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REVIEW ARTICLE 5
Future global warming from atmospheric trace gases
Robert E. Dickinson & Ralph J. Cicerone

National Center for Atmospheric Research, Boulder, Colorado 80307, USA

Human activity this century has increased the concentrations of atmospheric trace gases, which in turn
has elevated global surface temperatures by blocking the escape of thermal infrared radiation. Natural
climate variations are masking this temperature increase, but further additions of trace gases during
the next 65 years could double or even quadruple the present effects, causing the global average
temperature to rise by at least 1 °C and possibly by more than 5 °C. If the rise continues into the
twenty-second century, the global average temperature may reach higher values than have occurred in

the past 10 million years.

THE likelihood of global climate change from increasing con-
centrations of carbon dioxide is now well known'"'°. Much more
recent is the realization that other less-abundant trace gases are
also increasing and that their change is likely in total to have
an effect on climate comparable with that of carbon dioxide''2".
These include CH,, tropospheric O;, N,O and the chloro-
fluorocarbons (CFCs) CCLF and CCL,F,. What do we know
about the effect of these gases on climate, their temporal trends,
and the implications of these increases? To see how such climate
change can occur, we first consider the energy-exchange proces-
ses of the Earth-atmosphere system. The relative contribution
of the various trace gases to climate change will be determined
by their relative contributions to these energy processes.

Solar radiation is absorbed by the atmosphere and the Earth’s
surface, providing the energy required by many terrestrial pro-
cesses. Figure 1 shows the amount of energy involved, on a
global and annual average. For climate to be in equilibrium,
this absorbed solar radiation must be balanced by outgoing
thermal radiation. The partial trapping of this thermal radiation
by radiatively-absorbing particles or molecules helps to increase
surface temperatures by several tens of degrees compared with
what they would be without the atmosphere. This process,
sometimes called the ‘greenhouse effect’, occurs largely in the
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Fig. 1 Schematic depiction of the global and annual average
fluxes of radiation within the climate system. Incident solar radi-
ation is either absorbed or reflected as indicated on the left side.
Most of the reflection occurs in the atmosphere and most of the
absorption at the Earth’s surface. Evapotranspiration (LE) and
sensible heat fluxes (H) transfer much of the absorbed solar energy
to the atmosphere. The absorbed solar energy must ultimately be
returned to space as thermal infrared radiation as indicated on the
right side. Only the net thermal flux between the surface and
atmosphere is shown. Reductions of thermal flux to space from
increasing concentrations of trace gases warm the global atmos-
phere.

first 10-15 km of the atmosphere, that is, the troposphere. Radia-
tively active constituents both absorb and emit thermal radiation,
depending on their effective cross-sections and on temperature.
Their emission varies with the local atmospheric temperature,
whereas their absorption depends on the temperatures of the
other atmospheric layers and of the Earth’s surface where the
radiation was initially emitted. Because tropospheric tem-
peratures decrease with increasing altitude, typically by 5-
7°Ckm™', the active atmospheric constituents absorb more
upward radiative flux than they emit. Clouds and water vapour
are the dominant contributors to this process.

What is surprising is that other atmospheric gases, present in
minute amounts, in some cases in concentrations <1 part per
10° (p.p.b.), also conttibute significantly to this trapping of
thermal radiation. These gases include, in particular, carbon
dioxide, tropospheric ozone, methane, nitrous oxide, and certain
chlorocarbons, in order of their present contributions to atmos-
pheric radiative processes. Without the atmosphere’s radiatively
active constituents, the Earth would lose thermal radiation
essentially as a black body at the temperature of its surface,
T,=287.5 K, that is, ~387 W m ™2, neglecting corrections for the

Table 1 The current 1985 trapping of thermal infrared radiation (AQ)
by current tropospheric trace constituents

Current A Qi
Gas concentration (Wm™?) Ref.

Carbon dioxide 345 p.p.m. ~50 63
Methane 1.7 p.p.m. 1.7 16
Ozone 10-100 p.p.b. 1.3

Nitrous oxide 304 p.p.b. 1.3 16
CFC-11 0.22p.p.b. 0.06 19
CFC-12 0.38 p.p.b. 0.12 19

The term AQ,,, is the change of net radiation at the tropopause if
the given constituent is removed, but the atmosphere is otherwise held
fixed.

nonlinearity of the black-body emission, surface emissivities
<1, and stratospheric effects. The actual radiative flux from the
top of the atmosphere is 239 Wm™2, so the total amount of
trapped radiation is ~148 Wm >, Sustained changes in this
trapping by as little as 1 Wm™ change the Earth’s radiative
balance sufficiently to be of considerable importance for the
climate system. Table 1 shows the current concentrations of
atmospheric trace gases and contributions to this radiative
trapping.

The contribution to the Earth’s thermal budget of such minute
concentrations of trace gases is of considerable interest in its
own right. However, the changing concentrations of these gases
as a result of human activities®™*! add a considerable sense of
urgency to their study. We review here our current understanding
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of the radiative properties of the relevant gases, their sources,
sinks, and changing concentrations, and the implications of
these changes for future climate.

Radiative properties of the atmosphere

Solar radiation of wavelengths from ~0.3 to ~4 pm heats the
climate system. Thermal emission at wavelengths from ~4 to
~100 pm, in turn, cools the Earth’s surface and atmosphere,
ultimately returning the absorbed solar energy to space. The
solar radiation is scattered (reflected in all directions) by clouds,
aerosols, the Earth’s surface, and the major atmospheric
molecules (Fig. 1) and absorbed by all but the last of these.
Thick clouds act nearly as black bodies in absorbing and emitting
thermal infrared radiation, as do also most terrestrial surfaces
(an exception is quartz sand with relatively low emissivities®?).

Of the radiatively active gases in the current atmosphere, only
H,0, CO,, CH,, O;, N,O and the chlorofluorocarbons (CFC-11
and CFC-12) are in sufficient concentrations to be important in
Earth’s overall thermal budget. Of these, the strongest absorber
by far is water vapour. Indeed, much of tropospheric radiation
can be described with water vapour as the only gaseous absorber.
Water in either vapour or in cloud form absorbs solar radiation
and absorbs and emits thermal radiation. These water vapour
states are internal to the climate system, that is, their distributions
are controlled by climate processes themselves (that is, the
atmospheric hydrological cycle) rather than by sources uncou-
pled to the climate system. Understanding how water vapour
concentrations and cloud radiative properties might change in
the future thus requires knowledge of how these terms function
as feedbacks in the climate system (a question we shall return
to later). Our primary thrust here is to review the role of the
other less-abundant trace gases, whose concentrations are being
directly perturbed by human activities. Understanding the radia-
tive properties of these gases and their future concentrations is
the key to understanding the relative contributions of these gases
to climate change.

Ozone is the only other atmospheric gas which absorbs much
solar radiation, primarily in the stratosphere. Atmospheric car-
bon dioxide is but a very weak absorber of solar radiation. The
other atmospheric trace gases only affect the atmospheric heat
budget through their absorption and emission of the thermal
infrared radiation, primarily over the wavelength range ~6-
16 pm. Furthermore, at the wavelengths where water vapour
strongly absorbs and emits radiation, the effect of other gases
is minimal. The vibrational-rotational bands of water vapour
thus block radiation at wavelengths <8 wm and rotational bands
block wavelengths >18 um. Carbon dioxide, in turn, dominates
the absorption of radiation between 12 and 18 pm.

The remaining spectral region from 8 to 12 wm is known as
the ‘window’ because of the atmosphere’s relative transparency
to radiation over these wavelengths. The intensity of black-body
radiation depends on wavelength according to the Planck func-
tion; at the temperatures of the Earth’s surface, this function
has its maximum values in the window region. Consequently,
~25% of the thermal emission from the Earth’s surface
(~100 W m™?) is at wavelengths of 8-12 wm. A larger fraction
of the emission from the top of the atmosphere is in this spectral
range. In this wavelength region, emission varies with tem-
perature T approximately as exp (—1,500/T). A trace gas at a
temperature ~33 °C less than that of Earth’s emission tem-
perature will thus only re-emit about half as much energy as it
absorbs. Because of the presence of clouds, the maximum
increase of trapping in the window region is ~30 W m™

Interestingly enough, CH,, O,, N,O, CFC-11 (CCL,F) and
CFC-12 (CCIl,F;) all have strong absorption bands in the atmos-
pheric window region. These trace gases absorb and emit as
functions of wavelength in discrete lines with extended wings.
These lines occur in bands and result from the rotational splitting
of individual vibrational energy transitions of the molecules.
Their strength is determined from the strength of the band
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transitions, from the concentration of the trace gas, and from
the rotational partitioning of the band into individual lines. The
emission rate of a line depends on its absorption strength and
on local atmospheric temperature.

The weakest lines absorb radiation significantly only in their
line cores, and this absorption increases essentially linearly with
concentration of the absorber gas. Somewhat stronger lines
absorb radiation mostly in the wings, with only relatively small
amounts absorbed by their saturated cores. Increasing absorber
concentration pushes the peak absorption farther into the line
wings so that wing absorption increases with the square root of
the product of atmospheric pressure and absorber concentration.
With even stronger line strengths, the peak absorption is pushed
so far into line wings that other lines within the band overlap
the absorbing wings and absorption only increases logarithmi-
cally with increasing absorber concentration. The absorption of
a band varies with absorber concentration according to the
variation of its stronger absorbing lines.

The chlorofluorocarbons CFC-11 and CFC-12 and tropos-
pheric ozone are present in such small concentrations and have
so many individual lines that their absorption of thermal radi-
ation is nearly proportional to their concentration. Methane and
nitrous oxide, being relatively more abundant, increase their
absorption essentially according to the square root of their
concentrations, whereas carbon dioxide absorption is propor-
tional to the logarithm of its concentration. All the trace gases
absorb not in single bands but in multiple bands, and weaker
hot and isotopic bands are also present. The above scaling
arguments are only approximate and are especially prone to
error if applied to large changes in concentration where either
the stronger bands may change their dependence on absorber
amount, or previously unimpo.tant weaker bands of a given gas
may become relatively more important.

Increases in the concentrations of atmospheric trace gases
since pre-industrial times and the consequent trapping of ther-
mal radiation are shown in Table 2. The trapping by ozone and

Table 2 Estimated pre-industrial trace gas concentrations and implied
change in thermal trapping to 1985

Pre-industrial A Qe industrial

Gas concentration (Wm™?)
Carbon dioxide 275 p.p.m. 1.3
Methane 0.7 p.p.m. 0.6
Tropospheric ozone 0-25% less 0.0-0.2

(below 9 km)
Nitrous oxide 285 p.p.b. 0.05
CFC-11 0.00 p.p.b. 0.06
CFC-12 0.00 p.p.b. 0.12
Total ~2.2

Trapping is inferred from refs 19 and 20, scaling approximately
logarithmically, with CO, concentration, with the square root of N,0O
and CH, concentration, and linearly with O, and CFC-11 and -12
concentrations.

the CFCs, whose stronger bands are in the middle of the window
region, is affected very little (~15%) by overlap with water
vapour and with carbon dioxide absorption. Methane and
nitrous oxide, whose strongest bands are on the short wavelength
edge of the window region, lose about half of their trapping®
by such overlap. Since much of the effect of increases in the
trace gases is to make the atmospheric window region more
opaque, this trapping might be called the ‘dirty window’ effect.

Atmospheric trace gases

Carbon dioxide: Atmospheric carbon dioxide concentrations are
now ~25% higher than they were 200 yr ago before the age of
extensive industrialization and forest clearing. Current con-
centrations (1985) are about 345 p.p.m. (parts per 10°) and are
increasing by 1-1.5 p.p.m. yr ™', mostly as a result of continued
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burning of fossil fuel (adding ~5.2x 10'? kg yr™* of carbon) and
forest removal (continuing to add about 10'?kgyr ' of car-
bon)'°. The basic features of the global carbon cycle are well
known, but questions remain as to the contributions of land
soils and forests and the rate of uptake of carbon by the oceans.
The largest source of uncertainty in projecting future atmos-
pheric carbon dioxide concentrations, however, lies in the future
rates of fossil fuel combustion.

Halocarbons: Halogenated hydrocarbons (halocarbons) are now
widely produced and widely used. These include fluorocarbons,
chlorofluorocarbons, chlorocarbons and bromocarbons. Most
scientific attention has focused on the potential role of chlorine
and bromine atoms from these molecuies as ozone-destroying
catalysts in Earth’s stratosphere®>~?°. Certain of these chemicals
have also been recognized to be potent greenhouse gases''-*,

The chlorofluorocarbons, often referred to popularly by their
trade name of ‘Freons’, CCLI;F (CFC-11) and CCLF, (CFC-12),
were measured first in the atmosphere in 1971 (ref. 26) and 1973
(see, for example, ref. 27), respectively. Since then, increasingly
accurate and precise measurements have shown that their atmos-
pheric concentrations have grown at about the same rate as
would be expected from industrial production and release into
the atmosphere®*?®, after minor corrections for the amounts
produced but not yet released and for the quantities destroyed
in the stratosphere and dissolved in oceans. In 1981, there were
about 6.0 x 10° kg of CFC-12 in the atmosphere together with
5.0x 10° kg of CFC-11. At 1981 release rates, these amounts
represent the cumulative results of 15-20 yr of global emissions.
(Unpublished data from several investigators give 1985 mixing
ratios of CFC-11 of at least 0.22 p.p.b. and for CFC-12 of at
least 0.38 p.p.b.). Indeed, atmospheric concentrations of these
compounds were observed to have increased by ~6% yr~ ' dur-
ing 1978-81 (refs 29, 30). In the early 1970s, annual emissions
were a larger fraction of the amounts already in the atmosphere,
and larger percentage annual increases were observed, along
with considerably more CFCs in the Northern Hemisphere than
in the Southern Hemisphere. Although most of the release
continues to be in the Northern Hemisphere, the hemispheric
difference has decreased to <10%.

A projection of concentrations of atmospheric CFC-11 and
CFC-12 beyond the present requires some knowledge about
future industrial production and release rates. Current releases
annually increase mixing ratios of CFC-11 by about 12 p.p.t.
(parts per 10'?) and CFC-12 by 21 p.p.t., as estimated from
changing atmospheric concentrations. A recent report’! attempts
to estimate their future production and release rates and that
of several other similar chemicals; it recognizes the dynamics
of changing industrial usages, competitive products and world
and regional populations. Worldwide CFC-11 emissions are
projected to increase by between 2.8 and 5.1% yr~' from 1980
until 2000; corresponding figures for CFC-12 are 2.5-3.5% yr™'.
Between AD 2000 and 2025, CFC-11 emissions could change
by —1% to +4.7% yr ' and CFC-12 emissions would increase
by between 1.0 and 4.6% yr~'. Beyond the year 2025, growth
estimates are less well-based, but Quinn et al®' suggest annual
increases of 0.6-2.0% for CFC-11 and 1.1-2.1% yr™! for
CFC-12.

Even if future release rates of CFC-11 and CFC-12 remained
at present levels, their atmospheric concentrations would con-
tinue to increase for the next century because of the relatively
long residence times, 7, for these species, at least 60 and 100 yr,
respectively’>. In general, for a well-mixed chemical with sources
S(t)

dN(?)
dr

where N(t) is the total number of molecules (or mass) of the
given species in the global atmosphere at time t. Even if we
were to assume that present emissions remained constant,
equation (1) shows that concentrations of CFC-11 and CFC-12

=S(t)=N(1)/7 (1)
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Fig. 2 Globally averaged methane concentrations in surface air

from January 1978 to June 1985 as measured by Blake and Row-

land*?. Air samples were collected simultaneously from northern

and southern latitudes. In computing global averages, measured

values were weighted by the Earth’s area in latitude belts. In 1985,

there are 4.8 x 10'* g CH, in the atmosphere; annual sources (sinks)
are (3-7)x 10" g.

would more than double, to values of ~0.5 and 1.0 p.p.b.
respectively, within the next 40 yr and eventually rise to values
of ~0.7 and 2.1 p.p.b., using 60- and 100-yr lifetimes, respec-
tively.

Other halocarbons requiring attention include CCl,, CCIF;,

CF,, CHCIF,, CHCLF, C,H;Cl;, C,Cl;F;, C,Cl,F,, C,CIFs,
C,F¢, CBrF; and CBrCIF,. Because of the location of the absorp-
tion bands of these species and their rapid rates of accumulation
in the atmosphere, they represent potentially important green-
house gases. Research is needed to quantify their band absorb-
ances and atmospheric concentrations with special attention to
CHCLF and C,CL;F;.
Nitrous oxide: Atmospheric N,O is increasing in concentration
globally, although the record of its past change is not as extensive
as that for methane, and the reasons for this increase are less
clear than those for halocarbons. Weiss** measured a global
increase of ~0.6 p.p.b. yr™! (0.2% yr™') between 1976 and 1980,
whereas Khalil and Rasmussen®* find an 0.8 p.p.b. yr™! increase
between 1979 and 1982. The mid-1980 N,O concentration in
the Northern Hemisphere was 301 p.p.b. and in the Southern
Hemisphere it was ~0.8 p.p.b. less. Weiss fits his 1976-80 data
with one of two curves; either one that assumes an added
combustion source of N,O growing at 3.5% yr ' or one that
assumes an agricultural-fertilizer source growing at 6% yr™" (ref.
33) with an atmospheric residence time of 100 yr in both cases.
Weiss, in extending his N,O monitoring through 1984, finds that
global concentrations continue to rise by 0.6 p.p.b. yr! (personal
communication), but that it is not yet possible to distinguish
between the two source-growth curves that fit the data. Earlier
data from 1961-74 showed similar rates of N,O increase®.

Although the present observed and projected rates of N,O
increase may seem small, they imply that total global sources
of N,O are now elevated by ~30% over unperturbed steady-state
sources, assuming a growth rate of 0.2% yr™' and a 150-yr
lifetime for N,O. If the N,O increase is due to either increased
microbial nitrification and denitrification of agricultural fer-
tilizers, or combustion, then much of this imbalance has
developed in the past few decades and it may continue to grow
rapidly.

Concentrations of N,O of 320-330 p.p.b. are likely by AD
2000, regardless of which anthropogenic source is assumed to
be growing®>**. Better future projections require determination
of whether increased combustion of nitrogen-containing
fuels®*” and biomass®' or increased application of nitrogen
fertilizers®® is primarily responsible for the continuing N,O
increase. Both sources are difficult to quantify; field losses of
N,O due to microbial nitrification and denitrification of nitrogen
fertilizers are variable*®*® and candidate elementary reactions
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that can produce N,O in combustion have been identified only
recently?’.

Methane: Methane is of considerable scientific interest because
of its relatively rapid growth and the diverse possible causes of
this increase. Global concentrations have increased by >1% yr™!
since 1978, as shown by Fig. 2, based on data from flame-
ionization gas chromatography. A reanalysis*' of ground-based
solar absorption infrared spectroscopic data concludes that the
concentration of tropospheric CH, in 1951 was 1.15 p.p.m.,
about 30% below that of 1985 (ref. 42). An earlier re-
examination of infrared data from the 1950s and 1960s had
concluded® that the rate of methane increase was slower.

The increase in global methane apparently began in previous
centuries. Figure 3 shows an analysis of gases trapped in dated
ice cores**, indicating that methane concentrations have doubled
since the eighteenth century, but that they were relatively con-
stant for the previous 2,000-3,000 yr. Selective diffusion of CH,
out of old ice cores may have biased the data of Fig. 3 (ref. 43),
but H. B. Craig, who earlier found similar results*’, considers
this unlikely (personal communication) based on his tests. Fur-
ther confirmation has been reported*®. Methane-consuming
microbes may have lived in the ice, but we consider this unlikely.

Why has atmospheric methane increased in the past, and what
is its future? Answering these questions requires knowledge of
both the sources and sinks of methane. Ehhalt*’ summarized
five measurements of '*C in samples from air liquefication plants
in the 1950s. These samples had a '*C content of about 80% of
that of standard wood, or equivalently 20% ‘dead carbon’ from
fossil fuels. He suggested that this value of 20% should only be
used as an upper limit since air liquefication plants are usually
situated in heavily industrialized areas so that the samples were
subject to contamination from local fossil-fuel-derived methane.
Various authors over the past decade have constructed methane-
source inventories subject to this constraint. A recent
examination®! lists rice paddies, ruminant animals, biomass
burning, swamps and marshes, natural gas, and coal mining
losses as the major sources, in decreasing order of importance.
However, serious questions of mechanisms and related ecologi-
cal variability remain®®->!. Further, we should be cautious about
conclusions drawn from the 1950s '*C data because: first, the
relative sizes of '“C-rich and '*C-poor sources are probably
changing with time; and second, the old samples, collected by
liquefying air, may not be representative of the "*CH,/'>’CH, in
air. Unfortunately, few conclusions can be drawn about methane
sources from '*C analyses today in view of the bomb-produced
'4C in the contemporary biota and sediments. It might be useful
to examine the concentrations of the '*C stable isotope; such
research is just beginning®?.

The principal known sink of atmospheric methane is the
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gas-phase reaction OH+ CH, - CH, + H,O (ref. 72). Some tan-
talizing but indirect evidence suggests that atmospheric OH
concentrations are decreasing®>, at least in NO poor regions—the
lower and middle troposphere; increasing methane and increas-
ing CO concentrations (not yet proven) should act to suppress
OH (ref. 54) through nonlinear atmospheric chemistry.
Ozone: Ozone is of considerable interest because of its important
roles, its complex behaviour, and its susceptibility to human-
induced global change. Near the ground in urban areas, ozone
is a pollutant. Throughout the global troposphere, ozone photo-
lysis initiates free-radical chemistry. In the middie and upper
stratosphere, where the largest concentrations are found, ozone
strongly attenuates solar ultraviolet light and in doing so drives
stratospheric wind systems.

Tropospheric ozone increases are difficult to discern with
extant observing systems, but increases have been indicated. A
recent critical analysis®> of ozone data finds that, on average
over Europe and North America from the late 1960s to the early
1980s, near-surface ozone has increased by 1-3% yr~! and ozone
in the middle troposphere (700-500 mbar) by 1-2% yr'. These
increases occur largely during the summer, especially in indus-
trialized areas. Such increases might have begun in the 1940s,
as is suggested by shifts in the seasonal cycle of ozone concentra-
tions and other scattered observations®. There is considerable
variability and little evidence for change in the upper tropo-
sphere.

Theoretical models of tropospheric chemistry predict that
increasing anthropogenic releases of hydrocarbon and nitrogen
oxide (NO,) gases should be increasing tropospheric
ozone® "1, Such increases depend on poorly known atmos-
pheric NO, concentrations and on some meteorological proces-
ses such as vertical transport and chemical roles of clouds, but
changes in the Northern Hemisphere should be larger than those
in the Southern Hemisphere, as is evidently observed. Future
changes in the stratosphere may also lead to increases of tropos-
pheric ozone.

As discussed previously’®, most studies of the latitudinal
variation of tropospheric ozone indicate that concentrations in
the Northern Hemisphere are at least 50% higher than in the
Southern Hemisphere. However, a recent aircraft survey has
given contradictory results®®, possibly because of seasonal or
longitudinal variations. Furthermore, latitudinal variations may
be due to transport™.

An association of observed trends of ozone in the Northern
Hemisphere with increases in total fossil fuel use would also
support the possibility of an increase of tropospheric ozone in
the Northern Hemisphere of up to 50% over pre-industrial
values. We indicate in Table 2 that global average tropospheric
ozone (below 9 km) is estimated to have increased by between
0 and 25% since pre-industrial time. Improving estimates of
past or future ozone change will require a better understanding
of the contributions of ground and high-level pollution.

Global stratospheric ozone changes are likely to occur because
of continuing and accelerating human activities****. Increasing
concentrations of chlorofluorocarbons and nitrous oxide
decrease stratospheric O, at altitudes above 30 km. Changes of
ozone in the lower stratosphere are more complex and difficult
to project; they will depend on latitude and altitude and on
wind systems®”®. A variety of chemical reactions involving
polyatomic species (many of which have yet to be measured in
the atmosphere) also affect this response.

Future scenarios

For comparing the future climate effects of the various trace
gases, we take the year 2050 as a reference point and assume
the ranges indicated in Table 3. The question of possible future
concentrations for CO, has been extensively studied, and we
have adopted values from the latest such study'’.

A range of possible future emissions for CFC-11 and CFC-12
has been obtained from economic analysis®', and we have used
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these emissions together with equation (1) to obtain the con-
centrations shown in Fig. 4. Concentration scenarios have taken
7=60yr for CFC-11 and =100 yr for CFC-12, near the low
end of most previously inferred values®. Lifetimes are likely to
lie in the range 50-80yr and 90-130yr, respectively. These
lifetimes will decrease in the future, as increased concentrations
of chlorine atoms lower the ozone concentrations above 30 km,
and hence increase the fluxes of ultraviolet that photolyse the
CFCs. Obvious decreases in the total column ozone following
stratospheric ozone decrease are likely to trigger political con-
straints on further increases in the production of the CFCs. Our
projections neglect the uncertainty in CFC lifetimes and their
decrease with increasing burden and also neglect possible
emission reductions from future regulation of CFC production.

Table 2 shows that the radiative effect of the CFCs which
have been added to the atmosphere up to 1985 is only ~11%
of that from CO, increases. However, the CO, increase has
occurred over the past two centuries, and the current burden of
CFCs has been added almost entirely within the past 30 yr. The
radiative effect of these CFCs added over the past 30 yr is about
one-third that of the CO, added over the same period. Table 3
indicates that for the assumed future scenario the additional
radiative trapping by the CFCs between 1985 and 2050 is likely
to be ~70% that of CO,. This increase in the relative importance
of the CFCs in the future follows from the near-linear depen-
dence on concentration of the CFC radiative effects versus the
logarithmic dependence of the effects of CO,.

Because of our current relatively poor understanding of the
reasons for the increases in methane concentrations, a wide
range of possible futures appears in Table 3. A continuation of
the current growth rate of 1.2% yr~' to the year 2050, assuming
present methane lifetimes, would give 3.7 p.p.m. at that time.
Increases in methane will probably be amplified by decreasing
OH, but will be diminished by slowdown in population growth
and required resources. Another recent analysis®’ argues that
increases from pre-industrial concentrations are likely to be
proportional to projected future populations. They accordingly
infer concentrations of 2.5 p.p.m. by 2050; values this small
would require a large reduction in methane growth rates within
the next few decades. We judge that in the year 2050 concentra-
tions will lie between 2.1 and 4.0 p.p.m. The upper limit is
inferred from the extrapolation of current growth plus a small
decrease (8% ) of methane lifetimes. Methane lifetimes may
decrease by much more®. The lower limit is inferred by arguing
that the current trend should last at least 20 yr but that, consider-
ing our ignorance of the processes involved, we cannot exclude
absence of further growth after that. Table 3 suggests that from
now to 2050 the radiative effects of increasing methane are likely
to be about one-quarter that of CO,. Table 2 indicates that the
increase in radiative trapping from past methane increases has
been about the same as that expected from future methane
increases and is about half of that inferred from past CO,
increases. Methane has already increased to ~250% of pre-
industrial values and probably will not repeat this relative
increase by 2050. The relative increase of CO,, on the other
hand, will probably be greater in the next 65 yr than it has been
up to now'®,

If the anthropogenic source of nitrous oxide were to continue
to grow at 3.5% yr~', it would increase by a factor of 10 by the
year 2050 and N,O concentrations would rise above 500 p.p.b.
(ref. 33). Such rapid future growth is probably exciuded by
economic and population constraints®'. Assuming that a quad-
rupling of the current emission rates over the next 65 yr is not
impossible, we infer an upper limit for N,O concentrations of
450 p.p.b. for the year 2050. We infer a lower limit of 350 p.p.b.
for the year 2050 using an average annual increase similar to
that now observed.

A likely upper limit to fossil-fuel consumption over the next
century is about four times current consumption rates'®. With
such consumption and an upper limit of 20% of current ozone
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associated with fossil-fuel pollution, global tropospheric ozone
could conceivably increase by 60% over current values. Ozone
will also increase in the upper troposphere and lower strato-
sphere in response to increases of the CFCs and to oxides of
nitrogen from increasing jet aircraft traffic. The details of
latitudinal and especially vertical distribution of ozone change
are important for any accurate estimate of climate effects. Lack-
ing such details, we estimate the likely radiative trapping of
changing ozone concentrations by the year 2050 as that given
by a change in ozone between 0 and 50% uniformly over the
altitude range 0-12 km.

To determine the net contribution to radiative trapping
included in Table 3, we have simply summed separately the
upper and lower limits of the projected contributions of the
individual gases. Although all contributions are unlikely to
achieve their upper or lower limits simultaneously, this assump-
tion probably does not overestimate the likely range of total
trapping for two reasons. First, the rates of increase of the
different trace gases are more likely to be highly correlated than
not—their sources all depend heavily on fossil-fuel utilization;
methane and nitrous oxide emissions both also depend on
agricultural development and that of the CFCs on general tech-
nological development. Second, past experience with similar

Table 3 Scenario for trace gas concentrations in the year 2050 and
implied increased trapping of thermal radiation from 1985 (ref. 19)

A Q550

Gas Year 2050 scenario (W m™?)
Carbon dioxide 400-600 p.p.m. 09-3.2
Methane 2.1-4.0 p.p.m. 0.2-0.9
Tropospheric ozone 15-50% more 0.2-0.6

(0-12km)

Nitrous oxide 350-450 p.p.b. 0.1-0.3
CFC-11 0.7-3.0 p.p.b. 0.23-0.7
CFC-12 2.0-4.8 p.p.b. 0.6-1.4
Total 2.2-7.2

uncertain environmental questions indicates that actual uncer-
tainties are likely to be larger than can be judged from simple
arguments such as those used here. In particular, there are many
other trace gases present in small but rapidly growing concentra-
tions?’, some of which will add significantly to global warming
by the year 2050.

Referring to either the lower or the upper limit totals in Table
3, we infer that the total contribution of the other trace gases
is more likely than not to exceed the contribution from CO,.

Implications for climate change

We have aimed to provide an overall framework for considering
the relative contributions of various trace gases to climate
change. Relatively realistic three-dimensional climate models
have been used to study only a very limited number of scenarios
for future climate; that is, scenarios assuming a steady-state
doubling or quadrupling of atmospheric carbon dioxide con-
centrations. The radiative forcing for the latter is about double
that for the former.

The future climate change from likely increases of all trace
gases will undoubtedly differ in detail from that inferred from
the superposition of the climate changes that would occur,
assuming that each trace gas changes separately. Furthermore,
the climate change from individual trace gases depends not only
on the global average trapping of radiation as discussed here,
but also on the latitudinal and especially vertical distributions
of atmospheric heating or cooling changes implied by the trace
gas change. However, the implications of these details have not
yet been satisfactorily resolved, and so our estimates of the
climate change resulting from the various trace gases assume
that the dependence of this climate change on external forcing
can simply be represented by the global radiative trapping alone.

©1986 Nature Publishing Group



14 REVIEWARTICLE:

Indeed, the radiative trapping values given in Tables 1-3 are
only approximate estimates. Their precise values depend not
only on (somewhat uncertain) band strengths but also on the
temporally and spatially varying distributions of cloudiness and
atmospheric temperatures. The values used here have been
inferred mostly from simple one-dimensional models of the
atmosphere. Recognizing these caveats, we suggest that at pres-
ent the most useful way to estimate the future climate change
from CO,; and the other trace gases is to scale from the studies
that have been done on climate change from CO, increases,
allowing for the time lag required for the oceans to warm up.

Three-dimensional general circulation models (GCMs) rep-
resent the climate system as the sum of the day-to-day weather
systems integrated over many years of simulated time. In doing
so, they can include realistically all the feedbacks of simpler
models plus those that depend on the details they generate. They
include, in particular, albedo feedbacks from seasonally varying
snow and sea ice, lapse rate feedbacks involving adjustment to
moist adiabatic lapse rates in tropical latitudes, controls by
baroclinic disturbances in mid-latitudes, and feedbacks by the
highly stable stratification of polar latitudes. Cloud feedbacks
are potentially very important for amplifying global temperature
change, but they cannot be inferred yet with confidence, and
negative feedbacks on solar radiation absorption from changes
in cloud liquid water have not been included®*.

Because of the difficulty in isolating individual feedbacks in
GCMs, and the expense of examining all trace gases of possible
significance, simpler energy balance®® and convective adjust-
ment models®® have also proved valuable.

Recent GCM simulations®®’ give for steady-state CO, doub-
ling (AQ =4.0 W m™?) a global average temperature increase of
between 2.1 °C (ref. 3) and 4.8 °C (ref. 6). Consideration of
uncertain model feedbacks suggests that a value as low as 1.5 °C
or as high as 5.5 °C is possible'®.

Because several decades or more are required for the oceans
to equilibrate with changes in global radiation®*°, we cannot
convert the heating rates given in Tables 2 and 3 directly into
expected temperature changes for the same dates. However,
continuing the current burden of trace gases added by human
activities indefinitely implies an eventual increase from pre-
industrial temperatures of 0.5-2° C. Global mean temperatures
can only be estimated with any confidence back to 1900. About
two-thirds of the anthropogenic forcing has developed since
that time. Oceanic thermal inertia is currently reducing the
temperature response by (very roughly) half of what it would
be in a steady state. Allowing for this factor, we infer a tem-
perature increase of 0.3-1.0 °C from 1900 to the present'®™. The
observed increase is about 0.5 °C (refs 10, 70) which would seem
to confirm the present analysis. However, global temperatures
around 1940 were nearly as warm as now and they declined in
the 1960s. Thus, unexplained climate variations occur that will
probably confound unambiguous identification of the trace gas
signal for at least another decade or two.

The scenarios given in Table 3 imply that by the year 2050
there will be a global average temperature increase of 1°C to
>5°C, depending on the extent of positive feedbacks in the
climate system and on reduction of the response by oceanic
heat uptake. Global temperatures will probably continue to grow
well into the twenty-second century as the atmospheric loading
of trace gases and ocean heat content increases further.

The GCMs simulate not only global conditions but also the
detailed geographical distribution of many climate parameters
including the atmospheric hydrological cycle. Implications of
future climate change from trace gases for agriculture and
natural ecosystems require establishing these details with some
confidence. All the GCM simulations indicate largest tem-
perature changes in high latitudes. Some models strongly suggest
a significant mid-latitude, mid-continent summer drying. Past
model studies have inspired a wide range of climate-impact
‘what if” studies, examining the potential implications of the
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Fig. 4 Range of possible scenarios of the concentrations of CFC-
11 and CFC-12 between 1985 and 2050 as inferred from future
sources projected from an economic analysis®'. Upper, lower and
middle scenarios are shown for each gas and their ranges are
indicated by the slanted line patterns.

range of possible future climates’>. However, practical analyses
will require a new generation of climate models whose global
feedbacks and regional simulations can be accepted with
confidence. They will also require allowance for the large-scale
adjustments of human systems that can occur on the timescales
involved’".

Accurate model predictions may take more than a decade to
arrive. Meanwhile, further emphasis should be given to defining
and bounding the uncertainties in future climate change’.
Without a better understanding of the extreme upper limits to
possible future climate change, we must view with considerable
concern this global experiment now under way.
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Masses of the satellites of Uranus

S. F. Dermott & P. D. Nicholson

Center for Radiophysics and Space Research, Space Sciences Building, Cornell University, Ithaca, New York 14853, USA

The dynamical theory used to obtain the masses of the uranian satellites from their orbital precession rates contains a
Sundamental error. The masses can be derived from the precession rates, but a correct analysis of the available data must
allow for the fact that the eccentricities, inclinations and precession rates all vary considerably with time, due to mutual

secular perturbations.

THE Voyager2 spacecraft should encounter Uranus on 24
January 1986 and we will then obtain the first detailed images
of this puzzling and poorly understood system. Visual observa-
tions by Sir William Herschel in 1781 and Lassel in 1851 revealed
the presence of four major satellites of similar size: Ariel,
Umbriel, Titania and Oberon'. The comparatively small and
innermost satellite, Miranda, was discovered photographically
by Kuiper in 1948 (ref. 1). All of these satellites orbit the planet
in direct, near-equatorial, near-circular orbits, but the dynamics
of the system appear to be quite different from those of the
satellite systems of Jupiter and Saturn. This difference has been
insufficiently recognized, which has led to serious misinterpreta-
tions of the available observational information.

The radii and the masses of the satellites are presented in
Table 1. Brown et al’ and Brown and Clark® determined the
satellite radii from photometric and radiometric measurements

Tablel Masses of the uranian satellites

Radius* m/Mt m/ M Densities§
j  Satellite (km) x10° x10° (gem™)
1 Miranda 250+110 ~0.1 0.2+0.2 —
2 Ariel 66565 1.8+0.6 1.8+0.4 1.3+0.5
3 Umbriel 555+50 1.1+0.3 1.2+0.5 1.4+0.6
4 Titania 800+60 32108 6.8+0.8 2.7+0.6
5 Oberon 81570 34+1.0 6.9+0.8 2.6x0.6

* From ref. 2.

t Derived from the radii of Brown et al” using a nominal density of
1.3 gcm™. The quoted uncertainties in the masses take no account of
the uncertainties in the densities.

¥ From ref. 4.

§ Derived from the radii of Brown et al? and the masses of Veillet.

using a version of the standard radiometric model developed
for asteroids. The latest and most complete derivation of the
satellites’ orbital elements (Table 2) is due to Veillet*, who has
also determined the masses of the four larger satellites from the
observed pericentre precession rates®®. The striking feature of
these results is the marked dichotomy in the derived satellite
densities; the densities of Ariel and Umbriel are similar to those
of the inner satellites of Saturn, and are consistent with a
composition of 40% rock and 60% water-ice, but Titania and
Oberon appear to have much higher densities, suggesting that
the water-ice constitutes little more than a thin outer shell.
Near-infrared reflectance spectra show that all five satellites
have surfaces of water-ice contaminated with a dark spectrally
neutral material showing spectral characteristics similar to those
of, for example, carbonaceous chondritic material’.

A second unusual feature of the Uranus system is the fact
that all five satellites have comparable non-zero orbital eccen-
tricities. Since the prediction® and discovery® of active volcanism
on Jupiter’s satellite Io, it has been realized that tidal heating
due to eccentricity damping may dominate the internal heat
budgets of some satellites, so that the thermal evolution of some
satellites cannot be understood without a concomitant under-
standing of their orbital evolution. This is certainly true for Io
and may also be for Europa'®'? and for the saturnian satellite
Enceladus'®. The observed orbital eccentricities and the calcu-
lated tidal damping timescales of the uranian satellites are shown
in Table 2. It is puzzling that the inner satellites have tidal
damping timescales much shorter than those of the outer satel-
lites, probably much shorter than the age of the Solar System,
even though all the orbital eccentricities are both finite and of
similar magnitude'*??,

We argue here that the problem posed by the satellite density
distribution arises from a misunderstanding of the orbital
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