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Abstract. Using recent kinetic data, two-dimensional (2-D) chemical-transport modeling
of the atmospheric lifetimes of dimethyl ether and fluorinated ethers CH;OCF; (E143a),
CHF,0OCHF, (E134), and CHF,OCF; (E125) shows that E134 and E125 have
substantially larger lifetimes than previously estimated. Dimethyl ether has a short
atmospheric lifetime of 5.1 days and a relatively insignificant radiative forcing leading to a
relatively low global warming potential. Increasing fluorination is accompanied by slower
rates of reaction with hydroxyl radical and ultimately longer lifetimes. E143a, E134, and
E125 were found to have lifetimes of 5.7, 29.7, and 165 years, respectively. In addition,
our work uses ab initio methodology to determine IR absorption cross sections for each -
ether. Our study finds that E134 and E125 have significant infrared absorption and thus
relatively high radiative forcing values. These two properties together yield global warming
potentials for E134 and E125 of 5720 and 14,000, respectively, integrated over a 100 year

period.

1. Introduction

Dimethyl ether is a proposed diesel fuel substitute while
fluorinated ethers are proposed CFC/HCFC replacements in
foam blowing and refrigeration applications [Sehested et al.,
1996; Zhang et al., 1992; Hsu and Demore, 1995]. Attractive
features of these ethers include the absence of chlorine and the
incorporation of hydrogen. Chlorine is known to catalytically
degrade ozone in the stratosphere, thus its removal in the
troposphere lowers the molecule’s ozone depletion potential
(ODP) (a measure of a molecule’s potential effects on ozone
defined as the change in total ozone concentration per unit
mass emission of the gas) [Wuebbles, 1995]. The incorporation
of hydrogen allows removal of the ether via hydrogen abstrac-
tion by tropospheric hydroxyl radical. In addition to affecting
its influence on ozone, the rate of removal determines the
molecule’s atmospheric lifetime, which in turn influences
global warming properties. A molecule’s relative ability to af-
fect climatic change is quantitatively described by the global
warming potential (GWP) which incorporates both the mole-
cule’s lifetime and the ability to absorb radiation (its radiative
forcing). A molecule’s radiative forcing is a measure of the
change in net irradiance (W m?) at the tropopause after
allowing for stratospheric temperatures to readjust to strato-
spheric equilibrium. The time-integrated radiative forcing re-
sulting from the instantaneous release of a kilogram of trace
gas expressed relative to that of a kilogram of a reference gas,
usually CO,, defines a molecule’s GWP [Intergovernmental
Panel on Climate Change (IPCC), 1990, 1996]. GWPs, however,
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are integrated over a range of time periods (rather than to
steady state) due to the complexity of the carbon cycle effects
on CO, concentrations. Previous experimental and theoretical
studies of these ethers suggest shorter lifetimes than analogous
fluorinated hydrocarbons [Cooper et al., 1992; Zhang et al.,
1992]. Shorter atmospheric lifetimes generally translate into
lower GWPs depending on where and how strongly the mole-
cule absorbs infrared radiation. Below 7 pm (1400 cm™"),
water in the atmosphere absorbs infrared radiation, while
above 12 um (800 cm™1'), both water and CO, effectively
absorb. This leaves a window between 7 and 12 um where
there is less infrared radiation absorption. CFCs and other
anthropogenic substances with absorption features in this re-
gion can absorb, effectively closing this window at specific
wavelengths and can significantly affect global climate [IPCC,
1990; Ramanathan et al., 1985]. Information on where and how
strongly a molecule absorbs is obtained through a determina-
tion of the molecule’s vibrational profile, i.e., band position
and band strength. This work uses prior evaluation of the
vibrational profile of dimethyl and fluorinated ethers. By com-
bining this with evaluations of their lifetimes, the environmen-
tal significance of these species is determined relative to their
ability to affect global climate. Presented in this work are
lifetimes, relative radiative forcings, and global warming po-
tentials calculated for dimethyl ether and the fluorinated
ethers CH;OCF; (E143a), CHF,OCHF, (E134), and
CHF,OCF; (E125).

2. Lifetime

A molecule’s lifetime is defined as the ratio of its atmo-
spheric burden to that of its combined loss mechanisms and is
the time it takes for a substance to decrease by (1/e) 36.8% of
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Table 1.

GOOD ET AL.: LIFETIMES AND GLOBAL WARMING POTENTIALS FOR ETHERS

Lifetime of Ether Species Due to OH Loss Only

Scaling Relative to

Scaling Relative to

Prinn et al. [1995] WMO [1995]
(4.9 years) (5.9 years)
Species Rate Expression Calculated Model Calculated Model
CH;0CH; 36.7 X 10712 7300/T 0.014 0.012 0.017 0.014
CH,0CF; P1.9 X 1071271555/ 4.7 4.7 5.7 5.7
CHF,O0CHF, 1.9 X 10712~ 2006/T 24.1 24.6 29.0 29.7
CHF,0CHF, P47 X 10713 72093/ 134.0 137.0 162.0 165.0

All values expressed in years.
“Wallington et al. [1988].
*Hsu and Demore [1995).

its original concentration [e.g., WMO, 1995; Wuebbles, 1995].
For the molecules evaluated, photolysis should be relatively
unimportant, implying reaction with hydroxyl radical (OH) is
the principal removal mechanism. The UV-vis absorption of
the fluorinated ethers has been neither measured nor calcu-
lated. The first excited state of dimethyl ether is found to be
about 185 nm [Bremmner et al., 1991]. Ethers released into the
atmosphere will not encounter radiation of this energy until
they reach past the stratosphere. For this reason the lifetimes
of fluorinated ethers are expected to be dominated by their
reaction with tropospheric hydroxyl radical. The expression for
a molecule’s lifetime is shown in (1) where k is the rate con-
stant for reaction with hydroxyl radical at a specified temper-
ature taken as the globally averaged atmospheric temperature,
277 K [Prather and Spivakovsky, 1990].

T = 1/k[OH] 1)

Rate constants are those of Hsu et al. [1995] and Wallington et
al. [1988]. The concentration of hydroxyl radical is taken from
the work of Prinn et al. [1995] who determined a global weight-
ed-average lower-atmospheric OH concentration of 9.7 *
0.6 X 10° radicals cm > based on their observations of methyl
chloroform concentration and evaluation of its budget. The
derived atmospheric lifetime of methyl chloroform (4.9 years
due to tropospheric OH loss and 4.8 years due to total atmo-
spheric OH loss) along with its atmospheric concentration are
used to estimate the globally averaged OH concentration.

Another approach to lifetime determinations can be made
through the use of global atmospheric chemical-transport
models that represent all of the known relevant processes. The
zonally averaged two-dimensional chemical-radiative-trans-
port model used in this study to determine the atmospheric
lifetimes of the ethers determines the distributions of impor-
tant trace constituents in the troposphere, stratosphere, and
mesosphere. The photochemical mechanism typically repre-
sents the chemical and physical interactions of about 50 chem-
ical species and stratospheric aerosols and accounts for about
150 chemical and photochemical reactions in the atmosphere
[Wuebbles et al., 1995, 1997; Kinnison et al., 1994].

A common practice for more accurately evaluating atmo-
spheric lifetimes of gases reacting primarily with OH is to scale
the lifetime of a particular species, x, relative to methyl chlo-
roform such that

2

The methyl chloroform-hydroxyl radical rate expression is
1.8 X 10~ '2¢~133%T [DeMore et al., 1994]. In Table 1, col-

7o Tenscan = kemscar/Ke

umns 3 and 5 list the atmospheric lifetime of each species using
(2). Column 3 uses a methyl chloroform lifetime of 4.9 years as
determined by Prinn et al. [1995] for tropospheric OH loss,
while column 5 uses a 5.9 year methyl chloroform lifetime as
recommended by WMO [1995]. Columns 4 and 6 list lifetimes
of the ethers as computed from the chemical transport model.
Column 4 is scaled with the 4.9 year methyl chloroform life-
time, while column 6 uses the 5.9 year chloroform lifetime.
Plate 1 illustrates the results of the chemical transport model.
The concentration of each ether is shown as a function of
altitude. Dimethyl ether with its fast rate of reaction with
hydroxyl radical degrades very quickly within the troposphere.
From model calculations the lifetime of dimethyl ether is
found to be ~0.015 years (~5.1 days). Little dimethyl ether
would be transported into the stratosphere and would thus
have little impact on the stratosphere’s ozone layer if reactions
from its degradation products could affect ozone. Slower re-
action rates and longer lifetimes accompany increasing fluori-
nation. CHF,OCHF,, (E134) and CHF,OCF;, (E125) are
shown in Table 1 to have substantial lifetimes, with E125 hav-
ing a lifetime of 134-165 years. These ethers are predicted to
reach well beyond the troposphere; see Plate 1. Previous eval-
vations implied shorter lifetimes for fluorinated ethers; how-
ever, our analysis contradicts these conclusions [Cooper et al.,
1992; Zhang et al., 1992]. In the kinetic investigation by Hsu et
al. [1995] a relative rate technique was used which negates the
effects of unwanted side reactions caused by impurities. As a
result, the rate data from Hsu et al.’s [1995] investigation are
substantially slower than those of Zhang et al. [1992]. Slower
reaction rates lead to longer atmospheric lifetimes and may
impart significant global warming properties to these ethers
depending on the molecule’s specific infrared absorption fea-
tures.

3. Radiative Forcing

Band positions and band strengths for each ether have been
determined from ab initio methodology in a previous study
[Good et al., 1998]. Optimizations were performed with Becke
nonlocal three parameter exchange and correlation functional
with the Lee-Yang-Parr correctional functional method
(B3LYP). The B3LYP calculations were performed with the
large 6-311++G(3df,3pd) basis set. This method was found to
have a rms error of 2.7% in determining band positions of
these ethers [Good et al., 1998)]. Absorption cross sections were
integrated over a spectral width of 100 cm™". Integrated band
strengths predicted by ab initio calculations lie between 10 to
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Plate 1. Atmospheric concentration distribution of dimethyl ether, CH;OCF, (E143a), CHF,OCHF,
(E134), and CHF,OCF; (E125), from 2-D chemical-transport model. The model is first run to steady state
with current surface mole fractions specified for major source gases. Since the current atmospheric abun-
dances of the ethers studied here are expected to be quite small, their global distributions in the background
atmosphere are assumed to be zero. The surface abundances of dimethyl ether, E143a, E134, and E125, are
then perturbed with 1ppb one at a time, and the model is run to steady state.
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Plate 1. (continued)

15% above experimentally derived results. This error is within
the deviation of 10-25% between experimentally determined
cross-section data [Pinnock et al., 1995]. Band strengths are
then used with a radiative transfer model for the global atmo-
sphere to determine radiation budgets as a function of altitude.
The longwave and shortwave radiation schemes of this model

have been used in the climate community model (CCM) of the
National Center for Atmospheric Research (NCAR) to com-
pute long wave and short wave radiation [Briegleb, 1992]. This
narrowband model incorporates integrated cross sections into
30, 100 cm™' bands extending from 0.0 to 3000 cm™'. The
radiative transfer model contains vertical profiles of pressure
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Table 2a. Radiative Forcings (W m~2 ppb~ ') Using
Experimental Vibrational Data ‘
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Table 3. Global Warming Potentials Calibration Relative
to IPCC [1996] Values

Calculated Relative to
CFC-11
Forcing McDaniel Clerbaux Varanasi  Average per Unit
Agent et al. et al. et al. (IPCC) Molecule
CFC-11 0.24 025  0.245(0.22) 1.00
CFC-12 0.29 0.32 0.32 0.31(0.28) 1.27(1.27)
HCFC-22 0.20 0.23 022 0.216 (0.19) 0.88 (0.86)

and temperature. Vertical mixing ratios of H,O, O;, CO,,
CH,, and N, O over 35 levels as well as cloud coverage at three
levels are incorporated. Calculated radiative forcings for CFC-
11, CFC-12, and HCFC-22 using experimentally derived band
strengths compare well with JPCC [1996] estimates. Table 2a
compares the model-estimated radiative forcing values as well
as their ratio to CFC-11 with recent IPCC [1996] estimates.
The band strengths used were those of McDaniel et al. [1991],
Varanasi et al. [1988], and Clerbaux et al. [1993]. The average of
the three data sets differs from IPCC estimates by 11.4, 10.7,
and 13.7% for CFC-11, CFC-12, and HCFC-22, respectively.
Column 6 in Table 2a shows that the relative ratio to CFC-11
compares extremely well with JPCC [1996] estimates.

Table 2b also lists radiative forcing values for species using
absorbance cross sections as determined from ab initio meth-
odology. Structurally similar HFC analogs to the fluorinated
ethers were investigated for comparative purposes. For all
species the raw radiative forcing values are overestimated (Ta-
ble 2b, column 2). Their relative values, however, compare
reasonably well with literature values. Column 3 of Table 2b
lists forcing values relative to CFC-11 and scaled by the IPCC
[1996] forcing value for CFC-11 (0.22 W m ™2 ppb™'). Column
4 of Table 2b lists forcing values relative to CFC-12 and scaled
by the IPCC [1996] forcing value for CFC-12 (0.28 W m™>
ppb 7).

Dimethyl ether, as expected, has a very low radiative forcing
as predicted from its vibrational spectra. Dimethyl ether’s in-
tense CH stretching bands resonate around 3000 cm ™! well
outside the 7-12 um window region. Each of the fluorinated
ethers in Table 2 has a forcing value considerably larger than
its HFC analog. E143a has a forcing value slightly lower than
that of CFC-12, while the remaining two ethers, E134 and
E125, have larger radiative forcings per unit amount in the
atmosphere. The C-F and C-O stretching modes of these
ethers resonate within the 7-12 um band; thus increases in

Greenhouse 20 year 100 year 500 year
Gas Integration Integration Integration®
CFC-11 4700 (4900) 3680 (3800) 1320 (1400)
CFC-12 7520 (7800) 7890 (8100) 3900 (4200)
HCFC-22 3860 (4000) 1460 (1500) 450 (520)

IPCC values are in parentheses. All values expressed relative to
CO,. Instantaneous injection of 1 kg of each gas.
“from Wuebbles [1995].

fluorination are accompanied by an increase in the molecule’s
radiative forcing [Good et al., 1998].

4. Global Warming Potentials

GWP calculations integrate the molecule’s atmospheric life-
time and its radiative forcing into one expression to evaluate
the cumulative effect of emissions of a greenhouse gas on
climate. The time-integrated radiative forcings for CO, are
based on the approach of IPCC [1996], using a CO, decay
response calculated by Siegenthaler and Joos carbon cycle
model [IPCC, 1996; Siegenthaler and Joos, 1992].

Table 3 tabulates estimated global warming potentials for
CFC-11, CFC-12, and HFC-22 relative to CO, compared to
IPCC [1996] estimates shown in parentheses. An average error
of 3.3% exists between this work and the IPCC [1996] esti-
mates. Table 4 lists global warming potentials for the ethers.
As expected, the long lifetimes and intense absorption features
within the 7-12 wm window of E134 and E125 result in sub-
stantial global warming potentials. Table 4 also compares
GWP values for HFCs structurally similar to each ether. Life-
times and global warming potentials for each HFC were taken
from IPCC [1996]. HFC-125 has a lifetime of 32.6 years, thus
its GWP decreases substantially over longer integration peri-
ods. Conversely, the GWP of E125 increases from 20 to 100
year integrations and then declines due to its relatively large
lifetime of 165 years. E134 has a lifetime longer than both
HFC-134 and HFC-134a, thus leading to higher global warm-
ing potentials across all integration periods. Over short inte-
gration periods the GWP of E134 is similar in magnitude to
that of E125 due to similarities in their radiative forcings (0.49
and 0.47 W m ™2 ppb~ ! for E125 and E134, respectively). Over
longer integration periods however, the differences in lifetimes
begins to dominate the GWP. Over a 100 year integration the

Table 2b. Radiative Forcings (W m ™~ ppb~") Using ab Initio Vibrational Data

Raw Forcing Scaled Forcing Scaled
Forcing Relative to CFC-11 Relative to CFC-12 Literature

Forcing Agent Value (0.22 Wm™2 ppb™1) (0.28 Wm™2 ppb™1) Value
CFC-11 0.29 0.22 0.24 0.22¢
CFC-12 0.34 0.26 0.28 0.28*
CF;CH; (HCF143a) 0.18 0.14 0.15 0.168"
CHF,CHF, (HFC134) 0.25 0.19 0.21 0.18°
CF;CHF, (HFC125) 0.36 0.27 0.29 0.25°
CH;0CH; 0.02 0.02 0.02 e
CH;OCF; (E143a) 0.31 0.24 0.26
CHF,OCHF, (E134) 0.57 0.43 0.47
CHF,OCF; (E125) 0.60 0.46 0.49

AIPCC [1996].
*From Pinnock et al. [1995].
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Table 4. Comparison of Alternative Hydrocarbons
Global Global Global
Warming Warming Warming
Chemical  Lifetime, Potential, Potential, Potential,
Species Formula years 20 years 100 years 500 years
HFC-125 CHF,CF; 32.6 4600 2800 920
E125 CHF,0CF; 1652 11800 1400 9120
HFC-134 CHF,CHF, 10.6 2900 1000 310
E134 CHF,OCHF, 29.7 9760 5720 1830
HFC-134a CH,FCF, 14.6 3400 1300 420
HFC-143a CH;CF, 48.3 5000 3800 1400
El43a CH;OCF; 5.7 2200 656 202
HFC-143 CH,FCHF, 38 1000 300 94
DME CH;0CH; 0.015 12 0.3 0.1

HFC values from IPCC [1996].

GWP for E134 (5720) is 41% that of the E125 GWP (14,000),
while over a 500 year integration the GWP of E134 (1830) is
only 20% that of the E125 GWP (9120). E143a has a lifetime
and thus GWP intermediate to that of HFC-143 and HFC-
143a over all time integrations.

5. Conclusions

Dimethyl ether appears to be atmospherically benign with
respect to its ability to affect global climate. A short atmo-
spheric lifetime and a lack of significant absorption features in
the window region combine to yield a small GWP. Unless there
are unrealistically large emissions, dimethyl ether should not
contribute significantly to global warming.

E143a appears to be an improvement over analogous halo-
carbons, while E134 and E125 are long-lived species with sig-
nificant global warming properties. Plate 1 indicates that sub-
stantial concentrations of these ethers will reach the
stratosphere. For these ethers, photolysis may become an im-
portant removal mechanism capable of competing with reac-
tion with hydroxyl radical. The importance of photolysis as a
removal mechanism and the atmospheric fate of formed deg-
radation products are needed to fully characterize the environ-
mental significance of these ethers.

Acknowledgments. Work at the University of Illinois was sup-
ported in part by the NASA ACMAP and by the U.S. EPA.

References

Briegleb, B. P., Longwave band model for thermal radiation in climate
studies, J. Geophys. Res., 97, 11,475-11,485, 1992.

Bremner, L. J., M. G. Curtis, and I. C. Walker, Electronic states of
some simple ethers studied by vacuum ultraviolet absorption and
near-threshold electron energy-loss spectroscopy, J. Chem. Soc.
Faraday Trans., 87(8), 1049-1055, 1991.

Clerbaux, C., R. Colin, P. C. Simon, and C. Grainer, Infrared cross
sections and global warming potentials of 10 alternative hydrohalo-
carbons, J. Geophys. Res., 98, 10,491-10,497, 1993.

Cooper, D. L., T. P. Cunningham, N. L. Allan, and A. McCulloch,
Tropospheric lifetimes of potential CFC replacements: Rate coeffi-
cients for reaction with the hydroxyl radical, Atmos. Environ., 26(A),
1331-1334, 1992.

Demore, W. B., D. M. Golden, R. F. Hampson, C. J. Howard, C. E.
Kolb, M. J. Molina, A. R. Ravishankara, and S. P. Sander, Chemical
kinetics and photochemical data for use in stratospheric modeling,
JPL Publ. 94-26, Jet Propul. Lab., Calif. Inst. of Technol., Pasadena,
1994.

GOOD ET AL.: LIFETIMES AND GLOBAL WARMING POTENTIALS FOR ETHERS

Good, D. A, and J. S. Francisco, Structure and vibrational spectra of
chlorofluorocarbon substitutes: An experimental and ab initio study
of fluorinated ethers CH;OCF; (E143a), CHF,OCHF, (E134), and
CHF,OCF,; (E125), J. Phys. Chem. A, 102(10), 1854-1864, 1998.

Hsu, K. J., and W. B. Demore, Temperature-dependant rate constants
and substituent effects for the reactions of hydroxyl radicals with

* three partially fluorinated ethers, J. Phys. Chem., 99, 11,141-11,146,
199s.

International Panel on Climate Change (IPCC), Climate Change—The
IPCC Scientific Assessment, edited by J. T. Houghton, G. J. Jenkins,
and J. J. Ephrauns, Cambridge Univ. Press, New York, 1990.

International Panel on Climate Change (IPCC), Climate Change 1995:
The Science of Climate Change, edited by J. T. Houghton, L. G. M.
Filho, J. Bruce, H. Lee, B. A. Collander, E. Haites, N. Harris, and
K. Maskell, Cambridge Univ. Press, New York, 1996.

Kinnison, D. E., H. S. Johnston, and D. J. Wuebbles, Model study of
atmospheric transport using carbon 14 and strontium 90 as inert
tracers, J. Geophys. Res., 99, 20,647-20,664, 1994.

McDaniel, A. H., C. A. Cantrell, J. A. Davidson, R. E. Shetter, and
J. G. Calvert, The temperature dependent, infrared absorption
cross-sections for the chlorofluorocarbons: CFC-11, CFC-12, CFC-
13, CFC-14, CFC-22, CFC-113, CFC-114, and CFC-115, J. Atmos.
Chem., 12, 211-227, 1991.

Pinnock, S., M. D. Hurley, K. P. Shine, T. J. Wallington, and T. J.
Smyth, Radiative forcing of climate by hydrochlorofluorocarbons
and hydrofluorocarbons, J. Geophys. Res., 100, 23,227-23,238, 1995.

Prather, M., and C. M. Spivakovsky, Tropospheric OH and the life-
times of hydrofluorocarbons, J. of Geophys. Res., 95, 18,723-18,729,
1990.

Prinn, R. G., R. F. Weiss, B. R. Miller, J. Huang, F. N. Alyea, D. M.
Cunnold, P. J. Fraser, D. E. Hartley, and P. G. Simmonds, Atmo-
spheric trends and lifetime of CH;CCl; and global OH concentra-
tions, Science, 269, 187-192, 1995.

Ramanathan, V., R. J. Cicerone, H. B. Singh, and J. T. Kiehl, Trace gas
trends and their potential role in climate change, J. Geophys. Res.,
90, 5547-5566, 1985.

Sehested, J., T. Mogelberg, T. J. Wallington, E. W. Kaiser, and O. J.
Nielsen, Dimethyl ether oxidation: Kinetics and mechanism of the
CH;0CH, + O, reaction at 296K an 0.38-940 torr total pressure, J.
Phys. Chem., 100, 17,218-17,225, 1996.

Siegenthaler, U., and F. Joos, Use of a simple-model for studying
oceanic tracer distributions and the global carbon-cycle, Tellus, Ser
B, 44(3), 186207, 1992.

Varanasi, P., and S. Chudamani, Infrared intensities of some chlo-
rofluorocarbons capable of perturbing the global climate, J. Geo-
phys. Res., 93, 1666-1668, 1988.

Wallington, T. J., L. Renzhang, P. Dagaut, and M. J. Kurylo, The Gas
phase reactions of hydroxyl radicals with a series of aliphatic ethers
over the temperature range 240-440K, Int. J. Chem. Kinet., 20,
41-49, 1988.

World Meteorological Organization (WMO), Global ozone research
and monitoring project, in Atmospheric ozone 1985: Assessment of
our understanding of the processes controlling its present distribution
and change, Rep. 16, Geneva, 1986.

Wauebbles, D. J., Weighing functions for ozone depletion and green-
house gas effects on climate, Annu. Rev. Energy Environ., 20, 45-70,
1995.

Wuebbles, D. J., W. E. Blass, A. S. Grossman, and K™E. Grant,
Radiative forcing calculations for CH;Cl and CH;Br, J. Geophys.
Res., 102, 13,651-13,656, 1997.

Zhang, Z., R. D. Saini, M. J. Kurylo, and R. E. Huie, Rate constants
for the reactions of the hydroxyl radical with several partially fluor-
inated ethers, J. Phys. Chem., 96, 9301-9304, 1992.

J. S. Francisco and D. A. Good, Department of Chemistry and
Department of Earth and Atmospheric Sciences, Purdue University,
West Lafayette, IN 47907-1393. (e-mail: jfrancis@chem.purdue.edu)

A. K. Jain and D. J. Wuebbles, Department of Atmospheric Sci-
ences, University of Illinois Urbana-Champaign, Urbana, IL 61801.

(Received May 4, 1998; revised May 21, 1998;
accepted May 29, 1998.)



