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ABSTRACT

Carbon-cycle feedbacks have been shown to be very important in predicting climate change over the
next century, with a potentially large positive feedback coming from the release of carbon from soils as
global temperatures increase. The magnitude of this feedback and whether or not it drives the terrestrial
carbon cycle to become a net source of carbon dioxide during the next century depends particularly
on the response of soil respiration to temperature. Observed global atmospheric CO, concentration,
and its response to naturally occurring climate anomalies, is used to constrain the behaviour of soil
respiration in our coupled climate—carbon-cycle GCM. This constraint is used to quantify some of the
uncertainties in predictions of future CO; levels. The uncertainty is large, emphasizing the importance
of carbon-cycle research with respect to future climate change predictions.

1. Introduction

Modelling studies have demonstrated that climate—
carbon-cycle feedbacks over the next century may
have a large impact on future CO, levels and climate
(Cox et al., 2000; Friedlingstein et al., 2001). Whilst
ocean and land ecosystems currently absorb slightly
more than half of human CO, emissions (Prentice
etal., 2001), atmosphere—ocean and atmosphere—land
exchanges of carbon are sensitive to climate as well
as to atmospheric levels of carbon dioxide. Cox et al.
(2000) describe how a coupled climate—carbon-cycle
GCM (HadCM3LC) simulates a significant accelera-
tion of climate change in the next century due to a pos-
itive feedback from the global carbon cycle. Figure 1
shows that the model’s atmospheric CO, concentra-
tion rises to 980 ppmv when IS92a anthropogenic
CO; emissions are specified, compared to 710 ppmv
in the standard 1S92a concentration scenario (i.e. the
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concentration scenario derived by using 1S92a emis-
sions to drive an off-line carbon-cycle model without
any climate—carbon-cycle feedbacks). Rapid carbon
release from the soil as temperatures increase domi-
nates over increased vegetation uptake due to elevated
CO; levels, and the terrestrial biosphere becomes a
net source of carbon from about 2050. However, this
competition between CO, fertilization and enhanced
respiration means that the magnitude of the modelled
response, and even its sign, are highly dependent on
the sensitivity of plant growth and soil respiration to
climate change. It is therefore important to quantify
the uncertainties associated with the sensitivity of soil
respiration to temperature.

Atmospheric CO, levels are sensitive to natural cli-
mate anomalies such as El Nifio — Southern Oscilla-
tion (ENSO) or cooling following a volcanic eruption
(Jones et al., 2001; Jones and Cox, 2001b). Figure 2
shows how interannual changes in CO, [with the an-
thropogenic rise removed as described in Jones et al.
(2001)] correlate very closely with ENSO, rising in
El Nifio years and falling in La Nifla years. It is
also clear that CO, decreases following the major
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Fig. 1. Impact of climate—carbon-cycle feedbacks on global
mean atmospheric CO,. Coupled model results (with 1S92a

emissions; solid line); IS92a concentration scenario (without
climate—carbon-cycle feedbacks; dashed line).
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Fig. 2. Time series of the observed Nino3 index (°C, dashed
line) and the natural changes in atmospheric CO, (ppmv, solid
line). Scale for both quantities is the same. The eruptions of
El Chichon and Mt. Pinatubo are indicated by the vertical
dotted lines.

volcanic eruptions of El Chichon in 1982 and Mt.
Pinatubo in 1991. Jones and Cox (2001a) use this
data to infer the sensitivity of global soil respiration
to changes in temperature. By varying the model’s
parametrization of soil respiration within these ob-
served constraints it is possible to estimate the asso-
ciated uncertainty in future levels of CO, and climate
change.

Section 2 describes how observed CO, concentra-
tions can be used to constrain the sensitivity of soil
respiration to temperature. Section 3 introduces a sim-
ple zero-dimensional model for recreating the GCMs
behaviour, and section 4 discusses the results of this
model using a range of soil respiration sensitivities.
Some conclusions are drawn in section 5.
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2. Constraining soil respiration sensitivity
to temperature

In the GCM the soil respiration rate (R) is assumed
to increase exponentially with temperature following a
so—called “Q10” formulation (Raich and Schlesinger,
1992):

Ry = rC f(M)gly """ (1)

where C is soil carbon, r is specific respiration rate at
10 °C, f(M) is a function of soil moisture (McGuire
et al., 1992), and ¢, is the factor by which the spe-
cific soil respiration rate increases for each 10 °C
warming. The model does not allow for spatially or
temporally varying values of go: the value used rep-
resents a global mean bulk soil respiration param-
eter. A value of g9 = 2.0 was used in the original
HadCM3LC runs (Cox et al., 2000). Temperature, 7,
refers to soil temperature rather than air temperature.
The use of air temperature in the formula would lead
to significantly lower g, values (Kicklighter et al.,
1994).

The sink-to-source transition described by Cox et al.
(2000) is inevitable at some critical CO, concentra-
tion providing that (i) CO, fertilization of photosyn-
thesis saturates at high CO, and (ii) g1o > 1 (Coxetal.,
2001). The first condition is widely believed to be true
(McGuire et al., 1992; Collatz et al., 1991; Collatz
et al., 1992; Sellers et al., 1996). However, the tem-
perature response of R; is a key uncertainty, with some
studies suggesting that in the long term R will not be
sensitive to temperature once the fast turnover carbon
store is exhausted: i.e. gjo = 1 (Giardina and Ryan,
2000).

On a global scale though, Jones and Cox (2001a)
found g9 ~ 2 to be consistent with observed CO,
variability due to ENSO and the Pinatubo volcanic
eruption. By reconstructing the model results for
different values of g it is possible to determine
what range of this parameter is allowed to keep the
model consistent with observations. Jones and Cox
(2001a) found that values of g;o = 1.9 £ 0.4 are re-
quired for the model to capture the observed CO,
anomaly associated with the Pinatubo eruption, and
g0 =2.1£0.7 for consistency with the observed
magnitude of the ENSO correlation. This uncer-
tainty in g, implies an uncertainty in climate—carbon-
cycle projections, which we estimate in the next two
sections.
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3. Simple zero-dimensional
climate—carbon-cycle model

It is too computationally expensive to run a range
of fully coupled GCM experiments with different pa-
rameter values, so a method was devised which could
be used to estimate the GCM sensitivity to g9. Results
from transient experiments with ¢, = 2 were used to
calibrate and check a simple zero-dimensional (0-D)
model which could then be used to predict the full
model behaviour for a range of g values.

We consider the total carbon stored in vegetation,
C,, which is increased by photosynthesis, I1, and re-
duced by plant respiration, Ry, and litterfall, A:
dc,

el IM—R,— A 2)
where IT is sometimes called gross primary produc-
tivity (GPP). In common with many others (McGuire
et al., 1992; Collatz et al., 1991; Collatz et al., 1992;
Sellers et al., 1996; Cox et al., 1998), we assume that
GPP depends directly on the atmospheric CO, con-
centration, C,, and the climate:

C
IT = Mpax ( .

C. 7 Cos C0l5> S (T) 3

where I, is the value which GPP asymptotes to-
wards as C, — oo and Cys is the “half-saturation”
constant (i.e. the value of C, for which IT is half this
maximum value). The climate dependence of GPP is
represented by f, which can be considered as an ar-
bitrary function of mean temperature, 7, because re-
gional climate change patterns (including those in pre-
cipitation) have been found to scale almost linearly
with temperature (Huntingford et al., 2000). Plant res-
piration is taken as the sum of a maintenance compo-
nent, which depends on vegetation carbon and tem-
perature, and a growth component, which is 25% of
the remaining assimilate (once the maintenance res-
piration has been removed). This part of the model
is identical to that used in the full TRIFFID dynamic
global vegetation model (Cox, 2001). Annual litterfall
is a fixed fraction of the vegetation carbon, A = C, /1.
A similar balance equation applies for the soil carbon,
Cs:

dC;

el A — R 4)
where Rq is the soil or heterotrophic respiration. In

line with the full TRIFFID model we assume that R,
is proportional to the soil carbon, Cy, and that the spe-
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cific respiration rate (i.e. the respiration per unit car-
bon) follows a “Q10” dependence. As for TRIFFID,
R; is therefore given by eq. (1), but the simple model
neglects the soil moisture dependence [i.e. it uses
eq. (1) with f(M) = 1], since this was found to be rela-
tively weak in the full GCM results. Near the surface,
temperatures are assumed to increase approximately
logarithmically with the atmospheric CO, concentra-
tion, C, (Huntingford and Cox, 2000):

ATy C,
AT = —2C% 100 (5)
log?2 C.(0)

where AT is the surface warming, AT>co, is the
climate sensitivity to doubling atmospheric CO,,
and C,(0) is the initial CO, concentration. The
ocean carbon cycle response was captured using the
impulse-response approach as described by Joos et al.
(1996).

This simple 0-D climate—carbon model was cali-
brated against full HadCM3LC results with and with-
out climate feedbacks on the carbon cycle (Cox et al.,
2000). The use of both of these GCM runs allowed the
direct CO, effects to be separated from climate effects
on the carbon cycle. Many of the simple model param-
eters were taken directly from the GCM without cal-
ibration. These included the g;( values for both plant
maintenance and soil respiration, which were both set
to 2.0 at this stage. Fitted parameters included the half-
saturation constant for CO, (Cy 5 = 469 ppmv) and the
climate sensitivity (AT>xco, = 3.18 K). The function
F(T) was fitted to a quadratic: f(T) =1 — 0.06AT?>.
Initial values of the terrestrial fluxes and stores were
used to fix the turnover times and specific respira-
tion rates for soil and vegetation carbon. However,
it was found that the specific soil respiration also
needed to increase slightly with temperature to cap-
ture the impact of the GCM warming pattern, which
enhances temperatures most in the high-latitude re-
gions that contain the greatest soil carbon densities.
The impulse-response ocean uptake model was as
given by Joos et al. (1996) for a 3-D ocean model,
but with a reduced “mixed layer depth” of 40 m to
capture lower ocean uptake rates in HadCM3LC. The
ocean was also assumed to experience a lower rate of
warming than the land (by a factor of 1.87) in line with
the full GCM results (Huntingford et al., 2000). This
warming influences the uptake of carbon through the
impact of the mean ocean temperature on the solubility
of CO, in seawater (Joos et al., 1996). Other climatic
impacts on ocean uptake, such as possible changes in
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Fig. 3. Comparison of the simple model against results from the GCM for two values of the soil respiration sensitivity to
temperature, g0 = 2 and g1p = 1. The GCM outputs are shown by the symbols (stars for gj9o = 2, diamonds for gj9 = 1),
and the simple model is shown by the lines (continuous for 19 = 2, dashed for gj9 = 1).

ocean thermohaline circulation, are not explicitly in-
cluded in this simple model.

Figure 3 compares the fitted 0-D model against the
full GCM results for two different soil respiration sen-
sitivities, g0 = 2 (Cox et al., 2000), and g;p = 1 (un-
published). The 0-D model was calibrated directly
against the g0 = 2 GCM results (with and without
climate effects on the carbon cycle). The g;o = 1 com-
parison is a “blind test” of the robustness of this 0-D
model. The agreement between the simple model and
the GCM in this case suggests that the former provides
a good estimate of the sensitivity of the GCM results to
changes in qo. A range of experiments was performed
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with the simple model to convert the error bars in soil
q10 into error bars in future CO, and climate change.

4. Results and discussion

The top panel of Fig. 4 shows how the atmospheric
CO; concentration would increase over the next cen-
tury for various gj, values. The central, solid line de-
notes the model values of Cox et al. (2000), while the
shaded region shows the uncertainty in this assum-
ing g is in the range 1.9 £ 0.4, i.e. it is bounded by
q10 = 2.3 (above) and g9 = 1.5 (below). This is the
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Fig. 4. Uncertainty bounds on future CO; levels (top panel)
and soil carbon storage (bottom panel) for a range of g9
values. The central solid line shows the coupled GCM results
with g9 = 2. The shaded region shows results for the range of
q10 values consistent with observed CO, variability, and the
outer solid lines show behaviour for gjo = 1.0and g;9 = 3.0.
The IS92a CO; concentration scenario is shown by the dashed
line.

range which is consistent with observed sensitivity to
both ENSO and volcanic forcing. The outer lines show
the behaviour for g;o = 1 (lower line) and g;9 = 3 (up-
per line). The simple model predicts that the upper
and lower bounds on CO, for the realistic range of
¢1o values are 1030 and 910 ppmv, respectively. For
q10 values of 1 and 3, CO; levels reach 810 and 1090
ppmv, respectively. The dashed line shows the 1S92a
scenario for reference.

The bottom panel of Fig. 4 shows how the global
total soil carbon storage would change over the next
century for the same ¢o scenarios. The experiment
with g;0 = 1.0 sees a rise in soil carbon caused by an
increase in vegetation carbon and hence litterfall. For
all values of ¢, consistent with the observed CO, vari-
ability (i.e. within the shaded region), the increase in
soil respiration due to elevated temperatures is suffi-
cient to dominate the increased litterfall, and the global
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soils become a net source of carbon by 2100, although
for ¢ o values towards the low end of the range soil car-
bon increases slightly until the middle of this century
before decreasing again.

It can be seen that all values of g, give a final CO,
concentration well above 1S92a. The reason for this is
that the Amazonian die-back, and associated release
of vegetation carbon, described in Cox et al. (2001) is
unaffected by the gy parametrization and still occurs
in the model. No attempt is made here to quantify
the uncertainty in CO, levels associated with this die-
back, although this, too, will be significant.

It should be noted that the constraints placed on g
values by observations rely on several assumptions:
firstly, that the model’s climate response to ENSO and
volcanic forcing is realistic, and secondly that the other
carbon fluxes in the model (e.g. GPP or ocean fluxes)
respond accurately to these forcings. Jones etal. (2001)
and Jones and Cox (2001b) demonstrate that the mod-
elled responses to ENSO and volcanic forcings are
indeed realistic. The model’s behaviour also broadly
agrees with other estimates of interannual variability
in the land and ocean carbon cycle components (Le
Quere et al., 2000; Bousquet et al., 2000). It remains
possible that the coupled model contains balancing er-
rors (e.g. an under-sensitive GPP compensated by an
over-sensitive soil respiration), but it is unlikely that
a common spurious gy value could compensate for
errors elsewhere in the model for the differing forc-
ings associated with both ENSO and volcanoes. The
assumption that ;¢ is the dominant uncertainty is sup-
ported by the fact that the optimum values derived for
the ENSO and volcanic perturbations agree so well.

Other sources of uncertainty in the g, reconstruc-
tions may also be important. For example, the model
does not include a representation of natural fires. It is
thought that the occurrence of fires is greater during
El Nifio years and that this contributes significantly to
the observed rise in CO; levels (Keeling et al., 1995;
Nicholls, 1991). If this is the case then it is possible
that our reconstruction has overestimated ¢o by as-
suming that soil respiration accounts for the missing
contribution of fire activity. Conversely, it may be the
case that the reconstruction is biased towards tropical
q10 values. The majority of the modelled signal for
both ENSO and volcanic perturbations occurs in the
tropics, and so the observed sensitivity of the carbon
cycle is largely the tropical sensitivity. However, it has
been found that g, values are likely to be higher in
mid- and high-latitudes (Raich and Schlesinger, 1992).
If this is the case then it may cause our reconstruction
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to underestimate ¢g,9. The extent to which these two
effects may cancel is not known.

A further source of uncertainty in the projections
of the simple model is whether or not the long-term
behaviour of soil respiration is the same as the short-
term behaviour: in other words, is it realistic to as-
sume that the same g, formulation persists into the
future even when climate and soil carbon stores may
have changed significantly? Holland et al. (2000) dis-
cuss the need to consider substrate limitation. In their
study they found that tropical soil respiration did in-
deed follow a g, formulation initially, but decompo-
sition rates declined after long incubation periods as
substrate became limiting. This is consistent with soil
carbon pools declining owing to a period of negative
carbon balance in which heterotrophic respiration ex-
ceeds litterfall. The situation projected for the future is
rather different, since vegetation carbon densities, and
thus litterfall rates, are predicted to increase almost as
quickly as soil respiration. As a result it is possible
that global soil carbon will not change markedly. This
is broadly consistent with the GCM results presented
by Cox et al. (2000), in which most of the positive
feedback from soil carbon change comes not from
reductions in soil carbon relative to the current day
(about 150 GtC by 2100), but rather from reductions
in soil carbon accumulation relative to scenarios in
which climate—carbon-cycle feedbacks are neglected
(about 400 GtC by 2100). In other words, it is not so
much that soil carbon decreases in these GCM experi-
ments, but that it fails to increase in the way implied by
the standard 1S92a CO, concentration scenario (with-
out climate—carbon-cycle feedbacks), which implic-
itly assumes significant carbon accumulation on the
land.

Even if soil substrate does not become limiting, it
remains possible that large-scale sink-to-source tran-
sitions will be avoided by a “down-regulation” of g¢.
For example, Luo et al. (2001) recently published ex-
perimental results in which they detected a reduction
of the g0 value for soils in tall grass prairie, when
these soils were exposed to elevated temperatures for
an extended period. The original temperature sensi-
tivity of soil respiration at this site implied g9 =~ 2.7,
but this reduced to g9 = 2.5 after about a year with a
soil warming of 2 °C. Such down-regulation may be a
result of microbial adaptation to the changing condi-
tions or a consequence of the depletion of fast respiring
carbon pools (i.e. a form of substrate limitation). Un-
fortunately, experiments of this type are not currently
long enough to draw conclusions about the carbon cy-
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cle in the 21st century. The final g;¢ value diagnosed
by Luo et al. (2001) is still higher than that used by
Cox et al. (2000), and would therefore lead to an even
stronger positive climate—carbon-cycle feedback. To
delay a sink-to-source transition in the land carbon
sink requires that g;¢ drops significantly below 2 (Cox
et al., 2001). Longer experiments and better process
understanding are required to assess the likelihood of
this occurring.

5. Conclusions

The response of soil respiration to temperature is
critically important in determining the rate of future
climate change. However, the exact nature of this re-
sponse is uncertain. If increasing temperatures cause
the soil to release more CO, then the terrestrial bio-
spheric sink could saturate and even reverse, thus ac-
celerating anthropogenic global warming.

Two independent sources of data have been used to
constrain estimates of a global-mean model param-
eter of soil respiration. ENSO and volcanic induced
perturbations to atmospheric CO, concentrations are
in agreement with a “Q10” formulation, with a value
of g19 = 2.0 as used in HadCM3LC. They also imply
that an insensitivity of soil respiration to temperature
(i.e. g10 =~ 1) is not consistent with the observed vari-
ability in atmospheric CO, on the 1-5 yr timescale.

These constraints on g, allow us to estimate the un-
certainty in the model’s predictions of future CO, lev-
els associated with the temperature sensitivity of soil
respiration. By 2100 positive feedbacks from the car-
bon cycle cause CO, levels to rise well above conven-
tional scenario values. Using 1S92a emissions, CO,
levels in the fully coupled climate—carbon-cycle model
reach 980 ppmv: 270 ppmv higher than without the
feedbacks. Reconstructions with the simple model us-
ing ¢ values within a range consistent with observed
variability show a large uncertainty in the CO, level
by the end of the century: values vary between 910 and
1030 ppmv. This represents an uncertainty of +25%
in the magnitude of the positive climate—carbon-cycle
feedback.
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