World Meteorological 
Organization (WMO) or the Intergovernmental Panel on 
Climate Change ( IPCC) reference li fet imes derived from 
photochemical models. Since the derived stratospheric 
lt fet imes are ident ical 10 the atmospheric li fe times for many 
of the source gases in Table 5.6, th e shorter lifetimes also 
would imply a faster-than-predi cted recovery of the ozone 
layer fo llowing the complete phase out of industrial 
halocarbons. 

STRAT CAMPA IGN 
The primary goal of the Stratospheric Tracers of 

Atmospheric Transport (STRAT) mi ssion was to measure 
the morphol ogy and dynami c properties of long- Ii vcd 
tracers as functions of altitude, latitud e, and season to help 
determine th e rates for global-scale tran sport and futu re 
stratospheric distributions of high-speed civil tran sport 
(HSCT) ex haust. ACATS-IV pa rti cipated in four out of six 
STRAT deployments and was fl own on a total of 3 1 flights 
that spanned a range of la ti tu des (2. 1°S to 59. I 0 N}, 
predominantl y at 15 10 2 1 km altitudes (potent ial 
temperature, 0 = 360 10 5 10 K). These flights included 
four southbound survey flights into the trop ics from 
Barbers Point, Hawai i (22°N}, four northbound survey 
flights 10 nearly 60°N from Moffett Field, Ca lifornia 
(38°N}, and 23 midlatitude flights from both locations. 

Sulfur hexaflu oride has no known sinks below the 
stratopause ('t = 3200 years, [Ravisha11kara e t a l ., 1993 ] 
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Steady-State Lifetime WMO/ IPCC Correction 
Based on CFC- I I (year) Reference Factor 

lCFC·ll = 45 ± 7 yr'10 Lifetimes (year) C(c,) 

122 ±22 120t 0.97 ± 0.02 
93 ± 14 120+ 0.96 ± 0.02 
87 ± 17 105t 0.77 ± 0.07 

JOO± 32 85t 0.65 ± 0. 12 
(45 ± 7) sot 0.96 ± 0.02 
32 ± 6 42t 1.03 ± 0.02 
34 ± 8 45+ 1.14 ± 0.13 
24 ±6 36§ 0.90 ± 0.10 

and has exhibited a steady rate of growth of 6.7% yr· I in 
recent years [Geller el a l. , 1997]. It is used lo study 
atmospheric transport processes and the age of air masses 
in the upper atmosphere [Geller et al., 1997; Volk et al., 
1997 ; Wamsley et al., 1998]. The age of air masses at the 
tropical tropopause is de fin ed as zero. Tropospheri c air 
masses that have not yet reached the tropopause are 
associated with negati ve ages. ACATS-IV measurements 
of SF6 in the northern midl atitude upper troposphere 
duri ng November 1995 and December 1996 show that 
mixing ratios increased by approximately 0.28 ppt in 13 
months, which is cl ose to the 0.26 ppt expected from the 
documented growth rate (Figure 5. 17). Figure 5. 18 shows 
the convergence of the November 1995 and December 
1996 data sets above 0 = 450 K that are due to the 
increased e ffects of stratosphe ric mi xi ng with age of the 
air. 

In the tropics (2°S 10 20°N) vertical profiles of the 
mixing ratios of trace gases wi th different lifetimes 
conform to the resu lts of Volk el al. ( 1996] (that is, 
entrainment into a "leaky tropical pipe"). This entrainment 
of midlatitude air resu lts in "proporti onall y mixed" 
tropical profiles, which for CFC- I I are shifted about 15% 
from the unmixed tropical model line of Volk el al., [ 1996] 
shown in Figure 5. 18. In the altitude range important for 
HSCT ( 16-20 km), ACATS- IV tropical data show several 
intrusions of midlatitude air into the tropics, denoted by 
several measurements that li e far 10 the left of the 
proportionall y mixed tropical profi les (0 = 4 10-450 K and 
at 480 K, Fi gure 5.19). The trace gas mixing ratios of the 
intrudin g air masses are about 50% lower than the 
proportionally mixed profil es and are more typical of 
midlatitude air from much further aloft (0 >440 K; the 
midlatitude data are shown by a red line and a 95% 
prediction band on Figure 5. 18). Similar, but weaker 
intrusions of midlatitude air at the same 0 can also be seen 
in other tropical data [Elki11s e l al. , 1996a; Volk et al., 
1996]. 

The entrainment of midlat itude ai r into the tropics is 
illustrated furtha by looking at the age of the air in the 
tropical region. The age measured during the fli gh t of 
December 11 , 1996, reaches I .8-2.3 years at both 410-450 
and 480 K surfaces in the latitude range from l 2°N to 
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during POLARIS (Figure 5.23), calculated from ACATS-
IV SF6 measurements, demonstrates that the tropical lower 
stratosphere is characteri zed by you ng air (0.3 to 0.8 year 
average) and that the lines of stable tracer mixing ratios 
( isopleths) typically follow 0 surfaces. Air masses older 
than 4 to 5 years are generall y found poleward of 50°N, 
but in some cases were observed around 40°N. The oldest 
air masses encountered during POLARIS were 6. 7 years at 
about 60-65° N in late June 1997. 

5.2.2. HIGH ALTITUDE GC TRACER MEASURE· 
MENTS PROJECT: OMS/STRAT/POLARIS 

LACE is a relatively new, three-channel GC in strument 
(Figure 5.24). It was constructed to ex tend real time GC 
measurements of atmospheric tracers such as those 
measured with the ACATS instrument, to higher a ltitudes 
of up to 32 km where, particularly in the tropics, a larger 
portion of ozone production and loss takes place. The 
LACE instrument has also made improvements on the 
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plot depicting mixing; (b) Longer-lived CFC-12 (1 = I 02 years.) shows 
several better separated lines of mixing of air parcels with different age 
and, subsequently, compounds ratio determined by difference in 
photolysis rate. 

spatial and temporal resolution by speedi ng up the 
chromatography to obtain a sampling peri od of 70 seconds. 
Many of these improvements have now been incorporated 
into the ACATS instrument. During 1997 LACE obtained 
high-quality d ata from four balloon flight s onboard the 
Observations of the Middle Stratosphere (OMS) gondola. 
As part of the STRAT campaign , LACE flew one 
midlatitude flight out of New Mex ico at 35°N and two 
tropical flights out of Brazil a t 7°S. The re was also one 
polar flight out of Fairbanks at 65 °N as part of the 
POLARIS campaign. 

The OMS pa..:kage is current ly configured to make 
measurements pertinent to stratos phe ric transport issues. 
Toward this end, LACE has made in situ measurements 
from the surface to the middle stratosp here of the long 
lived tracers H-1211 , CFC-II, -113, -12, N20, and SF6 
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with a typ ical prec1s1on of between 1 % and 4%. The 
stratospheri c lifetimes of these halocarbons and nitrous 
oxide are dominated by simple photolysis. Their global 
atmospheric lifetimes span Se\'eral orders of magnitude. 
The local photolytic lifetimes of so me gases are reduced by 
4 orders of magnitude from the tropopause to 32 km. Th is 
range in lifetimes covers the dynamic time scales of 
stratospheric transport. Gas mixing ratios arc ex tremely 
sensi ti ve to thi s transport with a strong dependency on 
vertical now. Sulfur hexafluoride, however, does not have 
this altitude-dependent photo-disassociation and has a 
global atmospheric lifet ime greater than 3200 years. 
Spatial and temporal gradients in the mixing ratio of SF6 
are, therefore, driven by surface emissions which are 
predominantl y in the northern hemisphere. This leads 10 a 
large interhemi spheri c surface gradient and, in this 
in stance, a nearly linear surface growth rate [Geller et al .. 
1997] . Because there is no known stratospheric sink for 
SF6, its sensi ti vity lo transport is driven entirely by the 
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mean transit time from this growing tropospheric source. 
Unlike the halocarbons, the measured gradients in the 
va lue of SF6 in the stratosphere have only a passive 
sensiti vity to altitude, yet maintain a strong dependency on 
the time scales of transport [Volk e t a l., 1997]. Our 
current precision of SF6 in the s tratosphere is 2%, which 
translates to 3.5 months of growth . 

Although thi s 3.5 month resolution is adequate to track 
stratospheric dynamics by defining a mean age of the air 
parcel since entering the stratosphere, it is not adequate lo 
track transport within the free troposphere other than 
interhemispheric exchange. Nonetheless, tropospheric 
vertical gradients wi th both temporal and latitudinal 
dependence appear to persist. The interhemispheri c 
surfacr grad ient is beli eved to be transported into the free 
troposphere between 30°N and 30°S in a time scale 
comparable 10 or faster than this 3.5-mo nth resolution. 
A measurement of these vertical gradients in the SF6 
mixing ratio below the 380 K isotherm coupled 
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with the existing measured surface gradients. can be used 
to quantify tropospheric transport and stratosphere-
troposphere exchange. This may also be used to improve 
the connection between the CMDL global mean value 
of SF6 and stratospheric age of the air (e.g .. Figure 5.23). 
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Finally the CFCs and H-121 1 m1x111g ratios represent a 
significant fraction of the total chlorine and bromine 
entering the stratosphere. As with the ACATS instrument, 
an estimate of total chlorine and bromine and their 
organic-inorganic partitioning can be made from LACE 
measurements. 

Stratospheric Dynam ics 
11.lajor strides in understanding the interactions between 

pollutants, production to loss of ozone, and climate forcing 
have been made in the last decade. Today, uncertainties in 
transport appear to be the limiting parameter in predicti1·e 
three-dimensional models. The quality of the upcoming 
assessment on the environmental impact of existing 
aircraft and the proposed High Speed Civilian Transport 
(HSCT) fleet is, therefore, limited by our ability to 
quantify stratospheric transport. In evaluating LACE data, 
estimates have been made of entrainment of air from 
midlati tudes into the tropics, the mean age of an air parcel 
after crossing the tropical tropopausc, and mean flow. 
Breakdown of the arctic 1ortex and the resulting cross 
theta .. mixing surface" was also observed in the LACE 
measurements. 

As discussed by Plumb and Ko [ 1992], tracer-tracer 
correlations between simple photochemical species arc 
robust as long as quasi-horizontal mixing dominates over 
ve rtical advcction, as in the global diffuser model. In the 
" tropical pipe" model of P/11111b [ 1996] the concept of a 
tight tracer-tracer correlation is also valid in the 
midlatitudcs and, to a large degree, in the tropics on the 
other side of the tropi cal barrier. Mixing across this 
tropical barrier, the so-called leaky pipe, connects these 
two regions. This mixing is a majo1 for 
transport of midlatitudc, lower stratospheri c air into the 
middle and upper stratosphere. This midlatitude mixing 
into the tropics is also a key uncertainty in the HSCT 
assessment and has been a primary focus of the OMS 
platform. 

A modified \folk et al. (1996] analysis, which quantifies 
the mixing of air from the extratropical stratosphere into 
the tropical pipe, has been ex tended to 32 km by using the 
new LACE CFC and SF6 profiles. Two approaches have 
proven fruitful. The first approach relics on mean vertical 
advection rates (Q). Local chemical losses of the CFCs are 
dominated by simple photolysis ; therefore, assuming no 
midlatitude influence, isolated tropical profiles can be 
calculated given the advection ratt', photochemical 
lifet imes (t), tropospheric growth rates (y), and mixing 
ratios (X) of the CFCs en1ering the tropical tropopause 
(Figure 5.25a,b; dotted black line). These isolated tropical 
profiles can then be evoh·ed a second time to 111corporate 
mixing from midlatitudes along constant potential 
temperature (6 ) surfaces. This is done with the 
entrainment time (t 111 ) assumed to be constant. The tracer 
continuity is governed by equation (6). 

(6) 

These profiles have also been corrected for weak 0( 10) 
chemistry and photochemical production (P) (Figure 
5.25a.b). 
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Fig. S.25. Panels (a) and (b) show least square fits to SF6 and CFC-12 
using equation (6) over three altitude ranges. They are sensitive to 
uncc1 tain tics in vc1 tical a<h ection I<lte,. Paneh (c) and (ti) ;how least 
square fits using equation (2) for CFC- I I versus. SF6 and CFC-I I 
versus CFC-12 over the same three altitude ranges. They are. therefore, 
independent of vertical advcction. Panel (e) shows a compilation of 
entrainment from the four fits in each of the three altitude ranges. 

To evalu ate whether "t; 11 varies with heigh t, a least 
squa res fit o f th is second profile to the measured profile is 
then performed over three al titude ranges . The entrain-
ment time ("t; 11 ) is varied as the free fit parameter and is 
held constant over each given alt itude range to stabili ze the 
fits. 

One problem that limits this approach is the large 
un certainty in the tropical advect ion rate. Fortun ately, 
the advection rate can be eliminated from the calculation 
by using tracer-tracer corre lation between molecules of 
differin g atmospheric life times. Thi s can be seen by 
taking the rat io of equation (I) fo r the mixing ratio Y of 
one molecule, to equat ion (I) for the mixing ratio X of a 
second molecule. 

(Jy Py - (i:;' 

ax= PX -k1 +yJY-•in1(X-Xmid) 
(7) 

Because this advect ion rate Q is common for all molecules 
in the same air mass mo ving up the tropica l pi pe, it drops 
out of equation (7) (Figu re 5.25c,d). 

LACE data are consistent wi th a constant entrainment 
time of 1.5 months over the entire range up to 32 km 
(Figure 5.25e). By 32 km, 90% of the air in the tropical 
upwelli ng region is of midlatitude ori gin because of the 
total in tegrated entrainment. A comparison of the first 
approach (equation 6). which is sensi ti ve to Q, with the 
second approach (equation 7), which is independent of Q, 
may help to co nstrai n mean now in the trapics. Thi s work 
is cons istent with the Volk er al, ( 1996] earlier analysis 
and is expected to generate a more complete picture of 
midlatitude intru sions into the tropics when finalized. 

Data taken recentl y in the tropi cs also revealed air 
masses that were of midlatitude ori gin showing the 
characteristic signature of lower mixing rat ios. 
Surp risingly, the ozone profile did not show the same 
midlatitude signature and remained representati ve of 
tropical air. The chemi cal equilibrium time for ozone at 
these locati ons is fast (weeks to a month), apparentl y much 
fas ter than the mixing time over the spatial scale of these 
midlati tude intru sions during this time of weak upwelling. 
These data and the chemical equilibrium time of ozone 
can, therefore, set lower limits on mixing within the 
tropical upwelling region. 

Sulfur hexafloride has proven to be useful for evaluati ng 
transport in the lower and middle stratosphere. 
Measu rements of s tratospheric SF6 permi t an accurate 
determination of the mean age of an air parcel after it 
crosses the tropical rropopause. Mean age est imates are 
shown in Fi gure 5.26 for all LACE flights and thrce-
dimensional model estimates . In general, these models 
underestimate the age of air as defined by SF6 
distributi ons. Al though increased mixing from mid-
latitudes cou ld account for the older measured age in the 
tropics, the excessively young midlatitude model es ti mates 
imply that mean flow in these models is too hi gh. 

One important lesson from our OMS balloon launch 
from POLAR IS in Fairbanks was the observation of 
unmixed and mixed remnants of the polar vortex from the 
earlier March 1997 arct ic ozone depression. Because the 
remnants of thi s vortex lasted as late as July, these 
measurements show one reason why we should continue to 
sample the arctic. As shown in Figure 5.27, this mixed ai r 
is clearly not represent ative of a typ ical midlatitude 
d istributi on and mu st continually be monitored to quantify 
both the chemistry and dynamics that are taking place at 
the pole. 
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Atmospheric Dy namics Below the 380 K l sentropic 
S urface 

LACE has taken highly precise measurements of several 
trace gases in the lowermost stratosphere and upper 
troposphere, regions for which very littl e tracer data exist. 
Measurements of SF6 and CFC- I I , in part icu lar, reveal 
many interestin g features in these regions and their vertical 
gradients offer constrain ts on transport time scales. 
Simulation of these tracer grad ients by models is important 
for an accurate assessment of tracer transport in the lower 
stratosphere and troposphere where the impact of aircraft 
exhaust and the transport of greenhouse gases play a key 
ro le. 
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Fig. 5.26. Profiles of mean age of the air from zonally-averaged models 
(supplied by D. Waugh [private communication, 1998)). This modeled 
age is plotted with (a) ACATS measured age (triangles) against latitude, 
and LACE measured age (diamonds) against altitude for (b) the tropics 
at -5° latitude, (c) the midlatitudes at 35° latitude, and (d) the polar 
regions at 65° latitude. The shaded region indicates the dominant 
range of model results. Mean age is taken to be zero at the equator at 
20.0 ± 0.5 km. 

The lowermost stratosphere is that part of the 
stratosphere that lies between the tropopause and the 380 
K potent ial temperature surface. T he lowermost strato-
sphere is a unique part of the stratosphere, since air can be 
exchanged isentropically between the stratosphere and 
troposphere. Thu s the lowermost stratosphere contains a 
mixture of older stratospheric air that has been advected 
downward by the mean meri dional circulati on and 
tropospheric air that has been transported isentropically. 
T he relative importance of downward advect ion and 
isentropic transport largely depends on season and 
locat ion. 

Figure 5.28 shows profi !es of SF6 and CFC- I I from the 
Ft. Sumner flight on September 21 , 1996. T he 380 K and 
t ropopause heights are indicated on the figure and lines are 
drawn th rough the data in each height region. T he two 
profiles have different vertical gradients in the lowermost 
stratosphere. CFC- I I has almost no vertical gradient 
below the 380 K surface, while SF6 has a large vertical 
gradient in the lowermost stratosphere and a small but still 
noticeable gradient in the upper troposphere. The constant 
CFC-I I mixing rat io suggests that the gradients seen in the 
SF6 profiles are of tropospheric orig in. Downward 
ad vection would have a larger effect on CFC-1 l because of 
its more rapid decrease above the 380 K su rface. Weak 
downward flow across the 380 K surface at the time of our 
fl ight is consistent with the seasonality of the mean 
meridional c irculation in the stratosphere and the 
midlatitude locat ion. 

The vertical gradient in SF6 from the Ft. Sumner flight 
is, therefore , assumed to be due to an interplay between 
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Fig. 5.27. Tracer-tracer correlation plot of CFC-12 versus CFC- I I from 
LACE on the OMS gondola for flights on September 21, 1996 
(midlati tudes), February 14, 1997. and November 11, 1998 (tropics), and 
June 30, 1997 (POLARIS, polar regions). LACE data are compared 
against the ACATS data from the POLAR IS flight of the ER-2 aircraft 
on June 30, 1997. The blue line indicates tropical data isolated from the 
mid and high latitudes by the "leaky pipe," dashed red lines represent a 
nominal midlatitude and/or polar profile, and the dashed gray line 
indicates conservative mixing across isopleths due to the anomalously 
late break down of the polar vonex. This mixing line can only be 
observed in a tracer-tracer plot over regions that have curvature in the 
nominal midlatitude profile. 
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Fig. 5.28. Profiles of SF6 and CFC- I I from the September 2 1, 1996, Ft. 
Sumner, New Mexico, flight. The tropopause and 380 K surfaces are 
indicmed on each plot and rough linear fits to the data are included in 
each region. 

isentropic mtx111g from the tropical upper troposphere and 
residence time of air in the lowermost stratosphere. Were 
it the result of growth , the vertical gradient in SF6 would 



represenl a 9-monlh age difference over lhe deplh of lhe 
lowermosl s1ra1osphere. The time scale of isenlropic 
m1x1ng be1ween lhe tropopause and lhe northern 
midlaliludes is on 1he orde r of a monlh or less and lhe 
nushing lime of lhe northern hemisphere lowermosl 
straiosphere is 1hough1 lO be roughly 4 or 5 mon1hs. 
Therefore, some of 1he vert ical gradienl in lhe lowermosl 
s1ra1osphere cou ld be caused by lransport of 1he 
inlerhe mi spheric gradienl of surface SF6 10 1he upper 
1roposphere. Some portion of lhe inlerhemi spheri c 
gradienl in SF6 is likely 10 be mapped along lhe tropopau se 
fro m the tropics 10 1he midlatiludes. As lropospheric air is 
isenlropically mixed in lo 1he midl al illlde lowermost 
stra1osphere, lhe latiludinal tropopause gradient wi ll 
con1ribu1e 10 the vert ical gradient o f SF6 in 1he lowermost 
straiosphere. 

Thi s gradient in SF6 along the tropopause may have a 
sirong dependence upon seasonal va riability of tropo-
spheric transport. coupled with the inte rhemi spheric 
gradient of SF6 at the surface. Profiles of SF6, which have 
been normalized 10 remove lhe growlh rale fo r lhe two 
Brazil fligh1s, are shown in Figure 5.29. The February 
Brazil flighl has SF6 mixing ratios in 1h e upper 
1roposphere lhal are close 10 1he global mean surface value 
and decrease loward 1he southern hemisphere surface 
average wilh decreasi ng height (Figure 5.29). This profile 
is consistenl with a significanl amounl of northern hemi-
spheri c surface air entering lhe t ro pical upper troposphere 
du ring February. The monlhl y mean posiiion of the 
Hadley circulation was es timated by Oort and Yienger 
[ 1996), In Janu ary and February 1he northern hemisphere 
Hadley cell is sh ifted south and is also consistent with a 
significant amounl of northern hemisp heric surface air 

O Mld·Lat Sept. 21. 1996 
• Tropics Feb 14, 1997 
• Tropics Nov 11 , 1997 
• Surface Hem Averages 
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Fig. 5.29. Profiles of SF6 from the two Brazil nights and the Ft. 
Sumner. NC\\ Mexico, night normalized to remove the growth rate. 
Normalized nonhem and southern hemispheric mean surface mixing 
ratios from the C!llDL network are also included at the bottom of the 
graph. 

being 1ransported into the lropical upper 1roposphere as 
sugges1ed by our dala. 

The November night has a nearly conslant mixing ratio 
in 1he upper troposphere lhat is close to the southern 
hemisphere surface average. In October and November the 
northern hemisphere Hadley cell is weak and shifted north 
of the equator so lhe lropical upper lroposphere should be 
dominated by soulhern hemispheric air at a 7°S, again 
consistent with our daia. 

These trop ical profiles suggesl that the seasonal cycle of 
the Hadley circu lation causes a seasonal cycle in the SF6 
mi xing rali os in the lropi cal uppe r lroposphere. Thi s 
seasonal cycle will li kely cause a seasonal cycle in lhe 
laliludinal gradienl of SF6 mixing ralios along the 
tropopause, since 1he mean Hadley circulalion n ow in 1he 
upper lroposphere is poleward. For lhe northern hemi-
spheric lropopause we would expecl a large gradient 
during summer, when more southern hemispheric surface 
air is 1ransported into the tropical upper lroposphere, and a 
weak gradient du ring wi nier when mostly northern 
hemispheric surface air is transported into the tropical 
upper troposphere. Our midlatilude night was in 
Sep1ember at the beginning of fa ll when a remnanl of the 
tropopause gradienl caused by lhe summer lropospheric 
transport could have been present. This also sugges1s that 
a small seasonal correction 10 1he connection belween 
stratospheric age of air and lhe CMDL global average may 
be needed. 

The effects of significant mean downward moiion across 
the 380 K surface on trace gas profil es in the lowermost 
s tralosphere can be seen in Figure 5.30. CFC- I 2, - I I , 
H- 12 1 I, and SF6 measurements from the June 30, 1997, 
fli ght over Fairbanks are shown in lh is figure along 
with lhe heighis of lhe 380 K and tropopause surfaces. 
Mixing ratios of all four tracers decrease above the 
tropopause. 
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This decrease and the vertical gradient in the lowermost 
s tratosphere are largest in the shortest li ved tracer, 
H- 12 1 I , whi ch is consisten1 with the expected effect of 
downward ad vection. Subsequently small er decreases 
above the tropopause and vert ical gradients in lhe 
lowermost stratosphere are seen in CFC- I I and CFC- I 2 
which have longer photochemical li feti mes. SF6 al so has a 
large decrease above the tropopause due not to photolysis 
but to its growth rate. Air advec1ed down across the 380 K 
surface in the high lal itudes is 2 years older on average, 
than northern tropospheric air. Therefore lh e sharp 
decrease in SF6 above lhe tropopause is a result of the 
growth of SF6 in the northern high-la ti1ude troposphere 
during the time air was transpo rted to the high-lati iude 
lowermost slratosphere. 

Even !hough June is a time of relati vely weak mean 
downward flow in the northern hemi sphere high lati ludes, 
lhe tracer data sugges t that thi s now is lhe d ominant 
1ransport in lo this pan of the lowermosl stratosphe re. h is 
imeresling to nole lhe rela1i ve compaciness of the profi les 
above and below 1he 380 K surface. The lo wermost 
s tralOsphere appears 10 be relat ively well mixed compared 
wi th the s tra1osphere above the 380 K surface. 
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Fig. 5.30. Profiles of CFC-12. CFC- 11 , H-1211. and SFo from the Fairbanks, Alaska, flight. The tropopause and 380 K surfaces are indicated. The 
three distinct regions, the middle stratosphere (above 380 K), the IO\\Crmost stratosphere, and the troposphere, are clearly defined by both the gradients 
and spread in the data. Relationships between the time scales of mean flow and mixing can be inferred. 

5.3. OCEAN PROJECTS 

5.3.1. SOUTHERN OCEAN EXPEDI TION - BLAST Ill 

The nux of C H3Br from the world 's oceans has been a 
source of cons iderable contro versy over recent years. 
Although earl ier studies sugges ted the ocean was a large. 
net sou rce of atmospheric CH3 Br [Singh et al .. 1983: Singh 
and Kanakido11. 1993: Khalil et al.. 1993], recent 
widespread examinations by Cl'. IDL of the sa turation of 
CH 3Br in the east Pacific and Atlantic Oceans showed that 
most of the ocean was undersaturated in thi s gas [Lober/ et 
al., 1995, 1996; Butler et al., 1995). Extrapolation of 
these data indicated that the global oceans were a net si nk 
for atmospheric CH 3 Br. 

Two subsequently pub lished numerical models, however, 
sugges ted that polar and sub-polar oceans might be a large, 
net source of atmospheric CH3Br [Pilinis et al., 1996; 
A11bar et al .. 1996]. The two models used production rates 
based on data published by Lobe rt et al. [ 1995). presuming 
them to be either consta nt over the entire oceanic regions 
or a function of chlorophyll-a concentration. With 
chemical degradati on being very s low in cold, polar 
waters, and a very high biological product ivity during the 
austral summer, the predicted saturation anomalies were 
positive and ranged up to 500'7c, indicating th is polar 
source could globally outweigh the s inks estimated by 
Lobert el al. [1995 ]. To reso lve this question, CMDL 
conducted a study to measure the saturat ion of CH3 Br in 
the Southern Ocean during a time of high biological 
productivity (Bromine Lat itudinal Ai r-Sea Transect 
(B LAST) 111. Figure 5.31, Lober/ e t al. [ 1997]). 

The shipboard GC/r-.tS and S)Stem was 
virtuall y identical to that used during the two previous 
cruises. On this cru ise CH3 Br was also measured with a 
custom-bu ilt GC equi pped with an ECD and differe tll 
columns. Mol e fractions from MS and ECD systems 
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agreed, on average, within 0.2 ppt (Figure 5.32, Table 5.7). 
Measured, dry mole fractions of CH3Br in the atmosphere 
were cons istent with data from the BLAST I and BLAST II 
cruises. Most important , however, is that the ocean in this 
region was consistent ly undersaturated in CH 3Br with a 
mean saturation anomaly corrected for phys ical effec ts of 
-33 ± 8% (Figure 5.32c, Table 5.7). 

Main taining a steady-state , -35% undersaturation of 
CH3 Br in the surface waters in the presence of ai r- sea 
exchange requires a minimum in s itu degradation rate of 
about 5.8% d-t, whi ch is a factor of 10 larger than th at for 
chemical degradation alone. The most likely explanation 
of these findings is that dissolved CH3Br is being degraded 
by an additional mechanism other than reaction with H20 
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Fig. 53 I. BLAST Ill cruise track from McMurdo, Antarctica. to Punta 
Arenas, Chile. aboard the RIV Na1/u1111e/ Palmer, Cruise 96-02. 
Numbers along the cruise track indicate the Julian day of year 1996. 
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TABLE S.7. Mean Mixi ng Rattos of e H3Br in Air and 
Equilibrated Water during BLAST III 

Mean Corrected 
GC/MS GC/ECD Saturation Saturation 

(ppt) (ppt) Anomaly• Anomalyt 

83 ± 0.3 8.5 ± 0.7 
Equilibrated water 5.5 ± 0.6 5.6 ± 0.8 -36 :!:7% -33 ± 8'k 

*Saturation anomaly= percent departure from equilibrium. calculated 
from GC/MS data. 

tCorrected saturation anomaly = mean anomaly, corrected for 
physical effects such as those associated \\ 1th mix mg and warming of 
surface waters [e.g., 8111/er et al.. 1991 ]. 

and er. A significant biological s ink for e H.1 Br in sub-
tropica l waters has been identified recently [King a11d 
Salt:ma11 , 1997). suggesting that the add ittonal srnk might 
be biological. 

Several conclusions can be drawn from thi s study. Firs t , 
the Southern Ocean. and probably most high- lati tude 
waters, are a net si nk for atmospheric e H3B r. Second, 
b io logical processes, o r some chemical processes other 
than reaction with H20 o r e r. rapid ly remove e H3Br from 
surface waters. Third , e H3Br produc tio n is ne ithe r 
constant over the global ocean nor stri ctl y dependent upon 

chloroph yll concentration. The data fro m th is exped itio n 
a nd those from BLAST I and BLAST II suggest that the 
global ocean is a net s ink of 21 ( 11-3 1) Gg yr· t for e H3Br. 

5.3.2. O CEANIC UPTAKE OF ATMOSPHERIC TRACE 
GASES 

The atmospheric lifetime of a trace gas is derived from 
the sum of its sinks or loss rates. Loss to the ocean is a 
s ignificant s ink for some gases. O ve r the past few years a 
g ridded , finite-increment model was developed 10 
determine lhe uptake rate constant and partia l atmosphe ri c 
lifetime wi th respect to oceanic degradation for any trace 
gas that reacts in seawater. The model, o riginally 
developed to s tud y the ocean ic uptake of atmospheric 
me thyl bromide (eH3Br) [But ler, 1994; Yvon and Bu tler, 
1996; Yl'on-Lell'is and Butler, 1997], is used here LO 
calculate the oceanic uptake rate and part ial atmospheric 
lifetime of c hlorocarbons, HeFes, and HFes (Figure S.33, 
T able 5.8). The oceanic uptake rate (mol yr·l) is defined 
in the following equat io n: 

KwA r Uptake=---
11 nlr 

kd + K biol + I 
k d + k biol + --+ --Dk , ( Kw ) 

z z 

(8) 

The rate constant (k0 cn) and li fe time (<0 cn) for thi s remo val 
process can then be calcu lated from the fo llowing 
equatio n: 

11 3 

I = K w A _ r_ 
kocn =--

<ocn H n1r 

atmosphtre -
p 

0 

1l :r,a 

Xaq 
+ 

Fig. 5.33. Schematic of the air-sea flux of a trace gas. Terms are as 
described in Table 5.8. 



Initially this equation was applied to a 2° x 2° grid of 
physical properties in and over the global ocean for the 
calcu lation o f the partial atmospheric li fetime with respect to 
oceanic uptake for CH3Br (Figure 5.34). The inclusion of 
both the chemical and biological degradation rates for 
CH3Br in the ocean resulted in a partial atmospheric lifetime 
of l.8 ( l. l-3.9) years, which is substantiall y shorter and 
more certain than the 3. 7 ( 1.4- 14) year estimate calculated 
by Butler ( 1994], owing to the inclusion of spatial variability 
in oceanic physical properties and biological degradation 
rates. The correspondi ng atmospheric lifetime, including 
soi l to at mospheric sinks for C H3Br, is 0.7 (0.5-1.2) years. 

Oceanic uptake does not appear to be a significant sink 
for many of the HCFCs and the HFCs (Table 5.9). 

Because b iological degradation processes have not been 
in vestigated fo r most of these trace gases, the term (kbiol) 
was null in these calculations. Model results for these 
gases depend upon chemical degradation rates alone. The 
presence of any biologi cal degradation wou ld result in 
substantial ly reduced lifetimes. Evidence for the presence 
of degradation mechanisms other than the hydrolysis 
reaction used in this model has been observed in the 
saturation anomaly data for CH3Br, CH 3Cl, and CC1 4. 

The 'tocn values calculated by Wine and Chameides 
( 1989] are shorter than those determined by this model 
because the investigators neglected strat ification below the 
mixed laye r [e.g., Butler et al., 1991]. At this time there 
are no available data on the degradation rate constants 

TABLE 5.8. Definition of Terms Used in Oceanic Li fet imes Computation (Equations 2 and 9) 

Parameter or Variable Symbol or formula Units References for Calculations 

Panial pressure of X Px atm 
Oceanic concentration of X X,q mol m·3 
Gas transfer velocity Kw m yr·1 I . 2. 3, 4 
Solubility H m3 atm moJ·I 5,6, 7,8,9 
Atmospheric burden of X nx.a mo! 
Surrace area of ocean A m2 
Mixed layer depth z m 10 
Mass of the troposphere n1r mol 
Fraction of X in troposphere r Unitless 11. 12, 13 
Production rate of X Po mol nr3 yr' 
l\lixed layer chemical degradation rate constant kd yr' 8, 14, 15, 16, 17, 18, 19 
Mixed layer biological degradation rate constant yr ' 14,20 
Thcrmoclinc diffusion coefficient D, m2 yr1 10 
Thermocline chemical degradation rate constant k, yr' 8, 14, 15, 16. 17,18, 19 
Grid cell index i 
lnterhemisphcric ratio multiplier (N H and SH) R1HR Unit less 20,2 1 

1 \Vanninkhof [ 1992], 2Liss and Merliwu [ 1986), 3DeBruyn and Salrvm111 (I 997a], 4\Vilke and Chang [ 1955), 5De8ruy11 and Saltv11a11 [ J997b], 
6 Afoore et al. [ 1995), 7 Gosset [ 1987]. 8Mclinden [ 1989], 9Johnsm1 a11d Harrison [ 1986), '°Li er al. ( 1984], 11 Lal et al. ( 1994], 12Fabian et al. [ 1996), 
IJChen er al. ( 1994], 14King a11d Salrv11m1 [1997), 15Moelwyn -H11lfhes [ 1938), 16Gerkins and Franklin [ 1989), 11Jeffers er al. [1989), 18iVine and 
Chameides [ 1989), 19 Elliou er al. [ 1989]. 10Lobert et al. [ 1995), 2 Montdw et al. [ 1996) 

TABLE 5.9. 'tocn and 't for Selected Halocarbons 

<ocn (y) 't (y) 

Trace Gas This Study Previous Reference WMO (1994) This Study 

CH3CI 70(70-79) 1.5 1.46 
CH3CCl3 94(94- 123) 59-128(1 4.8 <4> 4.8 
CCl4 2250 42 42 
HCFC-22 2320 110<2> 2 13.3 13.3 
HFC-125 10600 > 1 soom 2 36 36 
HFC-134a 9 100 > 11 00<2> 2 14 14 
HFC-1 52a 5530 >460(2) 2 1.5 1.5 
HCFC- 124 1840 360(2) 2 5.9 5.9 
HCFC- 142b 2060 270(2) 2 19.5 19.5 
HCFC- 123 635 l 80<2l 2 1.4 1.4 
HCFC-141b 2230 77-360(2) 2 9.4 9.4 
CHCl3 715 0.55 0.55 
C2C14 2130000 0.4(5)" 
ocs 13.2 18(3) 3 4.3<6>' 3.2 

'C2CJ4 OCS lifetimes are from the indicated manuscripts rather than \VMO [1994). The only value in this column that included oceanic uptake is 
that for CH3CCb. 

1811tleret al. [ 1991]. 2\Vi11e and Clwmeides ( 1989), 3U/slzofera11d Andreae [1997), 4Pri1111 et al. [ 1995), 5\Vang er al. [ 1995), 6Chin and Davis [ 1995]. 
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Fig 5.34. Global distribution of the oceanic uptake rate constant, kocn.i, 
\\here k°'"·' = (l/toc0 ); for combined chemical and biological aquatic 
removal of atmospheric CH3Br. Including biological processes IO\\ers 
the partial atmospheric lifetime with respect to oceanic loss from 2.7 
years [l'von and 8111/er. 1996) to 1.9 years [l'von-Le111s and 8111/er, 
1997). 

and/or solubilities for many of the halocarbons found in 
the atmosphere. This lack of data prevents us from 
calculating the effect of oceanic degradati on processes on 
the lifetimes and budgets of man) trace gases. Accounting 
for the oceanic uptake of C H3C I and OCS resulted in 
reductions of 3% and 25% in the total atmospheric 
Ii fetimes fo r these species. 

5.4. GC MEASUREl\l ENTS AT Two TALL TOWERS 
I:'\ THE U.S. 

Automated. four-channel GCs ha\'e been in operation at 
the 610 m \VITN tower in eastern North Carolina (NC) 
since November 1994 and at the 4-l?-m \VLEF tower in 
northern Wisconsin (\V I) s ince June I 996. Every hour 
these in struments measure I 2 trace gases (CFC- I I . CFC-
12. CFC- I 13. CH3CCl3. CCl4. CHC l3, NiO. SF6. 
H2. CI 14, and CO) at 5 I , 123 . and 496 m above ground on 
the NC tower and at 30, 76. and 396 m on the WI tower. 
The GCs arc calibrated hourly with two standards of dried, 
whole air sto red in Acu li fe-trcated aluminum cylinders. 
one of which has been diluted by I 0% with zero air. The 
design and operation of the GC at the NC tower were 
described previously [£/kins et al.. I 996a. Hurst et al., 
1997a]. 

Trace gas mixing rat ios al the two towers are rnriable on 
diurna l, synoptic. seasonal. and longer time scales. 
Diurnal variations result primarily from the dail) 
development of the planetary boundar) layer (PBL). which 
defines the m1x111g depth of ground-based source 
emissions. At night. local and regional emissions augment 
mixing ratios beneath a shal low ( I 00-200 m) inversion and 
create signi ficant vertical gradients. During the late 
morning and afternoon, this vertical structure disappears as 

emissions are rapidly mixed into a 1-2 km deep PBL by 
convect ion [H11rst et al .. I 997a, I 998). Diurnal variabili ty 
al the lower two sampling level s on each tower is greater 
than at the top because the nocturnal inversion consistently 
lies between the middle and top sampling levels. 

Synoptic-scale variability is driven predominantly by the 
transport of pollution plumes from regional urban centers 
10 the measurement sites. Daily mean mixing ratios (and 
daily standard deviations) at 496 m on the NC tower 
during 1996-1 997 illustrate day-to-day (and diurnal-scale) 
vari ab il ity (Figu re 5.35). Daily means 5-1 0% above the 
majority of the data arc regular features, especially for 
C2CI4. Significant long-term trends in CH3CCl3 and SF6 
mixing ratios at the NC tower are also evident (F igure 
5.35). Linear fits to regional .. background" mixing ratios 
during 1996-1997 at the NC tower imply trends of -16.5 
± 0.5 ppt yr·l for CH 3CCI3 and 0.24 ± 0.01 ppt yr-t for SF6 
[Hurst et al .. I 997b] which are in good agreement with 
background trends al remote northern hemispheric sites 
(Figure 5.4) [Mont:-ka et al., 1996; Geller et al., 1997). 

Synoptic-scale variability of trace gases at the NC tower 
was analyzed to identify regional-scale em ission ratios 
[Bakwin et al .. 1997) . C2Cl4 was chosen as the reference 
compound because of its high rat io of atmospheric 
variab ility to measurement precision at the NC tower and 
its reasonably well -known em issions [McC11//och and 
,\fidgley, 1996). Several statis tical approaches were used 
for the analysis. including a method where "scores" fo r 
each trace gas were computed as the sum of its mixing 
ratios during pollution events >4 hours in duration . For 
December 1994 through August 1996, 211 pollution events 
of 4 to 273 hours duration were identified [Bakwin et al., 
1997 ]. Event scores for each trace gas were plotted against 
those for and fit with a linear, orthogonal distance 
regression (Figure 5.36) 10 determine a regional-scale 
emission rat io. C2Cl4 correlated well with CFC-1 2, - 11, 
CH3CCl3 . SF6. and several other gases (r >0.85). North 
American source strengths estimated from this "score" 
method and a time-domain analysis of the data are in good 
agreement wi th industry estimates for C l l3CCl3and CO but 
are 35-75% lower for CFCs. Di scordance in CFC 
estimates may indicate that CFC emissions from the region 
surround ing the NC tower are not representative of North 
America (although CH3CCl3 and CO emissions appear to 
be) or that industry estimates of CFC emissions during 
1995-1996 are too high. The latter scenario is supported 
by El kins el al. [ 1993) and C11nnold et al. [ 1997) who 
demonstrated that global-scale observations of CFC- I I and 
CFC-1 2 mixing ratios during the 1990s are significantly 
lower than those calculated from emission inventories. 
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The synoptic-scale va riab ili ty of several halogenated 
trace gases recently decreased at both the NC and WI 
towers reflecting reductions in regional-scale emissions 
[Hurst et al.. 1998). Mixing ratio variability at all 
sampling heights on the towers was examined, but trends 
were deduced using only nighttime data from the top 
sampling level of each tower. This was done to minimize 
the influences of local sources and diurnal -scale vari -
abi lity. leaving regional emissions as the primary source of 
var iability. Monthly variab ility. calculated as one standard 
deviation of monthly-binned mixing ratios with mea-
surement errors subtracted in quadrature, was plotted as a 
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time series and fit with a linear least- squares regression 
(Figure 5.37). Variability at the remo1ely-loca1ed W I 
tower was generally lower than al the NC tower, which is 
closer to large urban cen ters. 
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Significant decreases in the synoptic-scale variabi lit ) of 
CFC-12, CFC- I 13, CH3CCl3, and C2Cl 4 were observed at 
both towers (Table 5 . 10). With the exception of CH3CCl 3, 
variability trends a t the two lowers agreed to with in their 
quoted uncertainties . The variab ili ty trend for C H3CCl3 al 
the NC tower, -1.31±0. 19 ppt yr·l, represents a 72 ± 11 % 
decrease in regional between early 1995 and late 
1997. Trends for CFC-I I , CCl.1, and SF6 al both towers 
did not differ s ignificant ly from zero. However , because 
of the low ratios of atmospheric variability to measurement 
precision for th ese gases, o nl y tre nd s >25% over the e ntire 
measurement period at each tower could ha ve been 
detected al a 75 % level of confidence. Reductions in CFC-
12, CFC-113 , and C 11 3CCl3 emissions are a11ribu1ed lo 
production rest ri ctions imposed by the Montreal Protocol. 
Reduced emiss ions o f C 2Cl4 are probably the result of 
recent requests 10 indust ry by the U.S. Environmental 
P rotect ion Agency (EPA) to voluntari ly reduce emissions 
of this compound because of its toxicity. 

5.5. FIRN AIR MEASUREMENTS 

Pas t success in analyzing for halocarbons in air samples 
collected from firn (unconso lidated snow) al the South 
Pole [£/ki11s et al., I 996a] prompted us 10 continue these 
investigations in Greenland and Antarctica. Our initial 
measurements of South Pole firn air were from low 
pressure g lass nasks used in collecting air for carbo n-cycle 
gases. Although these measurements seemed reasonab le 
and the samples generally uncontaminated, they could only 
be run on two o f our instruments; GC MS measurements 
were precluded for the South Pole samples because of a 
lack of available air. In April 1996 we assisted in the 
collection of samples from two holes a t Tunu, Greenland 
(78°01 ' N, 33°59'E) and filled our usual 2.5-L stainless 
steel nasks 10 375 kPa (yie lding about 9 L of air) in 
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Fig. 5.37. Trends in monthly nighttime variability at the top sampling 
level of the Nonh Carolina (NC) tower (circles) and Wisconsin (\VI) 
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nighttime mixing ratios during each month \\Ith random measurement 
noise removed. Lines fit to variability time series at the NC (solid) and 
WI (dashed) towers with least-squares regressions renect trends in 
regional-scale emissions [Hurst et al .. 1998). 

addition to the glass flasks ( 150 kPa, yielding only 3.8 L 
air, most of which is used in analyses for carbon-cycle 
gases by the CMDL Carbon Cycle Group). Samples were 
returned to Boulder for analysis on all four instruments 
used in flask ana lyses (Table 5.2). Both glass flasks and 
steel tlasks were run on the two GC/ECD systems and steel 
flasks were run on the two GC/MS sys tems. Similarly we 
obtained samples in both steel and glass flasks from deep 
and shallow holes drilled at Siple Dome, Antarctica 
(8 1°40 ' S, 148°49' \V}, in December 1996. 

Data from these sites showed that CFCs. CH 3CCl 3, 
CCl4, SF6, halon s, and HCFCs were essential!} absent in 

TABLE 5.10. Trends in Nighttime Atmospheric 
Variability at the Top Sampling Levels of Tall 

Towers in North Carolina and Wisconsin 

Compound 

CFC-II 
CFC-12 
CFC-1 13 
CH3CCli 
CCI, 
C2CI, 
SF6 

CFC-II 
CFC-12 
CFC-113 
CH3CCii 
CCI, 
C2CI, 
SF6 

Trend Slope Slope Error 
Level of 

Confidence 

NC Tower (NOl·ember 199./ - October 1997) 

-0.09 0.t3 
-0.82 0.48 90% 
-0.09 0.08 76% 
-1.31 0. 19 99% 
0.00 0.06 

-0.63 0.38 89% 
0.00 O.D2 

\VI Tower (lr111e 1996 - October 1997) 

-0.15 0.18 
-1.15 0.60 92% 
-0.23 0.10 95% 
-0.75 0.28 98% 
-0.01 0.05 
-1. 19 0.73 87% 
-0.02 O.Q.l 

the earl y 20•h century atmosphere (Figures 5.38, 5.39, and 
5.40). This is not surprising information, but these 
samples, which, unlike the initial South Pole samples, 
were col lected in such a way as to avoid low- level 
contamination of halocarbons, are the first verifi cation 
of levels of CFCs and the major chlorocarbons that do not 
differ significantly from zero. The data demonstrate that 
if natural sources of these gases do exist, they are insig-
nificant. 
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Results for methyl halides were more ambiguous, 
although it st ill may be possible to derive 2o•h century 
atmospheric histories for them (Figure 5.39b and Figure 
5.41). Methyl chloride in the diffusive zone is about 10% 
higher than it is at the bottom of the profiles suggesting 
that activ ities over the past century have elevated the 
mixing ratio of this gas in the atmosphere by about 50 ppl. 
Also, in the upper 10-12 m of the firn, C H3CI 
concentrations actually decrease toward the surface by 
about 30 ppl. This is consis tent with seasonal cycles of 
CH 3CI which are associated with photochemical cycles of 
tropospheric OH. 

Data for CH3Br from Siple Dome agreed well with those 
from the South Pole, both suggesti ng that atmospheric 
CH1Br in the earlier part of this century was about 25% 
low.er than it is today (Figure 5.41 a). However, at Tunu, 
Greenland. a warmer and more coastally influenced site, 
CH3Br was high near the bottom of the profile, reaching 
mixing ratios of nearly 50 ppt at the firn-ice transition 
(Figure 5.4 1 b). Tests confirm that this elevation in 
concent rat ion at depth is not an artifact of sample 
col lection, storage, or analysis. This leads us to believe 
that the observed high values for CH 3Br in the firn at Tunu 
are real, although not necessarily of atmospheric origin. 
(This feature was also observed at Tunu for at least one 
other marine biogenic gas. CH31, and it was observed for 
CHBr3 at Siple Dome where CH 3Br and CH3I do not 
appear to have been produced.) A model of the 
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firn profiles strong ly sugges ts that C H 3 Br is produced nea r 
the firn -ice transi t ion , a process that could not have been 
happening at South Pole o r Siple Dome and yie ld the 
o bserved profiles. 

Processes in the upper 10 m o f firn also may affect 
C H3Br concentrations. At each a ntarct ic s ite, the C H3Br 
concentration was elevated by as much as 1 ppt ( 10- 15%) 
in samples j ust below the sur face. Th is fea ture was 
consis tent , thoug h at presen t unexplained . Such va ri ations 
did not appear thro ughou t the p ro fil es wh ic h suggests th is 
may be a phe no menon li mite d to the upper 10 m. How th is 
affects the overall profile is diffi cult to ascertain wi thou t 
first understand ing the process. All firn samplings were 
conducted during th e summer mo nths thus precluding any 
evalu at io n of seasonal e ffects in the sur face. In the fall of 
1997, fl asks were sen t to SPO for sampling from a 15 m 
deep hole in winter and summer of 1998. 
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