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-1Abstract
The lack of a larger cooling in proxy records of climate change following large volcanic
eruptions such as those of Tambora in 1815 and Krakatau in 1883 has long been a puzzle for
climatologists. These records, however, may have been biased by enhanced tree growth for
several years following each eruption induced by additional diffuse radiation caused by the
stratospheric volcanic aerosol clouds from the eruptions. By comparing proxy reconstructions of
climate with and without tree ring data, this effect is demonstrated for the five largest eruptions
for the period 1750-1980. When proxy records of Northern Hemisphere climate change are
corrected for this proposed diffuse effect, there is no impact on climate change for time scales
longer than 20 years. However, it now appears that there was a hemispheric cooling of about
0.6°C for a decade following the unknown volcanic eruption of 1809 and Tambora in 1815, and
a cooling of 0.3°C for several years following the Krakatau eruption of 1883.
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portion of the incoming sunlight, thus cooling the Earth’s surface [Robock, 2000]. However,
after some of the largest eruptions of the past several centuries, proxy records of surface air
temperature did not indicate as much cooling would be expected. Now it seems that because of a
new understanding of the effects of volcanic stratospheric aerosols on radiation and its effect on
trees, enhanced tree growth following large eruptions may have masked some of the climate
signal.
At the Mauna Loa observatory on the island of Hawaii (19°N), measurements of
downward direct and diffuse radiation [Dutton and Christy, 1992; Robock, 2000; Dutton and
Bodhaine, 2001] show that following the 1982 El Chichón and 1991 Pinatubo eruptions, the
reduction in direct downward shortwave radiation was almost matched by an enhancement of
downward diffuse flux, caused by enhanced forward scattering of incoming solar radiation
caused by the volcanic aerosols (Fig. 1). The Mauna Loa observatory has also measured the CO2
concentration since 1958 [Fig. 2, Keeling and Whorf, 2002], and this is a good representation of
globally averaged surface CO2 concentration since CO2 has a sufficiently long atmospheric
lifetime (~100 years), as shown by recent global observations [Hofmann, 2004]. However, since
the Mauna Loa CO2 record began the large upward trend (Fig. 2) has not been uniform (Fig. 3).
Changes in emissions, land use changes, unusual atmospheric temperatures or precipitation (e.g.,
drought), and El Niño and La Niña episodes, through their effects on the land biosphere and
oceans, explain part, but not all, of these interannual variations [Jones et al., 2001; Robock,
2003; Hofmann, 2004].
The causes of interannual variations in CO2 concentration are not completely understood,
but the volcanic effect on diffuse and direct radiation, through its impact on plant growth, cannot
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and Farquhar and Roderick [2003] suggest that increased diffuse radiation allows plant canopies
to photosynthesize more efficiently, increasing the CO2 sink. In fact, Gu et al. [2003] actually
measured this effect in trees following the 1991 Pinatubo eruption. On the other hand, Cohan et
al. [2002] using a numerical model of plant growth showed that while adding aerosols to the
atmosphere in a clear sky, producing an enhanced ratio of diffuse to direct radiation, increased
the net primary productivity (NPP) and hence produced a positive carbon sink, under cloudy
skies, assuming no indirect effects of aerosols on clouds, NPP decreased. Nevertheless, they find
that their results support the idea that the 1991 Mt. Pinatubo eruption enhanced the carbon sink
through the enhanced diffuse flux. Jones and Cox [2001] and Lucht et al. [2002], however,
modeled the effect of temperature reduction following Pinatubo on tree growth and soils and
explained the enhanced carbon sink as a larger reduction in soil and plant respiration than the
temperature effect on reduced tree NPP. Angert et al. [2004] also modeled the change in carbon
flux following Pinatubo and rejected the idea that change in diffuse radiation was responsible.
However, they implemented diffuse radiation in their model incorrectly [cf., Roderick et al.,
2001] and used poor quality soil moisture simulations as if they were data [Li et al., 2005]. The
clear decrease in the rate of increase of CO2 following each large volcanic eruption (Fig. 3) may
be due to a combination of causes, and more work is needed to better understand this process.
Both the width [e.g., Fritts, 1976] and latewood density [e.g., Briffa et al., 1998] of tree
rings have been used as proxy evidence for the effect of volcanic eruptions on climate. Detailed
analysis of all the volcanic effects on tree rings is beyond the scope of this paper, but there are
important implications of changes in tree growth for interpretation of tree rings when used for
proxy reconstruction of past climate change. While the direct effect of climatic cooling in the
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al., 2002] and is responsible for reduced ring width in trees following volcanic eruptions,
enhanced growth because of the diffuse radiation effect would counteract some of the
temperature effects on tree growth.
Mann et al. [1998] combined a large number of proxy data sets to produce a
reconstruction of Northern Hemisphere climate change for the past six centuries. They produced
reconstructions using only tree ring data (width and density), using only other data, and using all
proxies together (Fig. 4).

During the period from 1750 to 1980 (proxy reconstruction is

problematic for the past 25 yr due to lack of proxy time series), there were three major volcanic
eruptions, Unknown (1809), Tambora (1815), and Krakatau (1883), and two smaller ones, Santa
María (1902) and Agung (1963) [Robock, 2000].
It can be seen in Fig. 4 that the Mann et al. [1998] reconstruction using tree ring data only
shows much less cooling after the major eruptions of Tambora and Krakatau than do the ones
without tree ring data. Because of the small sample, sophisticated statistical tests of this effect
would not be appropriate. The conclusion that tree-ring-based reconstructions produce less
cooling should be considered in light of the characteristics of the reconstructed time series. The
tree-ring only reconstruction is biased toward the warm season, while that without tree rings
tends to reflect the annual signal [Rutherford et al., 2004]. As volcanic eruptions tend to produce
strong cooling in the summer, but also winter warming which would cancel some of the cooling
in annual reconstructions [Robock, 2000], the lack of tree-ring-based cooling is even more
striking. The estimate without tree rings is based on a much smaller number of records, so
should have a larger potential sampling error. While the climate field reconstruction technique
used by Mann et al. [1998] may have a bias that limits the response to volcanic eruptions
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rings, so should not affect their relative response to volcanic eruptions.
Discussion
Climate model simulations of the effects of very large volcanic eruptions on surface
temperatures tend to give more cooling than that in proxy reconstructions, when the models are
driven by our best estimates of the radiative forcing from the eruptions. For example, Free and
Robock [1999] find this result even for decadal averaged temperatures using an upwelling
diffusion energy balance model, as do energy balance and general circulation model results
shown in Fig. 8 of Jones and Mann [2004]. At the European Geophysical Union meeting in
April, 2004, Phil Jones asked me why the climate response (as seen in proxy reconstructions
based on tree rings) was so small after the 1259 volcanic eruption, the largest of the past 2000
years. The answer may be that the climate response was larger than we had previously thought.
Detailed reanalyses comparing tree ring and non-tree ring proxy data, as well as biological
models of tree growth that explicitly consider the effects of diffuse radiation along with
temperature and soil moisture should in the future help to better understand this effect.
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Figure 1.

Direct and diffuse broadband radiation measurements from the Mauna Loa

observatory, measured with a tracking pyrheliometer and shade disk pyranometer on mornings
with clear skies at solar zenith angle of 60°, equivalent to 2 relative airmasses [Dutton and
Christy, 1992]. The reduction of direct radiation and enhancement of diffuse radiation after the
1982 El Chichón and 1991 Pinatubo eruptions are clearly seen. Years on abscissa indicate
January of that year. Data courtesy of E. Dutton. (Figure 4 from Robock [2000]. It is similar to
Fig. 2 of Dutton and Bodhaine [2001].)
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Figure 2. Record of CO2 concentration at the Mauna Loa Observatory. Data are from Keeling
and Whorf [2002]. (Figure 6 from Robock [2003].)
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Figure 3. Annual rate of increase of CO2 in the atmosphere. Data are from Keeling and Whorf
[2002]. Thin line is monthly values and thick line is 9-month running mean. Minima following
the largest volcanic eruptions of the period are indicated. Other interannual variations are
partially due to biospheric responses to changing land climate, El Niños, and La Niñas. (Figure
7 from Robock [2003].)
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Figure 4. Multi-proxy reconstruction of Northern Hemisphere surface air temperatures from
Mann et al. [1998] constructed from tree rings only (Dendro only), only non-tree-ring sources
(No Dendro), and all sources. Data from http://www.ngdc.noaa.gov/paleo/ei/ei_data/globannrecon.dat . The much larger temperature decline in the No Dendro time series can be clearly
seen after the major volcanic eruptions of Unknown (1809), Tambora (1815), and Krakatau
(1883), and less clearly after the smaller Santa María (1902) and Agung (1963).

