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Detection of a direct carbon dioxide effect in
continental river runoff records
N. Gedney1, P. M. Cox2, R. A. Betts3, O. Boucher3, C. Huntingford4 & P. A. Stott5

Continental runoff has increased through the twentieth century1,2

despite more intensive human water consumption3. Possible
reasons for the increase include: climate change and variability,
deforestation, solar dimming4, and direct atmospheric carbon
dioxide (CO2) effects on plant transpiration5. All of these mecha-
nisms have the potential to affect precipitation and/or evaporation
and thereby modify runoff. Here we use a mechanistic land-
surface model6 and optimal fingerprinting statistical techniques7

to attribute observational runoff changes1 into contributions due
to these factors. The model successfully captures the climate-
driven inter-annual runoff variability, but twentieth-century cli-
mate alone is insufficient to explain the runoff trends. Instead we
find that the trends are consistent with a suppression of plant
transpiration due to CO2-induced stomatal closure. This result will
affect projections of freshwater availability, and also represents the
detection of a direct CO2 effect on the functioning of the terrestrial
biosphere.

On annual and longer timescales, continental river runoff is
approximately equal to the difference between land precipitation
and evapotranspiration. Changes in river runoff can arise from
adjustment to either process. Evapotranspiration is a function of
energy and water availability, near-surface atmospheric conditions
(air temperature, humidity and wind-speed) and the control of
transpiration by plants. Contemporary environmental changes can
therefore affect runoff in a number of ways. Climate change and
variability modify precipitation patterns and near-surface meteorol-
ogy. An overall increase in atmospheric aerosol concentration over
the past century appears to have reduced the amount of solar
radiation reaching the land surface (so-called “solar dimming”4),
and may have led to reductions in open-pan evaporation8. Land-
cover changes affect evapotranspiration in a number of ways,
including modifying the depth of the soil from which plants can
extract water and the available energy by changing the land-surface
albedo. Finally, stomatal apertures on plant leaves are observed to
close partially under increased CO2 (ref. 5), suppressing transpira-
tion and providing a mechanism by which CO2 increase could lead
directly to increases in runoff.

Here we analyse observation-based continental river runoff
records1 for evidence of runoff changes from the potential drivers.
We adopted the formal detection and attribution techniques devel-
oped to isolate the causes of twentieth-century temperature change7.
A model is used to define the spatial and temporal responses
associated with a known forcing factor. These distinct spatio-tem-
poral patterns of response act as ‘fingerprints’ that allow the observed
change to be separated into contributions from each factor.

We use the Met Office Surface Exchange Scheme (MOSES II; ref. 6),
which is the land-surface scheme in the Hadley Centre climate
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Figure 1 | Trends in continental water budgets. Observed precipitation
(PreO; red bars) and runoff (RoO; dark blue bars), and modelled runoff with
all mechanisms (ALL; light blue bars) and the individual components
(CLIM, AER, CO2 and LUSE; yellow bars) are shown. (‘Land’ in the first
panel refers to the area-weighted sum of the individual regions.) Striped
bars refer to trends over the whole analysis period and solid bars refer to
post-1960 trends (see Methods for details).
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models. We drive MOSES using a monthly observational data set of
the twentieth-century climate9. This allows us to assess the extent to
which changes in the observed climate can account for changes in
runoff. Although here the land-surface scheme is not coupled to a
model atmosphere, any feedbacks through the atmospheric bound-
ary layer are implicitly included through changes in the observed
near-surface meteorology. MOSES has been extensively validated
against data from a number of field sites10,11 and performs well
globally in its host climate model12. MOSES is especially appropriate
here because it includes a representation of the effect of CO2

concentration on stomatal conductance10. We incorporate the effects
of aerosols into the forcing data using diagnostics from the transient
climate simulation with the HadGEM1 climate model13 (see
Methods). Changes in land use14 are used to prescribe related land-
cover changes to the MOSES plant types.

To isolate the various effects we carry out five simulations of
twentieth-century surface hydrology. We allow all factors likely to
affect runoff to vary throughout the fully transient simulation ‘ALL’
(climate, aerosol concentration, atmospheric CO2 and land use). In
the other four simulations, we allow three of the four factors to vary
throughout the twentieth century while fixing the other component
to initial conditions (see Methods). The individual effects are found
to combine approximately linearly. Hence the impact of each
individual component can be calculated by comparing the fixed-
component simulation with the ALL simulation (for example, the
contribution of CO2 is given by ALL minus the fixed-CO2 simulation).
CLIM, AER, CO2 and LUSE refer to the diagnosed contributions of
climate, aerosol, atmospheric CO2 and land use, respectively.

Figure 1 shows the precipitation and modelled and observed
runoff trends1 (see Methods) over the century. The post-1960
observed runoff trends for all regions tend to be more positive (or
at least less negative) than the precipitation trends. This suggests that
constraints other than precipitation are becoming more important in
the latter part of the twentieth century. There is also a clear disparity
between the climate-only (CLIM) modelled runoff and the observed
runoff trends. With the exception of Europe, which shows a very
small reduction in runoff, ALL appears closer to the observations
than the climate-only response. The modelled response from climate
forcing, aerosols (direct and indirect cloud albedo effects) and direct
CO2 effects appear to be important over some regions. Land use
(excluding irrigation) seems to have a small effect on the modelled
continental-scale water balance.

We use a standard optimal fingerprinting technique7 to see which
factors are likely to be driving the long-term changes in continental
runoff by comparing the modelled and observed annual anomalies
relative to the long-term mean. This technique assumes that we can
reproduce the observed anomalies by the linear addition of each
individual modelled response x whose amplitude is scaled by a factor
b x. The b factor for each modelled component is obtained by
carrying out an ordinary least-squares regression fitted to the
observed annual anomalies. This approach assumes that model
signals are much less contaminated by noise than are the observed
changes7, an assumption that we expect to be valid in this case where

observed climatologies are used to force MOSES. If the 5 to 95
percentile range of b is greater than zero then the signal has been
‘detected’ at the 5% significance level. If this range of b also covers
unity, then the modelled component is consistent with the observed
response. If, in addition to detection and consistency described
above, the signal is not consistent with alternative, physically
plausible explanations, then it is said to be ‘attributed’15.

We initially apply the regression over each individual region for the
longer time periods given in Table 1 (for example, South America
1903–1994). Because the factors producing only long-term modelled
runoff changes all show fairly similar temporal patterns even though
their amplitudes are different, we initially carry out the regression
analysis with two factors at a time (to avoid over-fitting the data).
Only the climate forcing produces considerable inter-annual varia-
bility, so we can combine this with each of the other components in
separate regressions. The impact of climate change or variation on
runoff is detected over all regions at the 5% significance level, and in
South America and Asia the model’s simulation of runoff due to
climate is consistent with that observed (results not shown). The
direct CO2 effect is detected over Africa at the 5% significance level.
Aerosols and the CO2 effect are both consistent with the observed
trends over Asia. The probability of b(CO2) being greater than 0 is
higher than for b(AER) and b(LUSE) for every region except South
America, suggestive of the direct CO2 effect being the most likely
global signal.

To isolate these non-CLIM components, we combine the data for
each continent so that spatial as well as temporal patterns are used in
the fitting process: that is, we carry out a simultaneous best fit across
all regions. We now require an estimate of the combined observation
and model uncertainty for each region, which we take from the
residual statistics calculated in the regional regressions. All the
continental regions are considered together, and we carry out a
four-component regression for CLIM, AER, CO2 and LUSE. Only
climate and the direct CO2 effect are detected at the 5% significance
level (Fig. 2). (The time series of the fit for each region is shown in
Supplementary Fig. S1.) The simulation of runoff change due to the
CO2 increase is consistent with that observed, whereas the model
slightly over-estimates the climate effect (since b , 1) (Fig. 2). We
also consider different time series, and because the land-use effect
appears to be very small we additionally carry out a three-way
regression without land-use changes (not shown). Both these sensi-
tivity studies produce similar b values and result in the same
conclusions.

Figure 3 shows the trends attributable to the different factors (that
is, with the modelled patterns scaled by b). Most importantly, we find
that runoff enhancement due to suppression of transpiration is
detected in the observational records (Fig. 3). The records are not
consistent with alternative explanations that exclude the effects of
increasing CO2 on plant stomatal conductance. Therefore, we attri-
bute increases in continental runoff to anthropogenic effects via the
suppression of transpiration. This is consistent with the fact that
there is only limited evidence for anthropogenic effects on global
precipitation16.

Other mechanisms not considered here could also contribute to

Figure 2 | b scale factors obtained from the optimal fingerprinting
technique. The 5 to 95 percentile ranges are shown for CLIM, AER, CO2

and LUSE.

Figure 3 | Attribution of post-1960 overall runoff trend. The first two bars
are the observed precipitation (red bar) and runoff (dark blue bar) trends.
The remaining bars are the attributed runoff trends for the best fit (FIT; light
blue bar) and its individual components (yellow bars). The 5 to 95 percentile
ranges are shown.
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changes in observed runoff. Expanding irrigation reduces continen-
tal-scale runoff17, particularly over Asia and Europe, which has the
largest fractional growth between 1960 and 1990 (ref. 18). Indeed, a
majority of global human water consumption is used for irrigated
agriculture3. If we assume that most human extraction is from short-
residence-time sources, estimates of total human water usage3

would have contributed to a decrease of about 0.2 kg m22 yr22

between 1960 and 1995. By combining urban population growth19

with a global urban map20 and assuming all urban precipitation is
lost as runoff, we estimate the global urban runoff contribution to be
,þ0.03 kg m22 yr22. Overall, these additional terms would
have contributed to a net reduction in observed runoff trends and
therefore cannot explain the difference between observed and climate-
driven simulated runoff.

The detection of a direct CO2 effect on global river runoff is
important because, although laboratory experiments have shown
that the stomatal openings of many plant species reduce under
elevated CO2 (ref. 5), it was unclear whether this reduction would
have any significance for the global water cycle, in which real
ecosystems are typically limited by water and nutrient availability.
Both atmospheric boundary layer feedbacks21 and changes in leaf
area index22 have also been proposed as compensating mechanisms
that could lead to the negligible impact of CO2-induced stomatal
closure on large-scale evapotranspiration. As a result, most projec-
tions of future water availability have tended to neglect stomatal-
closure effects23. By contrast, our analysis suggests that raised CO2

levels are already having a direct influence on the water balance at the
land surface. As the direct CO2 effect reduces surface energy loss due
to evaporation, it is likely to add to surface warming24,25 as well as
increasing freshwater availability. The existence of a direct CO2 signal
in river runoff records also opens up the intriguing possibility of
using long-term river records to monitor CO2 effects on the land
carbon sink.

METHODS
Monthly forcing data. The 0.58 resolution observational data set from the
Climate Research Unit contains monthly temperature (mean and diurnal
range), humidity, cloud cover and precipitation (amount and daily frequency)9.
Climatological wind speed and surface pressure fields are taken from a Hadley
Centre global climate model simulation of HadCM3 (ref. 26). The empirical
formulations of Albrecht27 are used to derive surface downward shortwave and
longwave radiation from the Climate Research Unit data set. These radiation
components are compared to the monthly mean radiation data from the Second
Global Soil Wetness Project28, which is a combination of reanalysis and
observations. The average difference between the two is less than 5 Wm22 for
both longwave and shortwave radiation, implying that these formulations are
sufficient for this purpose.

As we are using cloud-cover observations in the reconstruction of surface
downward shortwave radiation, a component of the second indirect aerosol
effect (cloud lifetime) is already incorporated. Whether the enhanced cloudiness
observed (for example, over North America29) is due to aerosols cannot,
however, be ascertained. We use diagnostics from the Met Office HadGEM1

(ref. 13) global climate model to incorporate other changes in surface shortwave
radiation due to aerosol. These include the direct (clear-sky scattering and
absorption) and indirect effects of the following aerosol species: ammonium
sulphate, fossil-fuel black carbon (direct effect only), biomass-burning aerosol
and sea salt. We can therefore estimate the long-term trends in direct and first-
indirect (cloud albedo) effects and modify the reconstructed clear-sky shortwave
radiation and cloud albedo accordingly.

Table 1 shows the regional trends in the data used to force MOSES over the
past century and after 1960. (These ‘continental’ values are only based on
catchments with gauged rivers.) Except over North America, the reduction in
reconstructed shortwave radiation is mainly due to the direct and first-indirect
(cloud albedo) aerosol effects, rather than cloud cover. This is partially offset by
the increasing downward longwave radiation (not shown) resulting in a
reduction in net radiation at the surface.
Model set-up. All the monthly forcing data are regridded onto the HadCM3
2.58 £ 3.758 grid and disaggregated to hourly data. A half-sinewave is used to
calculate the shortwave radiation during the daytime and a sinewave is used to
represent the daily temperature cycle. We use a random number generator to
specify when a rainfall event occurs. A representative precipitation duration has
been set for large-scale and convective precipitation events by analysing
HadCM3 runs. (Modelled continental runoff anomalies are found to be
insensitive to a range of physically reasonable precipitation event durations.)
The MOSES soil water and temperature are ‘spun up’ by repeatedly forcing the
model with monthly data averaged over the period 1901–1905 and setting CO2

and land cover to 1901 values. MOSES is then run over the 1901–1994 period.
The variation in total annual runoff over a number of regions is compared with
the observationally based data set1. We only analyse the period during which the
regional data1 are based on observations from at least 20% of the total river basin
area (see Table 1 for details), as below this threshold we find a large drop in the
correlation between observed precipitation and runoff (not shown). Our
catchment area estimates are from a different (digital) source30, so we rescale
our total continental runoff by the ratio of the sum of catchment areas used in
each study (corresponding to a 5% change globally). The modelled global mean
runoff for the 1901–1994 study period is 3.92 £ 104 km3 yr21 as compared to
3.94 £ 104 km3 yr21 (ref. 1).
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