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Tracer-tracer correlations' Three-dimensional model 

simulations and comparisons to observations 

Linnea M. Avallone I and Michael J. Prather 
Earth System Science, University of Cahfornia, Irvine 

Abstract. Calculations of the stratospheric distributions of 12 trace species (N20, 
CH4, CFC13, CF2C12, CFCleCF2C1, CHF2C1, CH3C1, CH3CC13, CC14, CH3Br, 
CF2C1Br, and CF3Br) are performed by using the Goddard Institute for Space 
Studies/University of California at Irvine (GISS/UCI) three-dimensional chemistry 
transport model (CTM). Because each of these gases is either an important precursor 
of ozone-depleting radicals or a significant greenhouse molecule, it is critical that we 
understand their source strengths and atmospheric lifetimes. In this study, lifetimes 
against stratospheric loss are determined from the CTM calculations and compared 
with the currently accepted values. Calculated distributions of these species are 
compared with observations taken from aircraft platforms at midlatitudes via 
their correlation with N20. The sensitivity of the calculated correlations to rate 
parameters, photolysis cross sections, and lower boundary conditions is explored 
for several key species. For most of .the compounds examined the correlations 
can be simulated, within the uncertainty of the observations, by using current 
photochemistry. Finally, the use of correlation diagrams (i.e., scatterplots of one 
species versus another) as a tool for determining the lifetimes of tr•ce g•ses on 
the basis of atmospheric observations is examined in the framework of the theory 
proposed by Plumb and Ko [1992]. 

1. Introduction 

The role of long-lived trace gases in phenomena such 
as global climate change and stratospheric ozone deple- 
tion has prompted studies to understand the relation- 
ships of emissions to atmospheric concentrations and 
eventual environmental impact. Atmospheric measure- 
ments of species such as nitrous oxide (N20), methane 

Past model studies have achieved good agreement 
between emissions and long-term trends of chloroflu- 
orocarbons (CFCs) monitored at surface sites by using 
chemical transport models (CTMs) [e.g., Prather et 
al., 1987; Hartley et al., 1994; Kanakidou et al., 1995]. 
Because the CFCs have insignificant chemical loss pro- 
cesses in the troposphere, the result of these studies has 

(CH4), and halocarbons have been made throughout essentially been verification of transport schemes. Sim- 
the world from ground sites [Prinn et al., 1990; Thomp- . ulation of these same constituents in the stratosphere, 
son et al., 1990; Wang et al., 1995], aircraft [Heidt et however, requires both reasonable transport and accu- 
al., 1989; Toon et al., 1989], balloons [Goldan et al., rate chemistry. Photolysis and photooxidation by teac- 
1980; Schmidt et al., 1989] and satellites [Zander et al., 
1987; Kumer et al., 1993], resulting in a tremendous 
database of. information from which the growth rates 
and lifetimes of these molecules can be derived [Kaye 
et al., 1994]. As predictions of the future state of the 
atmosphere become more sought after, a challenge pre- 
sented by this database is whether we have an accurate 
understanding of the chemical losses that control the 
global mean lifetimes and determine the buildup and 
eventual decay of these gases. 

•Now at Laboratory for Atmospheric and Space Physics, 
University of Colorado at Boulder. 

Copyright 1997 by the American Geophysical Union. 
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tion with O(•D) or hydroxyl (OH) are the major loss 
processes for species such as N20, CH4, and halocar- 
bons. The relative importance of these reactions varies 
from molecule to molecule and with latitude, altitude, 
and season. Thus calculation of the distributions of 

these long-lived trace gases tests not only the capabil- 
ity of atmospheric models but also our understanding 
of the chemical processes controlling the accumulation 
and removal of these ozone-depleting greenhouse gases. 

The effects of day-to-day meteorological variations on 
stratospheric gases can be removed in large part by plot- 
ting two species against one another, that is, creating a 
correlation plot. Ehhalt et al. [1983] pioneered this type 
of analysis with the concept of "equivalent displacement 
height"; i.e., the altitude deviations from the mean pro- 
file for each individual species in an air sample are simi- 
lar to one another. Mahlman et al. [1986] compared the 
variations in N•.O generated by a three-dimensional gen- 
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eral circulation model with the observations discussed 

by Ehhalt et al. and developed a theoretical framework 
for the displacement length. Further, Mahlman et al. 
predict differing displacement lengths depending on the 
nature of the chemical destruction processes. More re- 
cently, correlation plots of observations made on aircraft 
campaigns in the lower stratosphere and upper tropo- 
sphere have been used to infer chemical changes, such 
as ozone loss [ProJfitt et al., 1990, 1992] and removal of 
reactive nitrogen by polar stratospheric clouds [Fahey 
et al., 1990a], to provide a convenient transfer function 
for calculation of inorganic halogen abundances [Kawa 
et al., 1992; Woodbridge et al., 1995], and to deduce sea- 
sonal cycles of trace gases [Boering et al., 1994; Hintsa 
et al., 1994]. This recent surge in the use of tracer corre- 
lations has been promoted by the development of a the- 
oretical framework [Plumb and Ko, 1992] and follow-on 
studies [Hall and Prather, 1995; Plumb, 1996]. 

In this paper we test current stratospheric photo- 
chemistry and transport using the correlation with N20 
of several long-lived trace gases: CH4, CFC-11 (CFC13), 
CFC-12 (CF2C12), CFC-113 (CFC12CF•C1), HCFC-22 
(CHF2C1), methyl chloride (CH3C1), methyl chloroform 
(CHaCCla), carbon tetrachloride (CC14), methyl bro- 
mide (CHaBr), Halon-1211 (CF2C1Br), and Halon-1301 
(CF•Br). Calculations of the stratospheric distribu- 
tions of these compounds are performed with the God- 
dard Institute for Space Studies (GISS)/University of 
California at Irvine (UCI) chemistry transport model, 
as described in section 2. In section 3 we compare re- 
sults from the model with observations made from air- 

craft platforms in the midlatitude lower stratosphere, 
and we discuss the sensitivity of the calculated correla- 
tions to the assumed reaction rates or photodissociation 
cross sections. In section 4 we explore with this self- 
consistent model whether the theory relating the slopes 
of the correlation plots and the mean lifetime against 
stratospheric loss [Plumb and Ko, 1992] holds in the 
midlatitude lower stratosphere. 

2. Methods 

The UCI chemistry transport model (CTM) uses 
winds generated by the stratospheric GISS general cir- 
culation model (GCM) [Rind et al., 1990] to advect the 
chemical constituents considered here. Calculations are 

performed on a grid 7.830 in latitude by 100 in lon- 
gitude. There are 21 vertical layers: nine rr (terrain- 
following) layers in the troposphere (surface to about 
100 mbar) and 12 stratospheric layers between fixed 
pressure surfaces (for example, 100, 46.4, 21.5, 10, and 
4.64 mbar). A single year of GCM winds is recycled 
for the multiple-year calculations in this paper; thus we 
do not simulate the effects of interannual variability in 
stratospheric circulation. The advection algorithm con- 
serves first- and second-order moments of the trace gas 
mixing ratios in three dimensions within each grid box 
[Prather, 1986]. Although this scheme requires extra 
memory for storage of the nine moments, it is numer- 
ically accurate and provides sampling of the trace gas 
mixing ratio on subgrid scales [Hall and Prather, 1995]. 

In this study, each trace gas has been simulated in 
a separate model run, with photochemical loss applied 
at altitudes above 200 mbar. No chemical loss is ap- 
plied in the troposphere, and the mixing ratio of each 
species in the lowest three model layers is reset every 
time step to a mean value for 1992, based on upper tro- 
pospheric measurements [Schauffier et al., 1993; World 
Meteorological Organization [WMO), 1995]. The pho- 
tochemical loss rates used in the CTM are zonal and 

monthly averages calculated off-line at 2-kin intervals 
with a detailed photochemical model [Logan et al., 1978; 
Prather and Remsberg, 1993] and resolved vertically on 
the CTM grid by using second-order moments [Hall and 
Prather, 1995]. The CTM is run until the global burden 
of the tracer approaches a steady state value to within 
0.1%, typically in 6 model years. Trends in tropospheric 
mixing ratio or latitudinal gradients in the lower tropo- 
sphere are not generally included in these simulations. 
Results below are all taken from model year 7. 

For a number of species discussed here (N20, CFC13, 
CF2C12, CFC12CF2C1, CF2C1Br, CF•Br, and CC14), 
atmospheric loss is due only to photolysis and reac- 
tion with O(•D). In those cases the UCI photochem- 
ical model [Prather and Jaffe, 1990; Prather, 1992] is 
initialized with climatological ozone concentration pro- 
files (from SBUV) and temperatures (from the Na- 
tional Meteorological Center; see Prather and Rems- 
berg [1993]). Rate constants and absorption cross sec- 
tions are taken from the 1994 Jet Propulsion Laboratory 
(JPL) compilation [DeMote et al., 1994]. Treatment 
of the Schumann-Runge bands follows Minschwaner et 
al. [1992], while absorption cross sections for the 202 
to 207-nm region of the Herzberg continuum, which is 
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Figure 1. N20 profiles from the average of NCAl• 
whole air samples during AASE II (solid circles), the 
CTM simulation (solid line), and the modified %hem- 
N20" (dashed line) used to determine climatologies for 
chemical calculations of OH and C1 radicals. See text 
for details. 
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important for lower stratospheric photolysis, are taken 
from Yoshino e! al. [1992]. 

The remaining species (CHaBr, CHaC1, CHaCCla, 
CH4, and CHFuC1) have losses due to reaction with 
OH and, in the case of methane, with chlorine atoms 
as well, in addition to photolysis and reaction with 
O(1D). Additional information about the local chem- 
ical composition (for example, H20, CH4, NOy, and 
Cly) is required to properly calculate OH and the loss 
frequencies for these molecules. The CTM's N20 cli- 
matology can be used to calculate distributions of other 
long-lived trace gases and families on the basis of ob- 
served correlations as follows: CH4, from ER-2, DC-8, 
balloon, and ATMOS observations [Prather and Rems- 
berg, 1993; Uollins et al., 1993]; NOy, from ER-2 and 
ATMOS [Fahey et al., 1990b]; total inorganic chlorine 
(Cly), from ER-2 [Woodbridge e! al., 1995]; and total 
inorganic bromine (Bry), from ER-2 (S. Schauffler, un- 
published data, 1996). Water vapor mixing ratios are 
determined by using the relationship 2xCH4 + H20 = 
7.0 parts per million by volume [Bithell et al., 1994]. 
Unfortunately, one fault of this CTM is that gradients 
between [he tropics and midlatitudes are too shallow in 
the lower stratosphere (compare Figure 1 of Hall and 
Prather [1995] with Figure 2 of Kumer et al. [1993]). 
To compensate for this drawback, an adjustment fac- 
tor is applied to the modeled N20 to steepen the gradi- 
ents and create a "chem-N20," which is in better agree- 
ment with the observations, as shown in Figure 1. This 
chem-N20 is used only to initialize the off-line chemi- 
cal model; all N20 simulations shown in the correlation 
plots are "as is" from the CTM. The resulting radical 
fields calculated to be in steady state with these tracer 
fields are compared with in situ observations of C10 
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Figure 2. Scatterplot of CF2C12 (CFC-12) versus N20 
(nitrous oxide). Small black dots are points from CTM 
calculation. The gray pluses are in situ observations 
from AASE II made by the NCAR and UCI whole air 
samplers. 
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Figure 3. 
(CFC-113). 

Same as Figure 2 but for CFC12CF2C1 

[Availone et al., 1993] and OH [Wennberg et al., 1994] 
and found to agree to the 10-15% level, well within the 
uncertainties of both the model and the measurements. 

The chemistry unique to high-latitude winter and spring 
(the "ozone hole") is neglected in these calculations and 
is not expected to affect the comparisons here. 

3. Comparison With Observations and 
Other Models 

The results of the CTM calculations are shown in 

Figures 2 through 12. Each figure is a scatterplot of 
a particular halocarbon (or CH4) versus N20 for the 
model month of March. The model is sampled at each 
grid point every fifth day; the plotted points are from 
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Figure 4. Same as Figure 2 but for CFC13 (CFC-11). 
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Figure 5. Same as Figure 2 but for CC14 (carbon tetra- 
chloride). 
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Figure 7. Same as Figure 2 but for CH3CC13 (methyl 
chloroform). 

350 to 65øN, all longitudes, and altitudes from 12 to 
32 km (pressure levels of 178 to 10 mbar) for a total of 
about 9000 points. This altitude range exceeds that ac- 
tually sampled by the in situ platforms but is necessary 
to encompass the observed range of N20 values. Over- 
laid on each plot are observations made during the Air- 
borne Arctic Stratospheric Expedition (AASE) II from 
January to March 1992 by the National Center for At- 
mospheric Research (NCAR) whole air sampler aboard 
the NASA ER-2 and the UCI flask sampler aboard the 
NASA DC-8. The sampling and analysis systems for 
these instruments have been described in detail else- 

where [Heidt et aL, 1989; Blake et al., 1994]. Table i 

lists the experimental uncertainties for the compounds 
considered here. 

In general, the agreement between calculated and ob- 
served correlations is quite good. Some fairly large dif- 
ferences in the width of the scatter of observations in 

comp:xrison with calculations can be seen in Figures 5 
(CC14), 6 (CHaC1), and 8 (CH3Br). This finding is not 
surprising, as each of these three species is known to be 
"sticky"; that is, these gases have a tendency to adsorb 
to the walls of the sampling canister, resulting in a loss 
in the gas-phase concentration with respect to the con- 
centrations of other molecules [Schauffier et al., 1993]. 
Thus the observed width is more likely a measure of ex- 
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Figure 9. Same as Figure 2 but for CF2C1Br (Halon- 
1211). 
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Figure 11. Same as Figure 2 bu• for (•H4 (methane). 

perimental error than of atmospheric processes. Exam- 
ination of Figures 8 (CHaBr) and 9 (CF2C1Br)shows 
two distinctly different regions of samples, apparently 
the result of calibration differences between the NCAR 

and U CI groups. Preparation and maintenance of ac- 
curate standards for these compounds are difficult; the 
concentration of CHaBr in gas mixtures is known to 
drift over time as a result of reactions on the walls 

of the gas cylinders. It has been suggested that sub- 
stantial systematic differences (as large as 30%) may 
exist among the various absolute standards for CHaBr 
[WMO, 1995]. The differences for CF2C1Br shown in 
Figure 9 reflect the inherent uncertainty that arises 
when standards must be made at such small concen- 

trations. 

Comparison of Figures 2 through 12 reveals a large 
variation in the degree of scatter among the tracer pairs 
calculated with the CTM. A quantitative estimate of 
the width of the correlation plots is made by calcu- 
lating the mean and standard deviation for all points 
within a small range of N20 values corresponding to 
a standard deviation of 5%. For example, for a mean 
N20 of 80 ppbv, CF2(•12 has a mean value of 83.6 pptv 
and a standard deviation of 6.5 pptv, for a fractional 
"width" of 7.8%, whereas CHaCC13 is 1.184-0.53 pptv, 
for a width of 45%. Table 2 gives this fractional width 
for each of the calculated species for N20 mixing ratios 
of 80 (4-5%) and 200 (4-5%) parts per billion by volume 
(ppbv). The width, or compactness, of the tracer cor- 
relations reflects the relative importance of photochem- 
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Figure 10. Same as Figure 2 but for CFaBr (Halon- 
1301). 
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Table 1. Uncertainties for Whole Air Samplers 

Name Formula NCAR, % UCI, % 
CFC-12 CF2C12 6 5 
CFC-11 CFCla 7 5 
CFC-113 CFCI•.CF•C1 3 5 
HCFC-22 CHF•C1 9 10 
Methyl chloride CHa C1 7 5 
Methyl chloroform CHa CCla 3 10 
Carbon tetrachloride CC14 4 10 
Halon 1301 CFaBr 29 25 
Halon 1211 CF2C1Br 7 25 
Methyl bromide CHa Br 5 25 

istry and transport in determining the global distribu- 
tions of these species [Plumb and Ko, 1992]. Provided 
that both chemistry and diabatic descent are slow in 
relation to horizontal mixing, all correlations should be 
compact, regardless of the species' patterns of loss. Un- 
der this scenario, varying loss patterns would be mani- 
fest in the shape of a correlation diagram. In practice, it 
is more difficult to separate the effects of transport and 
chemistry, because horizontal mixing is not infinitely 
fast. Thus the species that are most tightly correlated 
with N20 (for example, CHaC1 and CF2C12) might be 
expected to exhibit similar patterns of loss and local life- 
times that are long compared to mixing, whereas those 
for which the scatter is large (for example, CFC13 and 
CF2C1Br) would have markedly different loss patterns 
and relatively short local lifetimes. 

To explore this notion further, the photolysis cross 
sections for five of the calculated species as a function of 
wavelength are shown in Figure 13. Although the mag- 
nitudes of the cross sections vary from one species to 
another, it is plain that most of the photolyric destruc- 
tion of N20, CF2C12, and CHaC1 takes place over the 
same wavelength region, whereas that for CFCla and 
CF2C1Br extends to much longer wavelengths. Since 
the longer wavelengths penetrate deeper into the atmo- 
sphere than do the shorter ones, CFC13 and CF2C1Br 
are destroyed at altitudes lower than that at which N20 
is destroyed, leading to a more rapid falloff of these 
species in relation to N20 and hence the breadth of the 
scatter. This behavior can also be interpreted as varia- 

Table 2. Width of Correlation Plots 

Species N20=80 ppb, • % N20=200 ppb, % 
CF2C12 8 7 
CFC12CF2C1 13 9 
CFCla 62 34 
CC14 56 29 
C Ha C1 7 7 
CHaCCla 45 21 
CHaBr 59 26 
CF•C1Br 80 45 
CFaBr 29 13 
CHF2C1 2 2 
CH4 3 3 

•Mean value about which a range of N20 with a stan- 
dard deviation of 5% has been chosen. 

• le-18 

- ß 

- ß 
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Y•õare 13. Pho[o]ys•s cross sec[•o•s •s • fa•c[•o• of 

tion in CFCla (or CF2C1Br) loss rates across surfaces of 
nearly constant N20 loss rate. The existence of a tight 
correlation between N20 and CF2C12 (or CFC12CF2C1) 
should be no surprise; the photolysis cross sections are 
very similar for these species, as are the reaction rates 
with O(1D). The small degree of scatter in the cor- 
relation of N20 with CHaC1 is, however, unexpected. 
Although the cross sections are quite similar (see Fig- 
ure 13), photolysis of methyl chloride represents about 
30-40% of the total loss (the rest being reaction with 
OH and O(1D)), whereas photolysis is about 90% of 
N20 loss. Thus the tight correlation between this pair 
may be a fortuitous occurrence or may be related to a 
correlation between photolysis and the creation of OH. 

3.1. CH3C1 q- OH Reaction 

CH3C1 distributions calculated with the CTM are 
quite sensitive to the choice of rate constant for the 
reaction OH + CH3C1. The data shown in Figure 6 
were obtained by using the recommended value from 
the JPL-92 compilation [DeMote et al., 1992]. The 
newest recommendation (JPL-94) suggests a smaller 
rate (by about 40% at 210 K), based on a recent ex- 
periment by Hsu and DeMote [1994]. A comparison of 
the N20-CHaC1 correlation calculated by using these 
two rates is shown in Figure 14, along with the in situ 
data. It is clear that the calculation with the JPL-94 

rate does not describe the observations well. A slightly 
faster rate than that recommended in JPL-92 might 
better reproduce the observations, but we hesitate to 
suggest this on the basis of modeling studies alone and 
given the tendency for CHIC1 to be affected by wall 
loss in the sampling canisters. The study by Hsu and 
DeMore is carried out by using the relative rate tech- 
nique; in this case the reference molecule is CH•CHF2 
(HFC-152a). The absolute rate obtained for the reac- 
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Figure 14. Scatterplot of CHaC1 versus N20 for cal- 
culations with different values of the rate expression for 
CH3C1 + OH. 

tion of OH with CHaCHF2 is about 20-30% smaller 
at stratospheric temperatures than the recommended 
value [Kaye et al., 1994]. If the ratios of koH+cH3ct 
to koH+c•3c•'2 given by Hsu and DeMore are con- 
verted to absolute rates, using the recommended rate 
expression for OH + CH3CHF2, they agree within un- 
certainties with the numerous previous measurements 
of OH + CHaC1. On this basis, we have chosen the 
JPL-92 recommendation for our calculations. 

3.2. Trends in CHF2C1 (HCFC-22) 

Figure 12 shows the scatterplot of CHF2C1 versus 
N20; it is plain that the model calculation produces 
a correlation nothing like that seen in the observations. 
Given the relative ease with which other correlations 

were reproduced, this failure is puzzling. Photolysis 
represents only e[ small fraction of the loss for CHF2C1 
(<5%),.so uncertainties in the photolysis cross sections 
or radiative calculations are relatively unimportant in 
this case. The reaction of O(•D) with CHF2C1 con- 
tributes up to 50% of the total loss by 30 km, but sev- 
eral measurements of this rate by different groups agree 
within experimental uncertainty [Green and Wayne, 
197(/; Davidson et al., 1978; Warren et aL, 1991]. Like- 
wise, t•e reaction between OH and CHF2C1, which is 
the dominant loss process below about 30 km, seems 
well constrained by numerous laboratory studies [Orkin 
and Khamaganov, 1993, and references therein]. We 
find that the answer lies not in the kinetics, but rather in 
the growth rate of CHF2C1 abundance. Since CHF2C1 
is the fastest growing "major" halocarbon, its distri- 
bution is far from steady state. A second simulation 
was carried Out in which the tropospheric mixing ra- 
tio of CHF2C1 was increased at a rate of 7% per year 
[WMO, 1995] for 7 years, culminating with a year in 

which the tropospheric abundance was 100 parts per 
trillion by volume (pptv), similar to that measured dur- 
ing 1992. The results of this calculation are shown in 
Figure 15. While the match is not perfect, there is con- 
siderable improvement in comparing the model results 
with observations. An interesting footnote is that with 
the incorporation of time dependence the width of the 
scatterplot increases dramatically. This is not a sur- 
prising result, given that the mixing ratio of CHF2C1 
entering the stratosphere is changing rapidly from year 
to year, whereas that of N20 remains fixed; that is, con- 
stant age surfaces are not aligned with photochemical 
age surfaces as defined by N20 (see discussion of CO2 
versus N20 by Hall and Prather [1995]). Whether the 
real atmospheric correlation is indeed this "wide" is a 
question that can be answered only with more obser- 
vations. The results of the time-dependent simulation 
for CHF2C1 are used throughout the remainder of this 
discussion. 

3.3. Other Sensitivities 

Some notable uncertainties in the modeling of certain 
species are examined with additional calculations. For 
example, latitudinal gradients in the tropospheric mix- 
ing ratios of all species are generally ignored; however, 
there are no noticeable changes in the correlation plots 
or calculated lifetimes when the lower boundary takes 
into account the interhemispheric gradients for species 
such as CH4, CH3CC13, and CH3Br. Recent analyses 
suggest that the quantum yield of O(•D) from ozone 
photolysis is larger than that recommended in the JPL- 
94 compilation at wavelengths longward of 310 nm, and 
that this increase may have a significant impact on the 
abundance of both O(•D) and OH in the upper tropo- 
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Figure 15. Scatterplot of CHF•C1 versus N•O, from 
a calculation in which the tropospheric mixing ratio of 
CHF2C1 has been increased 7% per year. Black dots are 
CTM calculation; gray pluses are in situ observations 
from AASE II, as in Figure 12. 
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sphere and lower stratosphere [Michelsen et al., 1994]. 
We incorporated the Michelsen et al. parameterization 
into our model and found that it makes a noticeable dif- 

ference only for the calculation of CHF2C1 in the trop- 
ical lower stratosphere, probably because reaction with 
OH is the dominant loss process there. The midlat- 
itude correlation diagrams for runs with and without 
the enhanced O(XD) yield are virtually indistinguish- 
able from one another; however, the stratospheric life- 
time of CHF2C1 is reduced by about 5%. No similar 
effect is seen for CH4, most likely because the domi- 
nant loss takes place at altitudes above those at which 
additional O(xD) production from the Michelsen et al. 
formulation results. Finally, a recent laboratory study 
of the photolysis of CC14 shows that there is a tempera- 
ture dependence to the absorption cross section at wave- 
lengths longward of 210 nm [Prahlad and Kumar, 1995]. 
There are fairly substantial changes to local loss rates 
when this temperature dependence is included (the loss 
rate drops by about 10% at altitudes below 20 km in 
the tropics and subtropics), yet the atmospheric effect 
is negligible: the correlation diagram remains the same 
and the stratospheric lifetime does not change. 

3.4. Comparison With Two-Dimensional 
Models 

Although this is the first detailed investigation of 
trace gas correlations with a three-dimensional model, 
an extensive study was carried out with two-dimensional 
(2-D) models during the Models and Measurements 
Workshop [Prather and Remsberg, 1993]. The 2-D mod- 
els have been used widely in stratospheric studies and 
assessments over the past decade. We select four species 
that span the range of agreement or disagreement be- 
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Figure 16. Scatterplot of CF•CI• versus N•O. Black 
dots are CTM calculation; gray symbols are calculations 
performed for the Models and Measurements intercom- 
parison [Prather and Remsberg, 1993]. Compare with 
Figure 2. 
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Figure 17. Same as Figure 16 except for CFCla versus 
N20. Compare with Figure 4. 

tween the 2-D and CTM simulations and among the 2-D 
models themselves. More detailed discussions of other 

species can be found in the workshop report. Correla- 
tion plots of CF2C12, CFC13, CH3C1, and CHF2C1 ver- 
sus N20 are shown in Figures 16 through 19. In each 
of these figures the CTM simulations are the same as 
those shown before, with the 2-D model results [Sage 
and Hunt, 1994] for the month of March 1990 over the 
latitude range 35ø-60øN overplotted. 

Each of the individual 2-D models gives a correlation 
plot that is roughly the same width as that generated 
by the CTM and as seen in the observations, with the 
exception of CFCla. The reason for this difference is not 
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Figure 18. Same • Figure 1• excep• for CHaC1 versus 
N20. Compare wi[h Figure 
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entirely clear. Each of the 2-D models is represented 
by only about 60 points, whereas the CTM-generated 
correlation has about 9000 points. One possibility is 
that the 2-D model is simply undersampled with regard 
to the true atmospheric variability of CFCla. Another 
possibility is related to the rates of vertical transport 
through the lower stratosphere. Because the loss rate 
for CFCla is quite large below 25 km, differences in the 
residence time of air in this region could change the 
amount of loss in relation to that for N20 from model 
to model. Since the width of the scatter in these plots 
appears to be related to local lifetimes, a shorter lifetime 
for CFCla in the CTM than in the 2-D models might 
contribute to the greater scatter. 

The striking feature of Figures 16 through 19 is the 
large difference among the 2-D models, even in the cor- 
relation of N20 with CF2C12, for which the loss pro- 
cesses and local lifetimes are very similar. Of particular 
interest are the correlations for CHaC1 and CHF2C1. 
CHaC1 is the primary natural source of stratospheric 
chlorine, and it is distressing that it has proven so diffi- 
cult to simulate accurately. The calculations of CHF2C1 
are also quite different from model to model, but the 
Models and Measurements simulations were intended 

to be steady state runs, and it is not surprising that 
the majority of results deviate from observations. The 
Atmospheric and Environmental Research, Inc. (AER) 
model, however, was run as a time-dependent calcula- 
tion and agrees well with the CTM. We conclude that 
there are fairly substantial differences among the then- 
current (as of 1990) 2-D model chemistries. 

4. Correlations and Stratospheric Loss 

An important goal in modeling the atmospheric dis- 
tribution of N20, CH4, or halocarbons is an estima- 
tion of the global mean lifetime of that compound, de- 

fined as content (in kilograms) divided by global loss 
(in kilograms per year). This lifetime (in years) also 
relates emissions (in kilograms per year) directly to at- 
mospheric content (in kilograms) in the limit of steady 
state. For these ozone-depleting and/or greenhouse 
gases their environmental indices (ozone depletion po- 
tential or global warming potential) are directly pro- 
portional to their lifetimes. There have been efforts 
to determine the lifetimes against stratospheric loss of 
some of these gases based on satellite observations (for 
example, Stratospheric and Mesospheric Sounder N20 
and CH4 [Jones and Pyle, 1984; Ko et al., 1991]), but 
they are limited by the accuracy of the data. Some 
of these gases are measured only by in situ methods, 
such as whole air sampling on balloons or aircraft, and 
thus the global coverage is sparse. In the absence of 
both accurate and extensive observations, some proxy 
is necessary to estimate lifetimes. It has been suggested 
that useful information regarding lifetimes of long-lived 
species against stratospheric loss might be obtained by 
examining the relative slopes of correlation plots made 
from observations under particular conditions [Plumb 
and Ko, 1992] (hereinafter P&K). 

The essence of the analysis of P&K is that long- 
lived species in the stratosphere exhibit an "equilibrium 
slope" determined by a balance between transport pro- 
cesses and photochemical transformations. Provided 
that the local lifetimes of two molecules are longer than 
the timescale for quasi-horizontal transport, their cor- 
relation diagram will be compact. The stratospheric 
sources and sinks determine the degree of curvature of 
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Figure 20. Scatterplot of the product (drrx/do'•%o) 
(•%o/•x) for the CTM and the UCI samples for 
values between 280 and 310 ppbv. The dashed line is 
the one-to-one line, and the error bars are an estimate 
of the uncertainty due to error in determining the slope 
and the standard deviation of mixing ratios about the 
mean value. The open circle for CH4 denotes that this 
value was derived from the NCAR samples. 
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the correlation. P&K argue that, for two species whose 
sinks are purely stratospheric and that are in steady 
state, the linear part of the correlation obtained in the 
lower stratosphere gives the ratio of their lifetimes via 

rl .., der2 
r2 dcrl or2 

(1) 

where crx and or2 are the mixing ratios of the two species 
and dcr2/dcrx is the slope of the linear part of the corre- 
lation. We can readily test this theory in the context of 
the CTM, which by definition calculates a stratospheric 
lifetime consistent with the correlations. 

4.1. Comparison With Observations 

The first step toward applying this theory is to com- 
pare the right-hand-side of equation (1) (the product of 
the tracer-tracer slope and the ratio of the mean concen- 
trations) as calculated from observations and from the 
model. The U CI whole air samples taken from the DC- 
8 are used in this comparison: they were all obtained in 
the lower stratosphere; there are sufficient data to pro- 
vide a statistically significant calculation of the slope 
of the tracer correlation; and the precision is higher 
than that of the NCAR samples. Figure 20 shows a 
scatterplot of the product (do'x/do'N2o)(o'N2o/O'x) for 
the CTM and the UCI samples for N20 values between 
280 and 310 ppbv (i.e, within 10% of the tropospheric 
value). For most of the species simulated in this experi- 
ment the agreement between observations and model is 
very good, within the uncertainties. CH4 is shown with 
a different symbol, because it was not reported by the 
U CI group; these values come from the N CAR whole air 
sampler instead. For several of the species shown in Fig- 
ure 20 (CFCla, CC14, CHaBr, CHaCCla, and CHF2C1), 
agreement between observations and the CTM calcula- 
tions is poor, despite the generally good overlaps shown 
in the correlation plots themselves. These discrepancies 
are discussed below. It should be noted that these cal- 

culations are for the month of March only. There are 

Table 3. Global Mean Lifetimes Against 
Stratopsheric Loss 

CTM s hfetime, • Recommended s lifetime, b 
Species years years 

N20 113 105-125 
CF2C12 90 84-107 
CFC12CF2C1 70 70-87 
CFCla 35 50-55 
CC14 28 42-56 
CH3C1 38 --•35 
CH3CCls 28 30-45 
CHsBr 22 •35 
CF2C1Br 21 19-35 
CFsBr 52 50-65 
CHF2C1 205 210 
CH4 160 120 

•The s lifetime is the global burden divided by 
stratospheric loss, equivalent to the total atmospheric 
lifetime for CFCs, CCI•, and N20. 

b From Kaye et al. [1994]. 

small changes in the slopes of the correlation plots, of 
the order of 5%, over the course of the model year. The 
seasonal behavior of correlations may have important 
implications for the determination of atmospheric life- 
times based on observations, but a treatment of this is 
beyond the scope of this work. 

Note that the stratospheric correlations are a mea- 
sure of the fluxes into the stratosphere and hence the 
global lifetime with respect to stratospheric losses alone, 
i.e., the total burden (in kilograms) divided by strato- 
spheric loss (in kilograms per year), which we desig- 
nate "s lifetime". Table 3 compares the s lifetimes 
determined from the CTM calculation at steady state 
with values suggested in recent assessments [Kaye et 
al., 1994; WMO, 1995]. The time-dependent calcula- 
tion for CHF2C1 increases the lifetime by less than 5%. 
For most of the species the CTM's lifetime (see Ta- 
ble 3) falls well within the range of values currently in 
use, although usually on the low (shorter lifetime) side. 
There are four compounds, CFCla, CC14, CHaCCla, 
and CHaBr, for which the CTM lifetimes are consider- 
ably shorter than the recommended values. These are 
the same species for which the observations and CTM 
give different tracer-tracer slopes, as shown in Figure 
20. While the reasons for this difference are not com- 

pletely clear, it is likely that this phenomenon is re- 
lated to the vertical transporl• rates in the model. This 
CTM is known to produce too rapid vertical mixing in 
the stratosphere up to about 25 km. Evidence of this 
is apparent in the calculated vertical profiles of N20 
shown in Figure 1. Also, comparison of the ages of air 
masses calculated by the CTM [Hall and Plumb, 1994] 
and determined by measurements of SF6 [Harnisch et 
al., 1996] show that the CTM moves air to about 25 
km in the tropics almost 2 years faster than observa- 
tions suggest. For a compound such as CFCla this ex- 
cessive transport pushes the gas to altitudes at which 
more rapid photolysis occurs, and the s lifetime is con- 
sequently reduced. The next generation of stratospheric 
GCMs with better tropopause resolution may solve this 
rapid transport problem [Rind and Lerner, 1996]. 

4.2. Self-Consistency 

The second step in working with the Pick hypoth- 
esis is to show whether the two sides of equation (1) 
are indeed equal. It is difficult to do this with obser- 
vations, as the lifetimes of these species are not well 
known from measurements alone. In fact, the purpose 
of this type of analysis would be to calculate the ratio 
of lifetimes of two species from the observed gradients 
and to attempt to determine an absolute lifetime for one 
on the basis of some other technique, such as emissions 
scenarios or inverse modelling [Kaye et al., 1994]. The 
Pick hypothesis can be readily tested within the CTM 
framework, because the calculated lifetimes and distri- 
butions are necessarily self-consistent. Figure 21 is a 
plot of the ratio of model-derived stratospheric lifetimes 
(r•v2o/rx) versus the product (dax/da•v•o)(cr•v•o/crx) 
from equation (1). CHF2C1 lies well above the 1:1 line, 
because the growth rate of 7% yr- x creates tracer-tracer 
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slopes that are more characteristic of a shorter-lived 
gas. If we were to plot results from the steady state 
simulation instead, this point would fall close to the 
1:1 line (0.55,0.49+0.02). The other notable discrepan- 
cies occur for species with s lifetimes less than 40 years: 
CHaC1, CHaBr, and CF2C1Br. These are likely due to 
an accounting error in the s lifetime calculation. Specif- 
ically, we simulate loss for all species above 200 mbar, 
and for these species significant loss is calculated in the 
upper tropical troposphere. This tropospheric loss does 
not affect the tracer-tracer slopes in the stratosphere, 
but it is included in the global mean losses used to cal- 
culate the s lifetime. 

In addition, some of the deviation from the P&K con- 
cept of "slope equilibrium" with N20 may be due tc 
the short photochemical lifetimes in• the lowest part of 
the stratosphere (altitudes from 12 to 20 km) used here. 
Those species with a much longer lifetime exhibit distri- 
butions similar to the distribution of N20, so the P&K 
formulation works well for them. A similar analysis us- 
ing CFCI3 as the reference molecule was performed; the 
results are shown in Figure 22. The pattern is similar to 
that shown in Figure 21, but the points fall closer to the 
1:1 line. This finding is expected for two reasons: first, 
the lifetime of CFCI3 is calculated to be 35 years, so it 
is closer to that of the short-lived species than is N20, 
and second, the range of CFCI3 values chosen (within 
10% of the tropospheric value) encompasses a smaller 
range of altitudes (12 to 16 km) than the analysis for 
N20. Since the tracer-tracer slopes are proportional to 
the flux through a given layer, using a smaller lower 
stratospheric layer is more reflective of the s lifetime. 

To strictly apply the P&K theory, only observations 
made just above the tropopause should be used. The 
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main disadvantage of this constraint is that we must 
throw away a large fraction of the stratospheric data 
set; current sampling platforms, such as the NASA ER- 
2 and balloons, spend relatively little time at altitudes 
around the tropopause, and it is difficult to determine 
accurately the slope of the tracer correlation within ex- 
perimental uncertainties. Since the CTM provides both 
the stratospheric lifetime and the data for correlation 
plots, it is possible to investigate the relationship de- 
scribed by equation (1) by using data from higher al- 
titudes. The problem is that all of the tracer correla- 
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Figure 23. Slope of a log-log plot of a tracer correlation 
from the CTM versus the slope of a log-log plot of the 
same correlation from the N CAR observations. The 
dashed line is the one-to-one line. Error bars represent 
uncertainty related to the precision of the slope. 
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Figure 24. Similar to Figure 21 but using the slope 
of a log-log plot of the tracer correlation through- 
out the lower stratosphere instead of the product 
(derx/derN•.O)(erN20/erX) at N20 values between 280 
and 310 ppbv. 

tion plots (Figures 2 through 12) are curved; however, 
log-log plots of the tracer scatter diagrams are nearly 
linear for the entire altitude range, for both the CTM 
and the observed da[a sets. While this formulation does 

not strictly obey the conditions set forth in the P&K 
analysis, it does have the advantage of incorporating 
a larger number of observations, which, in principle, 
should lead to a better determination of the slope of 
the correlation. Figure 23 plots the slope of the mod- 
eled log-log relationship versus the slope of the observed 
log-log relationship; the ER-2-based samples taken by 
NCAR have been used here, as they cover the entire 
altitude range of interest. The pairs fall quite close to 
or on the 1:1 line. We attribute the discrepancies for 
CH3Br and CF2C1Br to the measurements, which show 
a large degree of scatter (see Figures 8 and 9) such that 
the slope of the log-log plot is not well determined. 

Figt•re 24 is a plot similar to Figure 21, except that 
the slope of the log-log plot (dlnX/dlnN20) has been 
substituted for the product (derx/derN•.O)(erN•.O/erX) 
from equation (1). It is obvious that this substitution is 
not appropriate for the shorter-lived species simulated 
here, but it does hold up well for the longer-lived ones, 
such as CF•CI•, CFCI•CF•C1, and CHF2C1, and rea- 
sonably well for CH4. On the basis of these model re- 
sults it may be possible to obtain lifetime information 
for long-lived trace species from measurements made 
throughout the stratosphere. 

5. Summary 

Using a chemistry transport model, we have calcu- 
lated the stratospheric distributions and lifetimes of 12 
radiatively and chemically important trace gases. Scat- 

terplots of each species against N20 have reproduced 
the observed correlations from whole air samples, within 
uncertainties, with known photochemical parameters. 
From this general agreement we can conclude that the 
chemistry of these important source gases is known as 
accurately as the uncertainty of the measurements. 

The tracer-tracer scatterplot can be an effective tool 
for ruling out some chemistries, for example, in the 
case of CHaC1. In addition, a grow.th rate in tropo- 
spheric abundance as small as 7% per year (for example, 
CHF2C1) must be accounted for to achieve reasonable 
agreement between model and observation. This find- 
ing has important implications for calculations of some 
of the newer HCFCs and HFCs, whose abundances are 
changing rapidly. 

Since the CTM calculations must produce self-consis- 
tent stratospheric lifetimes and distributions, we have 
used our results to test the P&K theory of the relation- 
ship between tracer-tracer slopes and relative lifetimes. 
This methodology works well for species with s lifetimes 
longer than about 40 years, suggesting that applying 
the P&K theory to atmospheric observations will yield 
reasonable estimates of the lifetimes of long-lived trace 
gases against stratospheric loss. However, for short- 
lived gases, and those with upper tropospheric loss pro- 
cesses, an alternate method will be needed to determine 
the global lifetimes accurately. 
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