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Abstract

This paper assesses the detectability of changes in global streamflow. First, a statisti-
cal detection method is applied to observed (no missing data) and reconstructed (gaps
are filled in order to cover a larger area) streamflow. Observations show no change
over the 1958—-1992 period. Further, extension to 2004 over the same catchment ar-
eas using reconstructed data does not provide evidence of a significant change. Con-
versely, a significant change is found in reconstructed streamflow when a larger area
is considered. These results suggest that changes in global streamflow are still un-
clear. Next, changes in streamflow as simulated by models from Coupled Model In-
tercomparison Project 5 (CMIP5) using the historical and future RCP 8.5 scenario are
investigated. Most CMIP5 models are found to simulate the climatological streamflow
reasonably well, except over South America and Africa. Change becomes significant
between 2016 and 2040 for all but three models.

1 Introduction

Human influence has now been documented in several parts of the water cycle: atmo-
spheric water vapour (e.g. Willett et al., 2007; Santer et al., 2007), land precipitation
(e.g. Zhang et al., 2007), or land evapotranspiration (e.g. Douville et al., 2012). The
case of runoff or rivers discharges is more contrasted. While some studies sought to
have identified robust trends over some specific regions (e.g. Stahl et al., 2010 over Eu-
rope; Krakauer and Fung, 2008 over the US), other studies focused on the global scale
have led to somewhat contradictory results. Based on 221 rivers, corresponding to
40 % of global continental runoff, Labat et al. (2005) documented an increasing global
runoff at the end of the 20th century compared to the beginning. In contrast, based
on data from 925 rivers, corresponding to 80 % of global runoff, Dai et al. (2009) show
a slight decrease in global runoff over the second half of 20th century. This discrepancy
can be explained by the differences either in the number of river-gauged stations used,
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in the period of investigation, or in the method used to fill the gaps. Indeed, both stud-
ies were using some reconstructions (meaning gap filling) in order to provide a more
comprehensive spatio-temporal coverage.

Over the last few years, several studies have attempted to explain the supposed ob-
served global runoff trend, sometimes based on Land Surface Models (LSMs). Labat
et al. (2005) were the first to relate the supposed positive runoff trend to global warming.
They pinpointed a positive feedback between warming, an increase in ocean evapo-
ration and an increase in continental precipitation. This assumption was then contra-
dicted by many other studies. For example, using MOSES LSM, Gedney et al. (2006)
explained this positive trend by the decrease in transpiration as a result of the stom-
atal closure due to rising atmospheric CO,. Using ORCHIDEE LSM, Piao et al. (2007)
concluded that the land use and climate change are primarily responsible for the ob-
served positive runoff trend. In the same way but using the LPJmL model, Gerten
et al. (2008) find that the impact of stomatal closure and land use changes are very
small and that the main factor explaining runoff change is precipitation change. The
relative importance of the fertilization and stomatal closure effects and land use is still
very model-dependent (Alkama et al., 2010). In a recent study, Alkama et al. (2011) hy-
pothesize that the observed surface warming and the associated decline of permafrost
and glaciers, not yet included in most LSMs, could have contributed to increased runoff
at hight latitude. They also emphasize that runoff trend is a regional scale issue, if not
basin dependent. Finally, the majority of recent studies conclude that there was no sig-
nificant global runoff trend in the late twentieth century (Milliman et al., 2008; Dai et al.,
2009; Alkama et al., 2011).

This paper first aims to provide a novel assessment of the significance of recent ob-
served changes. This assessment is based on the Temporal Optimal Detection (TOD)
method (Ribes et al., 2010). While most previous studies consider global mean runoff,
the TOD method is able to provide a single global diagnostic based on continental-
scale mean runoffs. The TOD method is applied to both observed data only (meaning
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no missing data) and reconstructed data (i.e. a substantial fraction of streamflow time-
series is missing and reconstructed by Dai et al., 2009).

With regard to future projections, an intensification of the hydrological cycle over the
21st century is widely assumed (e.g. Liu et al., 2012). However, regional patterns of
human-induced changes in surface hydroclimate are complex and less certain than
those in temperature. Indeed, both increases or decreases may be expected in fu-
ture precipitation and runoff, depending on the region (Milly et al., 2005; Alkama et al.,
2010). Our study investigates the large-scale runoff change over the late 20th and
21st century (with atmospheric greenhouse gas and aerosol concentrations from the
RCP 8.5 scenario), as simulated by 14 CMIP5 Atmosphere Ocean General Circula-
tion Models (AOGCMs). First, we assess the extent to which these simulated runoffs
are consistent with observations. To this end, a comparison with observed stream-
flow is performed for the past few decades. Secondly, the same experiments are used
to investigate how the anthropogenic perturbation (green house gases) may lead to
different responses, depending on the model. Third, the same detection technique is
applied to climate change scenarios in order to determine the significance of the sim-
ulated changes. The date at which the changes become significant is of particular in-
terest, and provides some information with respect to the consistency or inconsistency
between observed and simulated changes.

This paper primarily addresses the following three major issues:

1. How does global observed and reconstructed stream flow change over time?
2. Are simulated streamflow reasonably consistent with observations?

3. How will streamflow change in the future?

2120

Jadedq uoissnosiq | Jadeq uoissnosiq |  Jadeq uoissnosig | Jaded uoissnosig

HESSD
10, 21172140, 2013

Global runoff
changes: results
from CMIP5 and

observations

R. Alkama et al.

; “““ “““


http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/10/2117/2013/hessd-10-2117-2013-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/10/2117/2013/hessd-10-2117-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

2 Methodology
2.1 Data

To the best of our knowledge, the most complete downstream discharge dataset in ex-
istence was collected by Dai et al. (2009). This data set represents historical monthly
streamflow at the farthest downstream stations for the world’s 925 largest ocean-
reaching rivers from 1900 to 2004. However, the length and reliability of the available
time series vary greatly from one river basin to another, and gaps are usually found.
Observed streamflows are subject to some uncertainties, and in particular measure-
ment uncertainty (e.g. related to the estimation of rating curves), potential homogeneity
breaks, and missing values. Measurement errors are very difficult to address and no
homogenized datasets are currently available, so the results provided in this study are
conditional to this dataset, following previous work (e.g. Dai et al., 2009) that also inves-
tigated the recent trends in global streamflows. Gaps may be filled by using statistical
techniques, numerical simulations using land surface models (LSMs), or a combina-
tion of both. In the present application, gaps were filled by applying a statistical lin-
ear correction to the river discharge simulated by a LSM with observed atmospheric
forcings (see Dai et al., 2009). Such a reconstruction, however, is likely to introduce
additional uncertainty. Results may depend on potential inaccuracy of the LSM used,
homogeneity breaks in the atmospheric forcing, uncertainties coming from the obser-
vations (sometimes only a few years) used to calibrate the statistical correction, and
others. As a consequence, this study carefully distinguishes between two different
treatments. First, we analyse observed streamflows only, by considering time-series
with no missing data. In this way, the number of the selected rivers is reduced to 161
over 1958-1992 period. This period was chosen in order to find an optimal compro-
mise between spatial and temporal covering. Note that even under this restrictive treat-
ment, the period investigated is similar to the one considered in Gedney et al. (2006)
or Alkama et al. (2010). Second, in order to consider the larger spatio-temporal cov-
erage available, we apply the same analysis to the dataset including reconstructed
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streamflows. As linear regression cannot be used if there is too much missing data,
Dai et al. (2009) succeeded in reconstructing only 687 gauging stations for the whole
1958-2004 period. We consider these 687 catchment areas over this period. Finally,
a third, intermediate pre-processing is used in order to extend the “observations” up to
2004. We then consider the 161 rivers observed over the 1958—1992 period and allow
missing/reconstructed values over the 1993-2004 period. This extension does include
reconstructions, but the amount of reconstructed values is much reduced compared to
the previous case (i.e. 687 rivers).

River discharge, in addition to be potentially influenced by anthropogenic climate
change, may be affected by direct human intervention, due to water resource manage-
ment (dams), water withdrawal (e.g. irrigation, industrial or domestic uses), changes
in land use that impact evapotranspiration, and others. In terms of climate change de-
tection attribution, these direct influences may be regarded as “confounding factors”,
as they may cause a substantial trend without any climate change. Detailed estima-
tion of such direct perturbations is very challenging and no global discharge data base
of “naturalized streamflows” is currently available. However, several studies addressed
the issue of quantifying these direct anthropogenic influences at the global scale, and
suggested that they had minor impact on multi-year trends.

Wisser et al. (2010), have quantified the impact of irrigation and reservoir opera-
tions over the 20th century. They concluded that “the expansion of irrigation and the
construction of reservoirs has significantly and gradually impacted hydrological compo-
nents in individual river basins. Variations in the volume of water entering the oceans
annually, however, are governed primarily by variations in the climate signal alone with
human activities playing a minor role”. The late is shown to hold at the continental scale
(i.e. for individual oceanic basin, which corresponds to scales similar to the ones con-
sidered here, but with a different clustering). Other studies (e.g. McCelland et al., 2004;
Adam et al., 2007; Adam and Lettenmaier, 2008) confirmed that dams have altered
the seasonality of discharge, especially over up stream rivers, but are note responsible
for changing annual values. Then, the impacts of land-use changes on land surface
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hydrology are still debated. On the one hand, when irrigation is neglected, land use
can have a significant influence on runoff via a decrease in surface evapotranspiration
(Piao et al., 2007). On the other hand, Lui et al. (2008) and Sun et al. (2008) indicate
that deforestation over China, associated with irrigation, leads to increased evapotran-
spiration over the 20th century. Other studies, over individual river basins, suggested
that the sign of land-use induced change was unclear (e.g. Twine et al., 2004 over
the Mississipi river basin; VanShaar et al., 2002, over the Columbia River basin). Fi-
nally, some direct human influences via other activities have also been investigated
and shown to have limited impact. For instance, McCelland et al. (2004) demonstrated
that increased forest fire frequency and severity may have contributed to changes in
discharge, but can not be considered as a major driver.

We also used simulated runoff by different models from to the Coupled Model Inter-
comparison Project Phase 5 (CMIP5). Those runs supply three kinds of experiments:
historical runs in which all external forcings come from observations, future runs which
use greenhouse gas and aerosol emissions from the RCP 8.5 scenario, and finally
piControl runs in which pre-industrial forcings are constant. The piControl runs are
used to evaluate the internal climate variability. There are four RCPs types of possible
future scenarios, and the RCP 8.5 involves the highest greenhouse gas concentrations
at the end of the 21th century. It expects to rich the radiative forcing of 8.5Wm™2 (~4
times more than the actual value) at the end of 2100 which correspond approximately
to 1370 ppmv of atmospheric CO, concentration. This scenario involves an intensive
use of fossil fuels, with little mitigation stringency.

For this entire study, an ensemble of 8 zones where river basins are merged by con-
tinent and climate area was selected. The motivation for separating the northern cold
climate from the tropics comes from Dai et al. (2009) and Alkama et al. (2011), which
found significant runoff increase at high latitude that cannot be explained by the atmo-
spheric forcing. While, the motivation of merging all of African’s river basins in a single
zone, even existing of large wide of climates, is coming from an ensemble of previ-
ous studies that shows that generally all largest African river basins had significantly
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decreased over the second half of 20th century (e.g. Alkama et al., 2011; Dai et al.,
2009; Gedney et al., 2006; Labat et al., 2004). The 8 selected zones are North Amer-
ica, Central America, South America, North Europe (including arctic basins), South
Europe, North Asia (corresponding to Siberia), South Asia (including Oceania) and
Africa (Fig. 1).

Three steps are used before comparing the modelled runoff by different CMIP5 ex-
periments and observations over the 8 regions: (1) interpolate using bilinear method
all of the CMIP5 modelled runoff into the same grid (0.5° x 0.5°); (2) compute the river
basins at the 0.5° x 0.5° grid. To be coherent with the data, river basins are defined at
the known latitude an longitude of the observed gauged stations which are different to
the river mouth; (3) simulated runoff are then averaged over the computed river basins
and merged into the 8 defined zones in the Fig. 1.

2.2 Statistical method

Detection is the process of demonstrating that an observed change is significantly
different (in a statistical sense) that cannot be explained by natural internal variability.
The statistical method used for detection is the Temporal Optimal Detection method
(Ribes et al., 2010). We review the main concepts here but refer to Ribes et al. (2010)
for full details about the method. The TOD method is based on a linear model:

Y(s,t) = a(s) + b(s)x(t) + &(s, 1) (1)

where y(s,t) denotes the observed streamflow at location s and time ¢, as is the cli-
matological mean, b(s) and x are respectively the spatial and temporal patterns of
change, and g(s,t) denotes the internal variability. TOD basically assumes that the
temporal pattern of change is known while the spatial pattern is not. This is a sub-
stantial difference from other methods, such as optimal fingerprinting, in which the full
spatio-temporal pattern of change is assumed to be known (up to a scaling factor,
e.g. Hasselmann, 1993). This assumption makes the TOD method particularly suitable
here, because the spatial pattern of changes in global runoff is still under debate and
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somewhat model-dependent (see Sect. 3.2). While assumed to be known, the temporal
pattern of change is commonly evaluated from simulations. In order to base our study
on a very simple temporal pattern that is not model-dependent, we used only linear
trends (i.e. x(f) = t). Note that the use of a linear trend instead of a potentially more
complex smooth temporal pattern may be suboptimal. However, over short periods like
the ones investigated here for observation (35 or 45 yr) the non-linearity of the change
is probably not the dominant feature.

Regarding internal variability, the TOD method assumes that ¢ has a red noise struc-
ture (or autoregressive process of order 1, AR1). This assumption means, e.g. that
the autocorrelation function decreases exponentially, with no long-range memory ef-
fect. This seems reasonable here, as the internal variability simulated by climate mod-
els (pre-industrial control simulations) is very consistent with such processes which is
known as Hurst phenomenon in the hydrology. An AR1 process is then described by
a single parameter, which is the lag-one autocorrelation a. The choice of a is here
based on the analysis of control simulations (see Fig. 2a for the value of a found in
individual models), which are expected to provide a physically-based description of
internal variability. Figure 2a shows the a value as estimated from the time-series of
global runoff, for each CMIP5 control simulation. Although some discrepancies appear
between different models, all values are between 0.04 and 0.3 with a medium value
close to 0.2. Figure 2b—d illustrates the distribution of the P-value if the TOD test is ap-
plied to different segments of 50 yr periods of all control simulations using @ =0, 0.2,
0.3 respectively. If internal variability is properly accounted for, this distribution should
be uniform between 0 and 1. Figure 2b, ¢ and d suggests that the more suitable choice
is a = 0.2 (distribution close to uniform), while @ = 0.3 (resp. a = 0) is too conservative
(permissive) with less (more) than expected values under the 5 % threshold. In the fol-
lowing, we primarily discuss the results assuming a@ = 0.2 or @ = 0.3 (which makes the
detection more conservative and corresponds to the highest value found in individual
models). The a > 0.2 may reflect an important ground water contribution to the stream
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flow. The results obtained with @ = 0 (i.e. white noise) are also shown in some cases
in order to provide a lower bound where no memory effect is accounted for.

Finally, an important feature of the method with respect to our study is that it performs
a multivariate diagnosis; i.e. it provide one single statistical diagnosis based on regional
(continental-scale) streamflow. In particular, a change that generates increases or de-
creases in runoff depending on the region would be captured by this method. The TOD
method as implemented here may then be regarded as a strategy for testing trend
significance that allows the change to be spatially non-uniform and takes into account
a non-white internal variability. In particular, it differs from testing the significance of
each regional trend individually, as a single test is performed for all regions simultane-
ously here.

3 Results
3.1 Statistical test on observed and reconstructed runoffs

The coverage of the 161 resp. 687 rivers worldwide is shown in Fig. 1. Some regions
(e.g. western part of Asia, desert regions and southern part of South America) suffer
from lack of data. Indeed, only 31% (43 %) of global land area excluding Antarctica
are covered by the 161 (687) rivers basins which correspond to about 42 % (60 %) of
global land discharge.

We first applied the TOD method to observed runoff over the 1958—-1992 period,
based on 8 zones in which observed streamflow at 161 downstream gauged stations
are merged. Results are shown in Fig. 3a in terms of P-value, for three values of the
a coefficient. The P-value of year 1980 is obtained by applying the test to the data
before 1980, i.e. the 1958—-1980 period. This allows us to analyze the time evolution
of the P-value. As may be expected, larger year-to-year variations are observed at the
beginning of the period compared to the end, as one single year has stronger relative
impact on the P-value (the size of the sample being smaller).
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Figure 3a (left) shows that the P-value remains higher than the significance thresh-
old, 0.05, over the 1958—-1992 period. This reveals no significant change in observed
streamflow until 1992. This result is very robust here as it is obtained even under the
white-noise (i.e. @ = 0 which is very unlikely) assumption.

However, one can wonder what these results could have been over a more recent
period. TOD is then applied over the same 161 river basins for the whole 1958-2004
period. As mentioned above, this extension requires to use a few reconstructed data
over the 1993-2004 period, and cannot be regarded as “observations only”. After 1992,
Fig. 3a reveals that changes are still not detected for a = 0.2 or @ = 0.3, as the P-value
remains mainly higher than 0.1. It permits us to conclude that there is no significant
change in observed global runoff on the observed 161 gauging stations from 1958 to
2004. Note that the P-value for @ = 0 becomes lower than 0.05 but, as discussed be-
fore, this does not allow us to reasonably claim that a change is detected. The relative
anomaly (trend over the whole period compared to the runoff mean value) distribution
in regional runoff shown in Fig. 3a (right) reinforces this conclusion. Trends are rather
small compared to the mean streamflow, except over Africa, where it reaches —30 %.
This result is confirmed by applying the TOD test over each individual region: a sig-
nificant change in runoff is detected only over Africa since 1980 (not shown) which is
consistent with the previously published results (e.g. Alkama et al., 2011) which pin-
point to a large decrease in precipitation and runoff over the 2nd half of 20th century.

In the same way, TOD is applied over the 687 river basins and over the same period
(1958—-2004). Figure 3b shows a significant change in reconstructed runoff since 2000
at the 95 % significance level for @ = 0 and, to a lesser extent, for @ = 0.2. For a = 0.2,
the P-value remains below but close to the significance level of 5%. For a = 0.3, no
changes are found. Here, we conclude that a change is detected, because detec-
tion does occur with a medium value of a. This result is not very robust, however,
as detection no longer holds with a more conservative choice of a. Taking into account
new rivers (687 rather than 161) and/or reconstructed rather than observed streamflow
then seems to impact the results. However, the distribution and intensity of the relative
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discharge anomaly are not notably affected (Fig. 3b). Africa is still the only region that
exhibits a significant (negative) runoff trend.

3.2 Observed vs. simulated runoff

The evaluation of the CMIP5 simulated runoff was performed over the 8 zones and
at the global scale corresponding to the 161 river basins. Figure 4 shows the tem-
poral evolution of the yearly mean runoff (mm d'1) from 1958 to 2100 for each of
the 14 CMIP5 models. The temporal evolution of the observed runoff from 1958 to
1992 corresponding to the same zones is also shown. There are two outlying mod-
els, BCC and GISS, which show a large underestimation of both the global and the
regional runoffs as well as a low variability. At the global scale, all other CMIP5
models seem to simulate runoff in terms of mean state reasonably well (simulated
runoff = observed runoff £ 25 %). They generally underestimate global runoff slightly,
except for the MIROC model, which simulates a global runoff overestimated by about
20 %. The runoff simulated over South America is underestimated by all models. The
simulated runoff is also overestimated by the BCC, GISS and INM models over Africa.
Over this continent, the runoff simulated by both CNRM-CERFACS and MPMIP is
closer to the observations.

Even the different bias existing in different model simulation, no bias correction meth-
ods are done in this study. It is known that bias correction method can alter the inter-
annual variability of the discharge of small river basins and consequently could impact
the significance of the trend signal. Whereas, the inter-annual variability of the large
river basins and especially when regionally merged are relatively well simulated by
GCMs (e.g. Milly et al., 2005; Nohara et al., 2006). Thus, the bias correction method
had a small impact on the detection method used in this study.

Over the 21st century, all models show a positive global runoff trend except the INM
model, in which the simulated global runoff decreases. At the regional scale, all mod-
els are in agreement and show a positive trend over Northern Asia, Scandinavia, North
America and South Asia. In contrast, the models simulate a negative trend over South
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Europe, except CNRM-CERFACS and IAP models, which are positive. For the other
regions (South America and Africa), the models are in disagreement amongst them-
selves. For example, over South America, a negative trend is simulated by CCCMA
and CSIRO, while MIROC, NCC, IPSL show a positive trend. Over Africa, the sim-
ulated runoff increases in CNRM-CERFACS, MIROC, MPMIP, NCAR, CCCMA, IPSL
and NCC, decreases in CSIRO. Over Central America, models show no clear trend
except GFDL (positive trend) and NCC and IAP (negative trend).

3.3 Statistical test on simulated runoff

In Fig. 5, the TOD test is applied to each CMIP5 over the 161 global river basins still
merged into 8 zones, and over the whole 1958-2100 period. In order to highlight an
average behavior, the median of these 14 P-values is computed each year, and its
time evolution is illustrated. The P-values are also shown for the observed and the
reconstructed data presented before. Note that the P-values of observed and simu-
lated runoff are calculated over the 161 river basins whereas reconstructed data are
computed over the 687 river basins. The P-values obtained from the CMIP5 runoff cal-
culated over the 687 rivers are very similar to those computed over the 161 rivers. The
results are only shown for a = 0.2 (medium value). We define the date at which detec-
tion occurs as the first year for which the P-value remains lower than the 0.05 threshold
up to 2100. The two models that simulate low runoff variability, BCC and GISS, are the
first to detect a significant runoff change (in 2002 and 2005, respectively). The INM
model, simulating no global significant trend, is the last to detect a significant change,
in 2060. All other models detect a significant change between 2016 and 2040. This
means that changes in runoff, as simulated by current climate models, are expected
to become significant in the coming decades. As a consequence, the result previously
obtained on observed runoff (161 river basins) appears to be very consistent with cli-
mate model projections. The result obtained on reconstructed runoff (687 river basins)
seems less consistent, as a change was found from 2000 onwards. In particular, Fig. 5
suggests that the P-value computed from reconstructed runoff is on the border (if not
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outside) of the set of climate model projections. This feature, together with the substan-
tial difference between the results obtained on observed and reconstructed data, may
call into question the quality of reconstructions, and/or the accuracy of climate models
projections.

4 Summary and conclusions

In this work, the TOD statistical test (Ribes et al., 2010) is used to evaluate the possible
changes on recent and future (RCP 8.5 conditions) runoff, based on fourteen CMIP5
experiments and streamflow data from Dai et al. (2009). This evaluation is made over
8 zones, merging the world’s 161 largest rivers. Our analysis suggests some answers
to the three issues raised in the introduction.

1. How does global observed and reconstructed streamflow change over time?

No significant runoff change is found in the observations over the whole set of 161 rivers
from 1958 to 1992. Extension to 2004, using reconstructed streamflows over the same
catchment areas, does not lead to a different conclusion. This confirms previous results
by Dai et al. (2009) and Alkama et al. (2011). In contrast, reconstructed data over
687 rivers shows significant change at the 95 % confidence level over the 1958-2004
period, at least with a medium assumption regarding the internal variability persistence.
This change is not robust to a more conservative choice regarding internal variability.
This result seems rather contradictory with the conclusions by Dai et al. (2009) who
found no significant trend on global rivers discharge based on the same data. This
discrepancy much likely comes from differences in the statistical method used. While
Dai et al. (2009) where only looking at the global mean time-series, our diagnosis is
based on continental scale discharge, and can be explained by opposite changes over
different continents, that tend to compensate themselves and result in little change on
the global mean.
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Taken as a whole, these results suggest that changes in global runoff are still un-
clear. Indeed, positive detection is only obtained when considering a dataset where
a substantial amount of data comes from reconstruction. It is not robust to a narrowing
of the spatial domain, nor to a little change (considering an important slow process
such as groundwater on global streamflow) in the description of the internal variability
(i.e. using a = 0.3 instead of a = 0.2). The use of reconstructions also arises additional
questions with respect to the accuracy of the reconstruction, which depends on the
quality of the atmospheric forcing used, the capabilities of the LSM, the relevance of
the statistical correction applied, and others. We finally conclude that changes in global
discharge cannot be robustly identified from observations over the recent decades.

2. Are simulated streamflows reasonably consistent with observations?

Except for BCC and GISS, which show large underestimations of global runoff, the
other CMIP5 simulations perform reasonably well. However, regional biases are far
from being negligible, as the model bias can exceed 50 % of the mean observed runoff
over some regions. These biases are comparable to those found in the last CMIP3
exercise (Nohara et al., 2006; Milly et al., 2005).

3. How will streamflow change in the future?

The majority of CMIP5 models under RCP 8.5 conditions simulate an increase in runoff
over South Asia, Northern Europe, Northern Asia and North America, and a decrease
over Southern Europe. However, no significant change appears over Central America,
and no consensus can be found over South America and Africa. These features are
similar to what Milly et al. (2005), Nohara et al. (2006) and IPCC (2007) have already
shown. More globally, all models show an intensification of the global hydrological cy-
cle over the 21st century. Indeed, the global continental precipitation, evaporation and
runoff tend to increase. Change in global runoff becomes significant between 2016 and
2040 for all but three models. This suggests that our finding of no clear change from
the observations is rather consistent with current projections for the next century.
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2004) runoff P-value over 161 river basins merged over 8 zones. The full horizontal black line
represent the threshold level at 5%. Left panel: distribution of the runoff relative anomalies
(AQ/Q) in percentage over 161 river basins. (b) same as (a) but using reconstructed data over
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Fig. 4. 1958 to 2100 global and regional time-series of the simulated (colors) and observed
(black) annual runoff. The median of the fourteen models is given by the thick red line.
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Fig. 5. Temporal P-value of observed (black), reconstructed (red) and simulated (light blue)
global runoff over 161 river basins using a at 0.2. The median of the 14 CMIP5 models is in

blue.
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