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The rate of change of climate codetermines the global warming
impacts on natural and socioeconomic systems and their capabil-
ities to adapt. Establishing past rates of climate change from
temperature proxy data remains difficult given their limited spa-
tiotemporal resolution. In contrast, past greenhouse gas radiative
forcing, causing climate to change, is well known from ice cores.
We compare rates of change of anthropogenic forcing with rates
of natural greenhouse gas forcing since the Last Glacial Maximum
and of solar and volcanic forcing of the last millennium. The
smoothing of atmospheric variations by the enclosure process of
air into ice is computed with a firn diffusion and enclosure model.
The 20th century increase in CO; and its radiative forcing occurred
more than an order of magnitude faster than any sustained change
during the past 22,000 years. The average rate of increase in the
radiative forcing not just from CO, but from the combination of
CO3, CHa, and N3O is larger during the Industrial Era than during
any comparable period of at least the past 16,000 years. In addition,
the decadal-to-century scale rate of change in anthropogenic
forcing is unusually high in the context of the natural forcing
variations (solar and volcanoes) of the past millennium. Our anal-
ysis implies that global climate change, which is anthropogenic in
origin, is progressing at a speed that is unprecedented at least
during the last 22,000 years.
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M easurements on atmospheric air samples and on air from
ice and firn cores reveal an exceptional rise in the con-
centrations of the anthropogenic greenhouse gases carbon di-
oxide (CO,), methane (CHy), and nitrous oxide (N,O) over the
past two centuries (1) (Fig. 1). Today’s concentration of these
greenhouse gases are higher than ever measured over the last 650
thousand years (ka), the period covered by the ice core record
(2, 3). The recent rise is man-made and causes a perturbation in
the radiative balance of the planet (4) leading to global warming.
Concerns about the impacts and costs of anthropogenic climate
change have led to legally binding agreements to avoid danger-
ous anthropogenic climate interference (United Nation Frame-
work Convention on Climate Change, 1992).

An important aspect of anthropogenic climate change is its
rate of change. It codetermines the magnitude and severity of the
impacts on socioeconomic and natural systems. A slow rate of
change in forcing and resulting climate permits more time for
adaptation than a fast rate of change. However, it remains
difficult to quantify rates of past global temperature change
because proxy data are of limited spatiotemporal resolution (5).
On the other hand, past forcing from well mixed greenhouse
gases can be accurately established from ice core data. Although
today’s unusually high greenhouse gas concentrations are widely
discussed, less attention has been paid to the rate of change in
their concentrations (6, 7) and in their radiative influence (8).
Here, we quantify by how much the rate of change in greenhouse
gas concentrations and their radiative forcing is accelerating. We
address how current rates of increase compare with past rates as
recorded in the ice core records.
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The effects of the enclosure process of atmospheric air into ice
as well as sample frequency must be taken into account to
quantify rates. Before air is enclosed in ice, it enters the porous
firn column that is overlying the ice with a thickness of 80-120
m. This leads to two important effects: (i) the age difference
between the air entrapped in ice and the surrounding ice and (if)
the age distribution of gas in the air bubbles within one sample.
The first effect is taken into account during the construction of
the age scales for the ice core. The second effect causes a
smoothing of atmospheric variations. In the firn, the air ex-
changes with the overlying atmosphere through the open pore
system by molecular diffusion (9). Therefore, the air isolated in
bubbles has not a discrete age, but an age distribution. In
addition, and more important at sites with a low accumulation
rate, most bubbles are formed at the transition from firn to ice
over a depth interval of ~15 m, which makes the age distribution
even wider. Hence, fast variations in atmospheric trace gases are
smoothed in the firn column and recorded in the bubbles as
attenuated signals. The width of the age distribution (width at
half peak-height) depends on the accumulation rate of snow. It
varies from ~20 years in cores from sites with a high accumu-
lation rate (10—12) to up to ~200 years for low accumulation rate
sites such as Dome C, Antarctica. During glacial conditions,
when accumulation rate and temperature are lowest, the age
distribution in Antarctic cores can be as wide as ~350 years.

Today, anthropogenic and natural factors exert changing
radiative influences. The concept of radiative forcing is used to
compare these (13). Anthropogenic factors are changes in the
well mixed greenhouse gases CO,, CH4, and N;O, in halocarbons
and SFs, in soot, tropospheric ozone (Os), and stratospheric
water vapor, all causing warming, aerosols, the surface albedo
due to land use, and stratospheric O3 (globally causing cooling).
Natural forcing factors include changes in stratospheric sulfate
loading caused by explosive volcanism (14) and changes in solar
energy output (15, 16).

The goals of this paper are to (i) discuss the recent anthro-
pogenic rise in greenhouse gases in the context of the ice core
records, (ii) analyze the rate of change in atmospheric green-
house gas concentration as recorded in the ice core record,
taking into account uncertainties arising from sampling fre-
quency and smoothing occurring during the enclosure of air in
firn and ice, and (iii) compare radiative forcing and the recent
rate of change in radiative forcing by greenhouse gases and other
forcing factors.
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