a critical determinant of T, cell generation. It
will be interesting to see how different envi-
ronmental cues affect the balance between
these two transcriptional antagonists.
Uncontrolled generation of T, cells could
be fatal, causing systemic autoimmunity by
increasing antibody production. Therefore,
expression of Blimp-1 may help maintain tol-
erance by inhibiting Bcl6 expression and the
differentiation of T, cells. But if Bcl6 sup-
presses the generation of T,;1 and T, 17 cells
by binding to their master transcription fac-
tors, then how are B cells stimulated to pro-
duce antibodies in response to inteferon-y and
IL-17, the cytokines that these T cell subtypes
secrete? One possibility is that B cells are
induced to make these antibodies by T, 1 and
T, 17 cells, instead of T, , cells, outside of ger-
minal centers (/3). Alternatively, differentiat-
ingT,1,T,2,and T, 17 cells may express low
amounts of Bcl6, which might allow them to
acquire the T, cell phenotype and induce B

cells to make these antibodies. Johnston ef al.
show that a T cell-B cell interaction is essen-
tial for Bcl6 expression in activated CD4" T
cells, which in turn could initiate differentia-
tion into T, cells. It might be possible that
activated T 1, T, .2, and T ;17 cells express
Bcl6 upon interaction with B cells, causing
them to become T, 1, T2, and T 17 cells.
They could then affect antibody production by
B cells through the cytokines they produce.
The transcription factor cMaf also plays
an essential role in generating T, cells (/4).
cMaf primarily activates IL-21 expression
in CD4" T cells, and thus provides an auto-
crine growth factor for T, cell development
(15). Bcl6 and cMaf may synergize to gen-
erate T, cells by regulating the expression
of critical factors such as IL-21, the IL-21
receptor, and CXCRS. The balance among
the transcription factors in the differentia-
tion of T, cells, particularly between Bcl6
and Blimp-1, could be exploited in various
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autoimmune and infectious diseases.
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CLIMATE CHANGE

Risks of Climate Engineering

Gabriele C. Hegerl' and Susan Solomon?

s the risks of climate change and
Athe difficulty of effectively reducing

greenhouse gas emissions become
increasingly obvious, potential geoengi-
neering solutions are widely discussed. For
example, in a recent report, Blackstock et al.
explore the feasibility, potential impact, and
dangers of shortwave climate engineering,
which aims to reduce the incoming solar radi-
ation and thereby reduce climate warming
(I). Proposed geoengineering solutions tend
to be controversial among climate scientists
and attract considerable media attention (2,
3). However, by focusing on limiting warm-
ing, the debate creates a false sense of cer-
tainty and downplays the impacts of geoengi-
neering solutions.

Discussions of “dangerous” levels of
interference with the climate system often
use warming as a proxy for the seriousness
of greenhouse gas—induced climate change.
However, climate change impacts are driven
not only by temperature changes, but also by
change in other aspects of the climate system,
such as precipitation and climate extremes. If
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geoengineering studies focus too heavily on
warming, critical risks associated with such
possible “cures” will not be evaluated appro-
priately. Here, we present an example illus-
trative of the need for greater emphasis not
only on possible benefits but also on the risks
of geoengineering—in particular, the risks
already suggested by observations of climate
system change.

Carbon dioxide increases cause a reduc-
tion in outgoing longwave radiation, thus
changing the heat balance of the planet. Sev-
eral proposed geoengineering solutions aim to
avoid the resulting energy imbalance that will
lead to warming by reducing incoming solar
radiation. This may be achieved by, for exam-
ple, increasing the number of atmospheric
reflecting particles in the stratosphere or by
placing reflecting “mirrors” outside the atmo-
sphere. These measures are indeed expected
toreduce the projected warming (/, 2). Black-
stock et al. focus on this particular example
of geoengineering, with the rationale that it
may allow rapid action to be taken if a threat
of catastrophic climate change emerges. Such
emerging threats could, for example, be rap-
idly disintegrating ice sheets, or warming that
is more rapid than expected (4). One of the
attractions of shortwave climate engineering
is the effectiveness and rapidity with which
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Observations indicate that attempts

to limit climate warming by reducing
incoming shortwave radiation risk major
precipitation changes.

it could reduce warming, but it is also con-
nected with considerable risks.

It is clear that reducing incoming short-
wave radiation would lead to decreases
in temperature. Volcanic eruptions in the
20th century led to substantial coolings that
occurred within months after the eruption
and lasted several years (5, 6). Strong volca-
nic eruptions have in the past led to anom-
alously cold conditions: The year without a
summer (1816) noted in North America and
Europe followed the eruption of Tambora
in Indonesia the year before, which was the
largest volcanic event observed in recent cen-
turies (5). However, volcanic eruptions also
affect precipitation (7). The 1991 eruption of
Mount Pinatubo led to substantial decreases
in global stream flow and to increases in the
incidence of drought (see the figure) (§). An
analysis of 20th-century observations indi-
cates that volcanic eruptions caused detect-
able decreases in global land precipitation (9,
10). The reason is that with reduced incoming
shortwave radiation and surface cooling, less
energy is available for evaporation.

Greenhouse gas increases also influ-
ence precipitation, through two mechanisms:
directly through reducing outgoing longwave
radiation, and indirectly through warming
(11-13). Warming increases evaporation, thus
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Aerosol layers in Earth’s atmosphere

11 August 1991

making more water available globally for pre-
cipitation. However, because greenhouse gases
reduce outgoing longwave radiation, they also
reduce the effectiveness with which the atmo-
sphere radiates out latent heat of condensation.
This reduces precipitation. The net result of the
two mechanisms is a relatively small increase
in global precipitation in the early stages of
greenhouse warming simulations (12).

The 20th-century climate record shows
the different effects of shortwave and long-
wave forcing on temperature and on precipi-
tation. Global surface temperature responds
in a quite straightforward way to changes in
the energy budget, irrespective of whether
shortwave or longwave radiation changes
are involved. Thus, temperatures in the latter
part of the 20th century were dominated by
anthropogenic warming (interspersed with
short-term cooling after volcanic eruptions)
(14). In contrast, precipitation reacts more
strongly to reductions in incoming short-
wave radiation, such as volcanic eruptions or
shortwave climate engineering, than to reduc-
tions in outgoing longwave radiation asso-
ciated with greenhouse gas forcing. Thus,
global land precipitation changes over the
20th century correlate with model-simulated
precipitation changes, largely because both
show decreases in precipitation after volca-
nic eruptions (9, /2). In contrast, greenhouse
gas—induced precipitation changes so far are
smaller on the global land average (10, 15).

Models have been able to capture the pat-
terns of precipitation changes with greenhouse
warming (/4, 15) but appear to underestimate
the magnitude of precipitation changes over
the 20th century in response to both shortwave
and longwave forcing. Patterns of precipita-
tion changes over the 20th century already
show contributions by human influences (75).
The observed precipitation patterns with lati-
tude were qualitatively captured in the average
change simulated by multiple climate models,
but the magnitude of simulated changes was

Pinatubo aerosols as seen from the space shuttle Atlantis
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Aerosol effects. The eruption of Mount Pinatubo in June 1991 led to aerosol layering in the stratosphere (A)
and to global reductions in precipitation (B). Optically thick layers of stratospheric aerosol cause the dark
layers seen in the photo in (A), taken from the space shuttle on 11 August 1991. The data in (B) are averaged
over the annual water year (October through September values); 1 Sv = 10° m®/s. Aerosol inserted into the
stratosphere as part of geoengineering solutions may have similar effects on precipitation.

significantly underestimated. Similarly, the
observed global land precipitation response
to volcanic forcing over the 20th century was
much stronger than that simulated by present
climate models (9, 10).

Satellite data also suggest that climate
models underestimate the magnitude of
forced changes and of variations in precipi-
tation extremes (16, 17). Although these data
are limited (/3), they all suggest that precip-
itation changes are being underestimated.
Missing external forcings (such as by absorb-
ing aerosols) or errors in observations could
contribute to the discrepancy between obser-
vations and model simulations. However,
until these discrepancies are fully resolved,
models cannot reliably predict how short-
wave engineering can target precipitation and
temperature simultaneously (/8), implying
that very large risks are associated with any
such geoengineering scheme.

Some models suggest a large degree of
cancellation between changes in warming
and in precipitation in a shortwave climate-
engineered world (/8). However, models have
been shown to have problems simulating past
precipitation variability as well as trends. Fur-
thermore, the combination of a strong green-
house effect with a reduction of incoming radi-
ation could have substantial effects on regional
precipitation (/9), including reductions that
would rival those of past major droughts (20).
Geoengineered changes in the environment
could thus lead not only to “winners and los-
ers” but even to conflicts over water resources
(19) and the potential for migration and insta-
bility, making shortwave climate engineering
internationally very controversial.

Blackstock et al. call for a study phase,
during which the possible impacts of geoen-

gineering options could be investigated. This
is clearly necessary, and optimism about a
geoengineered “easy way out” should be tem-
pered by examination of currently observed
climate changes. Climate change is about
much more than temperature change, and
using temperature alone as a proxy for its
effects represents an inappropriate risk to the
health of our society and to the planet.
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