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ABSTRACT

Hydroxyl (OH) radicals remove many man-made and natural gases from the atmosphere and
therefore play a key role in global tropospheric chemistry. Recent increases in CH, and CO have
caused concern that the levels of OH may decrease, thus reducing the capacity of the atmosphere
to remove and control man-made pollutants. We have calculated OH concentrations over a wide
range of climatic conditions to examine its long term stability and to determine the major factors
that may cause changes in its levels. We used a one-dimensional photochemical model, the
concentrations of CH, and N,O from polar ice cores and the current understanding of the
sources and sinks of CO, NO, and other gases involved in OH chemistry. We find that mean
OH concentrations are stabilized against changes even though the climatic conditions and
atmospheric trace gas composition change considerably between ice-ages, inter-glacial periods
and the present. In these transitions, the more rapid destruction of OH from increased CH, and
CO is compensated by increases in the production processes. Our calculations indicate that only
a small part of the 5-fold increase of methane between the present and the peak of the last ice

age, is due to changes in OH levels.

1. Introduction

Measurements of methane in ice cores taken at
Dye 3, Greenland and Byrd Station in Antarctica
indicate that atmospheric concentrations of CH,
were about 350 ppbv during the Last Glacial
Maximum (LGM) (about 18,000 yrs ago) and
increased to 650 ppbv during the transition from
glacial to inter-glacial conditions (Stauffer et al,,
1988). The longer record from the Vostok ice core,
which extends back to 160,000 years ago, indicates
that CH, values during the penultimate glaciation
(about 140,000 to 170,000 yrs B.P.) were also
about 340 ppbv and in the following interglacial
stage, rose to about 620 ppbv (Raynaud et al,
1988). In the last 300400 years, methane concen-
trations have more than doubled to their current
background level of about 1,650 ppbv (Khalil and
Rasmussen 1982, 1985, 1987; Rasmussen and
Khalil, 1984; Craig and Chou, 1982). Ice core
measurements of N,O show that pre-industrial
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levels were about 285 ppbv and started increasing
recently, perhaps after the turn of the century
(Pearman etal., 1986; Khalil and Rasmussen,
1988). Concentrations during the LGM are still
uncertain but were probably around 240 + 30 ppbv
(Khalil and Rasmussen, 1988).

The large changes observed for methane could
be due to variations in its sources, which may be
responding to increasing anthropogenic activities
in recent centuries and changing climatic condi-
tions, or in its loss processes or some combination
of the two (Raynaud et al., 1988; Chappellaz et al.,
1990). The dominant loss for methane is by reac-
tion with OH radicals, whose variations in the past
are largely unquantified. We will attempt to place
constraints on possible variations in OH levels,
thereby separating the contributions from sources
and sinks in determining the observed increase in
CH,. Earlier estimates of the possible changes of
OH due to anthropogenic activities were reported
by Thompson and Cicerone (1986), Levine et al.
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(1985) and Khalil and Rasmussen (1985). There
are two new aspects included in this paper. First,
we have extended the calculation of OH concen-
trations to the last ice age when atmospheric
chemistry and climate are vastly different than at
present. Second, and more importantly, we have
included processes that increase production of OH
in the transition from ice ages to inter-glacial
periods and also in the transition from the clean
pre-industrial atmosphere to the present atmo-
sphere which is significantly affected by human
activities. As discussed earlier by Khalil and
Rasmussen (1989), increases in OH production
rates caused by increases in ozone and water vapor
may compensate partly the increased losses of
OH from higher CO and CH, thus stabilizing
OH concentrations during different climatic
and environmental conditions. Consequently our
present estimates suggest that during the last
century, OH concentrations may have declined
much less than previously calculated (see also
Guthrie (1990)).

2. Calculations

We have used a one-dimensional photochemical
model to estimate tropospheric O, and OH levels
for three different cases corresponding to globally
averaged conditions for the current atmosphere,
the pre-industrial atmosphere (ca. 1850 A.D.) and
the atmosphere during the last glacial maximum.
The model extends from the surface to 80 km and
uses absorption cross section and kinetic rate coef-
ficient data from JPL 87-41 (Pinto et al., 1989).
The effect of Rayleigh scattering on photolysis
rates is treated using the method of Yung (1976).
Boundary conditions for the major atmospheric
trace gases at the surface are shown in Table 1 for
the three cases. For most species the present
concentrations were fixed according to globally
averaged observations (CO, CH,, H,, N,O and
NO,, or total reactive odd nitrogen species). For
the pre-industrial and ice age atmospheres, surface
values for CH, were set equal to 750 ppbv and
350 ppbv, respectively and N,O concentrations
were set equal to 285 and 235 ppbv based on the
ice core data. The concentration of NO, at the
surface was taken to be 50 pptv, assuming that
current background levels in the Southern
Hemisphere can provide an analogue for the pre-

J. P. PINTO AND M. A. K. KHALIL

Table 1. Calculated tropospheric hydroxyl radical
and ozome concentrations during ice ages, inter-
glacial epochs and modern times

Concentrations of gases in ppbv:

Modern Pre-industrial Ice age
CH, 1650 750 350
N,O 305 285 225
NO, 0.1 0.05 0.05
CO 110 57 28
H, 500 230 150
Calculated OH ( x 10~ molecules/cm®) and O, (ppbv):
OH 9.2 9.6 11
0, 22 14 12

industrial atmosphere. Ozone was calculated for
all three time periods assuming a constant deposi-
tion velocity of 0.1 cm s ~! at the surface. For the
pre industrial atmosphere, CO was calculated by
imposing a flux at the lower boundary equal to the
value calculated for the current atmosphere less
600 Tg yr ~! for the estimated emissions due to the
combustion of wood and fossil fuels, (see review by
Khalil and Rasmussen, 1990). For H,, a deposi-
tion velocity of 1073 cm/s was prescribed at the
lower boundary. Because of the large uncertainties
inherent in any attempt to characterize past emis-
sions of trace gases, we also performed calculations
to demonstrate the sensitivity of the results to
assumptions made about the model inputs.

Temperature profiles for the modern and pre-
industrial cases were taken from the midlatitude
standard atmosphere. Relative humidity profiles
for all cases were computed by the formulation
given in Manabe and Wetherald (1967). For the
construction of a nominal atmosphere during the
LGM, we adopted globally averaged tropospheric
temperatures 5°C lower than at present (Gates,
1976; Broccoli and Manabe, 1987).

Since no data for CO concentrations are
available from ice cores, the construction of its
global source during the LGM must rely on
scaling current estimates of emissions. Surface tem-
peratures of low and mid latitude continents were
5°-10° cooler than present, (Peterson et al., 1979),
suggesting a substantial decline in non-methane
hydrocarbon emissions from vegetation, if the
temperature dependence found by Tingey (1981),
is used. The contribution of natural forest fires as
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a CO source could also have been much lower,
because of the cooler temperatures. Pinto et al.
(1983) have estimated potential CO sources from
the oxidation of non methane hydrocarbons
emitted by vegetation and biomass burning to be
about 1300 Tg CO yr —*. We removed 350 Tg yr !
from this figure to estimate CO emissions during
the last LGM. This figure roughly corresponds to
a complete shut off of emissions from mid and high
latitude vegetation during the LGM, while leaving
tropical emissions alone. The production of CO
from the oxidation of methane is also greatly
reduced during the LGM. We have also lowered
the value for the deposition velocity of H, during
the last glacial maximum by 1/3, corresponding to
a decrease in soil surface area due to the advance
of the ice sheets.

We calculated upper limits on CO and H, levels
during the LGM by imposing a zero flux for CO
through the surface and a zero deposition velocity
for H, at the surface. It should be noted, however,
that this procedure will place somewhat extreme
limits on their concentrations, since the existence
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of CH, in the ice core record from the LGM
does indicate the presence of biological activity,
resulting in emissions of methane, at least.

3. Results

Calculated values for surface OH and ozone
levels for the three major time periods outlined
above are shown in Fig. 1 and in Table 1. The ver-
tically averaged value for OH radicals, 6 x 10°, we
calculated for modern conditions is in good agree-
ment with other analyses (6-7 x 10°), based on the
seasonal behavior of tracers such as CH;CCl,
and '*CO, see review by Altshuller (1989) and
calculations by Lu (1990).

As can be seen, variations in surface OH levels
are much smaller among the three cases, than the
variations imposed in the concentrations of the
major species, CH,, CO and Oj;. The effects of
removing the surface fluxes of CO and H, result in
an increase of the ice age OH value from about
1.1 x 10® to 1.5 x 10°. In this case, because of the
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Fig. 1. Surface OH and O, values computed for the nominal modern, pre-industrial and ice age atmospheres. The
sloping bars represent the effects of factor of two variations with respect to assumed background NO, levels. Central
values were calculated for the conditions given in Table 1 and are circled.
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lower concentrations of CO and H,, the conver-
sion of OH to HO, slows down. It should also be
remembered that in addition to biogenic CO sour-
ces there are also soil emissions of NO which
would also have been curtailed during the LGM
resulting in a decreased rate of conversion of HO,
back to OH radicals. The sloping lines in Fig. 1
demonstrate the sensitivity of the results to factor
of two variations in assumed NO, levels at the
surface.

Because we have used a fixed profile of relative
humidity to prescribe the vertical distribution of
water vapor, changes in the temperature profile, as
for instance from the transition between glacial
and interglacial periods, result in changes in the
water vapor mixing ratio through the Clausius—
Clapeyron equation. Higher temperatures result in
higher water vapor mixing ratios and higher
production of OH radicals through the reaction

O('D)+H,0 - OH + OH.

This water vapor temperature feedback operating
by itself would tend to create higher OH levels
during warm periods than during cold periods.
However, the results shown in Fig. 1 do not reflect
this behavior. Within our model framework, OH
levels tend to be stabilized. There are two main
reasons for the relative invariance in OH levels, we
have calculated. First, variations in trace species
tending to reduce OH levels (CH,, CO) have been
offset by variations in trace species tending to raise
OH levels (odd-N, H,0, O,). Second, because
of reactions such as OH + HO,, a square root
dependence for OH with respect to variations in
either source or sink molecules can be derived
which buffers the magnitude of OH variations.
Additionally, during the LGM, a decrease in
biological activity which lowers the input of CO to
the atmosphere could also result in a drop in the
microbial consumption of H,. The combination of
the two effects acts as a further buffer to changes in
OH levels.

It was not possible to calculate joint radiative-
photochemical equilibrium profiles for strato-
spheric ozone. Variations in the total ozone
column between the three cases amounted to less
than 2%, without thermal feedbacks. Their intro-
duction would have led to even smaller changes.
Since the other factors considered here have had a
much larger effect on tropospheric chemistry than
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the changes in stratospheric ozone calculated for
the non-interactive case, this neglect should not
affect our conclusions.

4. Discussion

Understanding past variations in NO, abun-
dances is of critical importance for determining
the response of tropospheric ozone and OH to
anthropogenic activities. The large calculated
increase in surface ozone between the pre-
industrial and modern atmosphere is the result of
increases in NO, levels from fossil fuel combustion
along with simultaneous increases in CH, and CO.
Surface ozone values calculated for the pre-
industrial atmosphere are quite similar to the
recently re-evaluated series of Montsourt
measurements from the past century (Volz and
Kley 1988) and to the calculated glacial value.
In both these cases, the troposphere acts as a net
sink for ozone transported downward from the
stratosphere. The rather close agreement between
model results, over a wide range of NO, values,
suggests that the Montsouris values may also have
been representative of global conditions a century
ago.

Historical variations in the concentrations of
CO and CH, could have been driven in part by
positive feedbacks involving OH levels. Examples
include increasing anthropogenic emissions of CO
which can convert OH to HO,, resulting in
increases in the concentration of CH,. These
effects have been included in our calculations.
However, this sort of feedback must be viewed
within the context of changing levels of numerous
atmospheric species (see also Hameed et al. 1979;
Levine et al. 1985; Thompson and Cicerone, 1986;
Thompson et al.,, 1989). On the basis of changes in
the concentrations of the trace species shown in
Table 1, our results indicate that the large changes
in methane concentrations observed in the ice core
record (and in the atmosphere) between the three
cases simulated, largely reflect changes in CH,
emissions rates. While it is not yet possible to
verify the predictions for CO, H,, NO, and O,
levels, the wide range of values used to test the
sensitivity of the results show that changes in OH
levels could not have been large enough to explain
the observed changes in methane between the
present and the last glacial maximum, or even
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between the pre-industrial atmosphere and the
LGM.

On the other hand, it would be not be entirely
accurate to completely neglect the possible role of
OH variations in the past. As indicated by the
results presented in Fig. 1, a small fraction of
the 5-fold concentration difference in CH, between
the present and the LGM can be attributed to
changes in OH levels, using our atmospheric
reconstructions. A stringent upper limit on OH
can be obtained by using the ice age OH value
calculated assuming zero fluxes of CO and H,
through the surface. In this case, we find that no
more than about 30% of the change in methane
concentrations is due to changes in OH removal.

Ice core data for CO would be useful in reducing
the uncertainties in calculations of tropospheric
chemistry in the past. In addition, isotopic data for
CH, may help identify the causes for the variation
in its abundance between glacial and interglacial
times. Nitrate measurements within shallow ice
cores from Dye 3, South Greenland (Neftel et al.,
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1985) are consistent with increases in global NO,
concentrations over the past century. However, a
much longer record is needed for quantifying
global NO, levels and details of glacial to inter-
glacial changes in the nitrogen cycle.
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