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Abstract It is well accepted within the scientific community that a large ensemble of different
projections is required to achieve robust climate change information for a specific region. For
this purpose we have compiled a state-of-the-art multi-model multi-scenario ensemble of global
and regional precipitation projections. This ensemble combines several global projections from
the CMIP3 and CMIP5 databases, along with some recently downscaled regional CORDEX-
Africa projections. Altogether daily precipitation data from 77 different climate change projections
is analysed; separated into 31 projections for a high and 46 for a low emission scenario. We find a
robust indication that, independent of the underlying emission scenario, annual total precipitation
amounts over the central African region are not likely to change severely in the future. However
some robust changes in precipitation characteristics, like the intensification of heavy rainfall events
as well as an increase in the number of dry spells during the rainy season are projected for the
future. Further analysis shows that over some regions the results of the climate change assessment
clearly depend on the size of the analyzed ensemble. This indicates the need of a “large-enough”
ensemble of independent climate projections to allow for a reliable climate change assessment.

1 Introduction

The central African region is a region with a high vulnerability to potential future climate
change. Available studies highlight the fact that a large portion of the regions population bases
their livelihood on agriculture and the goods and services from the Congo basin forests (Sonwa
et al. 2012; Bele et al. 2013). Therefore changes in the climate and especially in rainfall
characteristics are expected to have a strong impact on the living conditions of the population
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in the Congo basin. Decreasing rainfall amounts or increasing dry spells would negatively affect
crop yields in the region as well as hydropower capacities. Increasing rain amounts, especially
during the dry season, however, would have a positive effect as the cultivation period of staple
crops could be extended. In order to estimate potential impacts of climate change and to identify
and finance suitable adaptation options, information on the magnitude of projected climate
change signals and on the robustness of these projections is required.

In general the information obtained from a climate model about future climate change is
presented as projection, without any information about the likelihood that the projected
changes will occur in the future (e.g. Cubasch et al. 2001). This means that any projected
climate change signal per se is subject to a large uncertainty. This uncertainty might not have
to be quantified in process studies dealing with potential climate change impacts on the
functioning of the dynamic climate system itself. However when it comes to the definition of
adaptation strategies in order to cope with potential consequences of climate change not only
the magnitude but also the uncertainty or positively speaking the robustness of the projected
changes has to be included in to the analysis. Especially while defining adaptation strategies
a clear robustness of the underlying climate change information might serves as an important
decision criterion and can fasten the process of defining adaptation strategies (e.g. Dessai and
Hulme 2007; Hallegatte 2009).

The overall uncertainty associated to model projections of future climate change can
generally be assigned to the uncertainty contribution from three different sources: i) from
uncertainty in future emissions of greenhouse gases (GHGs) and other anthropogenic and
natural factors that can affect climate, ii) from uncertainty arising from the natural internal
climate variability and iii) from uncertainty inherent in the modeling systems in order to
estimate the response of the climate system to a particular GHG forcing. The contribution of
these three different sources to the overall uncertainty of the projected climate change signal
changes with the time horizon (lead time) of the projections (Hawkins and Sutton 2011).
Whereas the internal climate variability is the major source of uncertainty in projections with
a focus on a future time horizon of less than 10 years the underlying emission scenario and
the applied modeling systems are the major source of uncertainty in the long-term climate
change projections. As this study deals with the long-term projected changes in the climate
system, uncertainty from internal climate variability can be considered to be less important.

In order to cope with the uncertainties from the GHG emissions and the model system,
the approach which is normally adopted is to use a sufficiently large and independent multi-
model ensemble for different scenarios in order to provide ranges of potential future climate
change that are supposed to have a certain probability of occurrence. This approach was
introduced to a larger public in the 4th Assessment report of the IPCC (AR4, Solomon et al.
2007) and assumes that projected changes are more likely to occur if a large number of
models agree on a given magnitude of change. This approach of course implies that the
result of such a study is directly dependant on the size and nature of the analysed ensemble.
Furthermore the independence of the single models forming the ensemble has to be given
(Masson and Knutti 2011). The approach of defining future climate change signal on the
basis of a multi-model ensemble of course always implies that not only one single value of
future change can be provided but always a bandwidth of possible futures has to be considered
(e.g. Meehl et al. 2007a).

To establish an as large as possible dataset we compiled a state of the art multi-model multi-
scenario ensemble on the basis of already existing and published projections of global models in
combination with bias-corrected projections as well as some recently conducted dynamically
downscaled projections over the CORDEX Africa domain. By combining different approaches
(e.g. general circulation models—GCMs vs. regional climate models—RCMs) and also different
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model generations (e.g. GCM with static vegetation, with GCM with dynamic vegetation) we
assume that we reach a higher degree of model independence within the ensemble, than just
focusing on any sub-ensemble consisting of only the same kind of models.

The central African region was indicated in AR4 to be a region where so far available
GCM projections show a substantial spread — especially with respect to projected changes in
precipitation. Although the median projection of change was for a slight increase of 5 to
10 %, almost half of the models projected a decrease in precipitation amounts (Christensen
et al. 2007). Therefore, the information available so far has to be considered to be less robust.
A reason for the substantial spread of the model results over the region (also with respect to
current climate — see section 3 and Haensler et al. 2013) might be the complex non-linear
interplay between different processes controlling the formation of precipitation in the region.
A large portion of precipitation is generated from mesoscale systems which are strongly
influenced by the location and intensity of tropospheric jets (Farnsworth et al. 2011). Several
studies (e.g. Jenkins et al. 2002) suggested that the coarse resolution GCMs struggle to
resolve the important features in the region. Improved representation of these features might
be achieved with regional climate models. However, when it comes to downscaling of global
climate projections quite a few studies are available for the western and southern parts of
Africa compared to the central African region.

We therefore seek with this study to fill in the existing gap by providing reliable and
robust climate change information (based on GCM and downscaled climate change projec-
tions) on which further studies dealing with potential impacts of climate change as well as
studies focusing on adaptation needs in the region can be built on in the future. As an
analysis of potential climate changes on the basis of such a wealth of different climate
projections has never been conducted before over the central African region, this study
definitely can enhance the knowledge about the magnitude of future climate and the
associated robustness.

The focus of this paper is given to the task to define robust ranges of projected changes in
total rainfall amounts and related precipitation indices (see Table S2). In addition to this
study an analysis of potential future changes in temperature related parameters has been
conducted (see Haensler et al. 2013).

The above mentioned limited number of studies available for the central part of Africa
might partly also be related to the scarcity of observations available in the region (see also
Fig. 1a) which also has implications on the verification of the results of modeling studies.
This of course also impacts the findings of our study, even though we tried to incorporate
some station data into our analysis.

2 Data and method

We use daily precipitation output of a large set of global and downscaled climate change
projections available for a historical period and two future periods for several emission
scenarios. Global precipitation projections have been extracted form the CMIP3 (Meehl
et al. 2007b) and CMIP5 (Taylor et al. 2011) data portals, respectively. Downscaled data
consist of bias corrected and thereby statistical downscaled precipitation projections com-
piled within the EU-WATCH project (www.eu-watch.org; Hagemann et al. 2011; Piani et al.
2010) and dynamical downscaled regional climate projections for the CORDEX Africa
domain (see Giorgi et al. 2009 for domain specifications). A summary of the analysed
datasets, scenarios and the spatial and temporal coverage of the precipitation projections is
given in Table S1. Altogether 77 different precipitation projections have been analysed,
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Fig. 1 Annual total precipitation (a) and intensity of heavy rainfall events (b) Left panels: Ensemble-Median
simulated annual total rainfall averaged over the historical period 1961-1990 (top left) and observed annual
total rainfall (zop right) over the 1961-1990 period as provided from WFD and NCDC of NOAA. The bottom
panel depicts differences between the simulations and the observations. Right panels: Ensemble-Median
projected relative changes in annual total precipitation following the low (fop row) and high (bottom row)
emission scenario for the mid-21st (2036-2065; left column) and the end of 21st century (2071-2100; right
column) with respect to the control period. The black stipples indicate regions in which at least 66 % of all
projected changes agree in the sign of change
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grouped into 31 simulations for a Aigh and 46 projections for a low emission scenario. The
grouping of the scenarios was motivated based on the projected GHG emission pathways
towards the end of the 2 1st century (see Naki¢enovi¢ and Swart 2000; van Vuuren et al. 2011).
Following this the group of projections collated under the Aigh emission scenario combines
precipitation projections of the CMIP3 and WATCH project following the SRES A2 scenario
with projections of the CMIP5 and RCM projections following the RCP8.5 emission pathway.
Likewise the low emission scenario combines SRES B1 projections (CMIP3 and WATCH) with
RCP2.6 and RCP4.5 projections (CMIPS and RCMs).

We analyze projected changes in precipitation totals but also for precipitation extremes
and several precipitation indices (see Table S2 for details). For each of the analysed
parameter the projected changes have been estimated on the individual model grids
However to allow ensemble statistics the estimated climate change signals of all datasets
have then been conservatively remapped (no interpolation of the signals) to a common
regular latitude-longitude 0.5° global grid.

The analysis is conducted over the central African area spanning from 15°N to 15°S and
from 7°E to 33°E (see Figure S1). However the precipitation characteristics of the study area
show a lot of spatial variation. To take into account this spatial variability we defined five
subzones on which most of the subsequent analysis presented in this study was conducted.
The spatial extent of these subzones (including the spatial coordinates) is depicted in
Figure S1. The zones represent some simplified climate zones, based on the Koeppen
Geiger climate classification (e.g. Kottek et al. 2006 - also included in Figure S1) but also
consider the north—south movement of the main rainy season.

To assess the robustness of the projected changes we use two measures, both well known
in the scientific community as they both either have been applied or at least described in
ARA4. The first measure is the agreement of the different model projections in the direction of
change as shown in the AR4 Summary for Policymakers (Solomon et al. 2007). We quantify
an increase/decrease in the projected signal to be robust if at least 66 % of the models agree
in the direction of change. However several studies highlight that it is not sufficient to
consider the agreement on the direction of change, but also the magnitude of the projected
change signals and their variability should be included (Knutti and Sedlacek 2012; Tebaldi
et al. 2011). Therefore we introduced a second measure, which considers the range of
potential future changes derived from the different model projections into the analysis.
This is motivated by the fact that a climate change signal can be considered to be robust
even though less than 66 % of the model projections agree in the direction of change, but all
models agree on a small change only (Power et al. 2012). An example for this is the
theoretical case that 50 % of the models project an increase in a given climate parameter
by less than 5 % and the second 50 % of the models project a decrease by less than 5 % in the
same parameter. If just the direction of change is considered, the projected climate change
signal of the ensemble is not quantified to be robust, even though all models agree on the
magnitude of projected change with an ensemble bandwidth of 10 % (which is for many
parameters well within the uncertainty range, when compared with observations). In general
it is assumed that the smaller the overall range of projected future changes the more robust is
the information about the future climate change. Nevertheless we do not include a fixed
threshold for the range to be defined robust but interpret the projected ranges and associated
robustness with respect to the absolute values of the respective parameter.

The second assumption of robustness becomes mostly important in regions where climate
change projections of the assessed parameters are supposed to have only a small magnitude.
Based on our current knowledge, this applies to projected changes in precipitation over the
central African region.
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Considering the full range of the projected changes of the analysed model ensemble
would of course allow some few outlier models to substantially impact on the robustness
assessment. Therefore we introduced a sub-range into the analysis which spans around the
central 66 % of the projected changes of the models. According to the IPCC (Mastrandrea
et al. 2010) climate change within this range of projected changes is like to occur in the
future - we therefore name it the /ikely range. As it is defined centred around the median
(from 17th to the 83rd percentile) it does exclude potential outliers. Of course the definition
of such a subset is only valid if the analysed ensemble consists of a sufficient number of
independent model projections. As we use these large ensembles for both of the scenario
groups and also combine global and downscaled projections, we assume that this constraint
is given, even though previous studies (e.g. Masson and Knutti 2011) indicated that many of
the models used in CMIP3 (and therefore probably also in its successor CMIPS5) use rather
identical model components. So far however, a perfect model ensemble with a large set of
completely independent climate change projections simply does not exist.

3 Results

We focus in this paper on the projected future changes in total precipitation amounts and
related indices. Nevertheless it is of utmost importance to also assess the ability of the
different models to simulate the observed precipitation characteristics in the region. In
general we find that the observed precipitation characteristics (taken from the daily precip-
itation estimates of the so called WATCH forcing dataset; WFD; Weedon et al. 2011), in
both, the mean state as well as in the extremes and indices are represented by the analysed
ensemble. However substantial differences in the ranges of the individual models can be
seen in the different datasets. The performance of the ensemble also differs in the
individual zones. The best performance of the model ensemble is reached for total
precipitation amounts, while especially for the intensity of heavy rainfall events a
substantial underestimation (up to 70 % along the coast) is present in the median of
the model projections (see also Fig. 1), independent of the analysed data set. But in each
of the analysed sub-ensembles also some models are well able to reproduce the observed
heavy rainfall intensities. Even some inabilities in describing the current precipitation
characteristics are present in the ensemble; the overall performance of the models
especially with respect to the simulation of the temporal patterns of the rainfall dynamics
in the region did not make it necessary to exclude a model projection from the further
analysis. A detailed analysis of the performance of the model simulations with respect to
observations is described in Haensler et al. (2013).

3.1 Projected changes in total precipitation

In the maps depicted in Fig. 1a the ensemble median of the simulated annual total precip-
itation over the historical period (1961-1990; upper left panel) and the ensemble median of
the projected changes in annual total precipitation for the two scenario periods (20362065
and 2071-2100; right panels) is given for the Jow emission scenario (upper row) and the
high emission scenario (lower row). Also the annual mean precipitation amount of the
observation dataset (WFD and station data) is included in the figure (bottom left). In general,
the median of all model simulations over the control period represents the observed rainfall
patterns very well. Only in the coastal zones along the equator, a substantial dry bias is
visible in the model estimate. However in this region, the available station data (available on
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a monthly time scale; taken from the National Climatic Data Center (NCDC) from NOAA;
http://www.ncdc.noaa.gov/land-based-station-data) included as the circles in the figure
suggest that the gridded observation dataset overestimates precipitation amounts strongly.
But also the station observations are subject to high uncertainty, as some of the stations do
not cover the complete 1961 to 1990 time period (all stations available for at least 15 years
within the 1961 to 1990 period have been included into the analysis).

Projected relative changes are depicted in the right part of the figure. For the mid-of
century period (2036-2065) the median projection of change in annual total rainfall is for
almost no change over the whole study area (median of projected signals below £5 %),
independent of the underlying emission scenario. Towards the end of the century a tendency
for a slight increase in annual total precipitation can be seen under the high emission
scenario. Here, over some regions in the eastern part of the study area (eastern parts of
Democratic Republic of the Congo; Burundi; Rwanda) and over Cameroon in the western
parts of the study area, the median projection of change in annual total precipitation is for a
slight (below +10 %) but robust (black stipples; at least 66 % of the analysed projections
agree in the sign of change) increase. However for the major part of the study area no
agreement of the majority of the model projections in the direction of change is given and
therefore no robust information can be derived.

In the maps only the median projection of change has been displayed. If such a multitude
of different model projections is analyzed, however it is not enough to simply focus on the
median projection of change but also the range of projected changes from the different
models has to be taken into account. For this purpose the projected changes of each model
are spatially averaged over the five zones introduced in Figure S1. For each of the zones
the full range of projected changes is assessed for both scenarios and the two time
periods in the middle and the end of the 21st century (see Fig. 2 — low scenario — blue
colored bars; high scenario — orange and dark-red colored bars). Nevertheless one has to
keep in mind that the full range of the projected changed might be influenced by the
extreme changes of a few models which might be considered as outliers. In order to
avoid this also the median of the projected changes (indicated by the black line) and the
likely range (darker colored sub-area centered on the median) of the projected changes
was included in the figures.

The results of the analysis of the ensemble ranges are depicted in Fig. 2 for projected
changes in annual and seasonal total rainfall amounts. In general, the bandwidth of projected
changes is largest in the dryer areas (e.g. zone 1) and during the respective dry season (DJF
in zone 1 and 2, JJA in zone 5). The range of projected changes is however substantially
reduced, if only the central 66 % (likely range) is considered. Although, even under the /ikely
range, some of the projections show an increase and others a decrease in annual total
precipitation amounts, the rather small ranges especially in the more humid zones 2 to 5
(likely range of change is largest in zone 2 for the high emission scenario from —8 to +12 %)
indicate that robust precipitation changes are projected over much larger areas as indicated
by the stippled areas in Fig. la. On the basis of the analysis of the bandwidth of the
projections it becomes clearer (and more robust) that total precipitation amounts over the
study area are likely to not change drastically in the future. This conclusion holds true for
both the Jow and the high emission scenarios, but the model spread is slightly larger under
the high emission scenario.

As for all of the zones the median projection for annual total precipitation amounts is
slightly positive (also for both of the scenarios) a higher probability for a slight increase in
future annual total precipitation amounts can be estimated on the basis of the analyzed multi-
model multi-scenario data set.
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Fig. 2 Total precipitation: Full and /ikely ranges of projected changes in total rainfall amount for the different
seasons (left part of panels) and averaged for the whole year (right part of panels) spatially averaged over the
5 zones indicated in figure S1. The bars with bluish colors represent the projected ranges under the low
emission scenario (light-blue —mid-21st century; darker blue —end of 21st century); the bars with orange and
red colors represent the projected ranges under the high emission scenario (orange— mid-21st century; red —
end of 21st century). The less-transparent sub-range in each bar indicates the /ikely range of change (defined
by the range that includes 66 % of all projected changes) and is centered on the respective median, indicated
by the black line

3.2 Projected changes in precipitation extremes and indices

The spatial patterns of the median projection of change for the intensity of heavy rainfall
events on an annual basis are depicted in Fig. 1b. For both analyzed future time periods and
emission scenarios, the median projection of change for the intensity of heavy rainfall events
is for a robust increase, strongest towards the end of the century and under the /igh emission
scenario. Only in some northern and northeastern areas, no clear signal of change is
projected by the model ensemble.

The full and /ikely ranges of projected changes for the intensity of heavy rainfall events
(on an annual and seasonal basis) are depicted in Figure S2. As previously highlighted for
projected changes in annual total rainfall amounts also the full and /ikely ranges of projected
changes in the intensity of heavy rainfall events are especially enlarged in the drier northern
zones and also during the respective dry seasons. If just the likely range is considered, a clear
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(and due to the smaller bandwidth also robust) signal - especially in the moisture parts of the
study domain - for an increase in the intensity of heavy rain events is projected towards the
end of the century (by up to ~14 % for the low and up to about 27 % for the high scenario in
zone 2). This holds true for both scenarios, even though the /ikely range is slightly shifted
(by ~5 to 10 %) towards higher rainfall intensities under the high emission scenario. Larger
changes are only projected to occur during the respective dry seasons and should not be
overestimated due to the minimum intensities observed during this time of the year.

The range of projected changes of the four additionally analyzed precipitation indices is
given in Figure S3. For the total rainfall sum during the respective rainy season (left panels in
Figure S3), the likely range of projected changes is for all zones mainly positive for both
scenarios and both future time periods, but also some possibility for a slight decrease is given.
But as in the case of annual total precipitation, the /ikely ranges are relatively small (maximum
range ~20 to 25 % - especially in the humid zones 2-5), indicating a large agreement of the
models on no substantial change for the future. For the high emission scenario the /ikely range is
slightly larger. Whereas for the duration of the rainy season (second panels from right in
Figure S3) the models agree on a small change (/ikely range always between +£5 %) and the
projections therefore can bee classified to be robust, a very large uncertainty is assigned to
projected relative changes in number of dry spells (second panels from left in Figure S3). This is
however partly related to the fact that during the control period only very few dry spells per
rainy (usually less then 3 dry spells) season have been simulated and observed. Nevertheless,
even though a large uncertainty also remains in the case of the /ikely changes, there seems to be
a clear tendency in all zones and scenarios for a substantial increase in the number of dry spells
during the rainy season. For the case of the maximum 10 day precipitation amounts (right
panels in Figure S3) projected changes are — as expected — rather similar to the projected
changes in the intensity of heavy rainfall events. For all zones and for both scenarios the
projections of change indicate a robust increase in 10 day maximum rainfall amounts for the end
of the 21st century up to about 20 % (30 %) in the humid zones under the low (high) emission
scenarios, respectively. Also for this parameter, the /ikely range is restricted to a rather small
band around the median, indicating a large model agreement, which is slightly higher in the case
of the low emission scenario.

4 Discussion

So far the respective ensembles of precipitation projections following the low and high
emission scenarios have been regarded as a homogeneous unit. While interpreting the
findings it has to be considered that the results definitely are dominated by the GCM
projections generated within the CMIP3 and CMIPS projects, simply because of their large
number. Percent wise GCM data accounts for 87 % (85 %) of the simulations in the case of
the high (low) emission scenario ensemble.

To estimate the contributions of the different sub-ensembles (GCMs vs. downscaled) we
analysed projected changes of each dataset separately over the different zones. This analysis
on the one hand will indicate if substantial changes occur between projections of GCMs and
downscaled projections (e.g. RCMs). Even though we only included projections from two
different RCMs the robustness of the projected change signals of course would be highest if
both GCMs and RCMs projections are uniformly distributed within the full ensemble range
and do not cluster at on end of the distribution. Another interesting aspect that can be tackled
with this analysis is if the projections of the most recent CMIP5 ensemble agree with the
projections from the already better known CMIP3 ensemble. In Fig. 3 we summarize the
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Fig. 3 Full ranges of projected changes in annual total precipitation amounts (leff column) and intensity of >
heavy rainfall events (right column) for the end of the century averaged over the 5 zones depicted in figure S1

as projected by the different sub-ensembles (lef panel) and for all analysed projections together (right panel).
Median of the projected changes for the two different scenarios (low — blue lines; high — red lines) is depicted,

as well as the projected changes of each model simulation via the colored crosses (low — blue crosses; high —
red crosses). The likely ranges for each scenario are included as dark-grey sub-range. However as they always
overlap, they appear as single area only

findings of the sub-ensemble analysis for projected changes in annual total precipitation and in
the intensity of heavy rainfall events for all of the 5 zones for the end of the century period. The
light grey bars in the figure represent the full ranges, the median of the respective scenario is
also depicted (high —red line; low — blue line). As the full range can substantially be influenced
by a few outlier models, also the projected change of each single model is indicated for both
scenarios (red and blue crosses) in the range of the sub-ensembles.

The agreement between the projected changes of the different sub-ensembles is substan-
tially larger for the intensity of heavy rainfall events (Fig. 3, right column). A large overlap
between the sub-ensembles is present for all zones. The very large range in the CMIP5
dataset present in zones 1 and 2 for both scenarios and zones is caused by the same single
outlier model. In these zones the median projection of the Aigh and low scenarios are similar
for the CMIP3 ensemble and also in the sub-ensemble of the RCM simulations in zone 2. In
zone 1, the RCMs median projection of change in the intensity of heavy rainfall events is for
a slight decrease in the case of the Aigh emission scenario and for no change under the low
scenario. This is opposite to the behaviour of the other sub-ensembles, in which projected
increase in heavy rainfall intensity is generally larger under the high emission scenario.
However in the dry regions (zones 1 & partly 2) relative changes should not be
overemphasised, whereas in the more humid zones 3-5 the projected relative changes are
in the same range, independent of the analysed data set and also independent of the
simulated heavy rainfall intensity during the control period which is generally slightly
higher in the RCM simulations when compared to the forcing GCM simulations. This
definitely enhances the robustness of the projected changes, especially if the few outliers
are excluded from the analysis and only the /likely ranges are considered. The large
agreement between the sub-ensembles in the more humid regions — and therefore regions
which are not moisture limited — is most likely related to the fact that heavy rainfall intensity
is closely related to the water holding capacity in the atmosphere, which in turn is related to
the atmospheric temperature, due to the law of Clausius Clapeyron (Trenberth et al. 2003).
However if moisture availability is limited a temperature increase might leads to a decrease
in heavy rain intensity (see zone 1). In such regions the soil formulation of the individual
models becomes of higher importance and therefore the spread within and between the sub-
ensembles is larger.

This argumentation can also be applied to the case of the projected changes in annual total
precipitation, where the intra and inter sub-ensemble spread is again substantially larger in
the dry areas (Fig. 3, left column). But also in the wettest part of central Africa (zone 3 and 4)
substantial differences are visible between the different data sets. In the central tropics (zone 3)
the majority of the GCMs agree on an increase in annual total precipitation, whereas the RCM
sub-ensemble indicates a decrease (even though some of the forcing model projections
show a substantial increase in total rainfall). In a recent study by Saeed et al. (2013) it is
shown that the projected drying in the REMO RCM projections (which comprises the
majority of the RCM sub-ensemble — see Table S1) is partly related to the depletion of soil
moisture caused by high-intensity rainfall events, which leads on the long run to a less intense
hydrological cycle over the region.
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In the coastal zone 4 the bias-corrected projections of the WATCH sub-ensemble sub-
stantially deviate from the rest of the analysed projections. In this area, the bias correction
substantially increases the projected change signal, as the CMIP3 ensemble also consists of
the non-corrected version of the WATCH dataset. It is well known that statistical bias
correction alters the projected climate change signals of the corrected GCMs (e.g.
Hagemann et al. 2011) and we actually use this fact to justify that we include the WATCH
projections as independent data set into the analysis. However over this region it has to be
noted that the WFD dataset used to bias-correct the GCMs strongly overestimates annual
mean rainfall amounts when compared to station observations (see Fig. 1). Therefore it
might be possible that in this region the bias-correction enhances the projected precipitation
signal too strongly.

However due to the relatively small size of the RCM and WATCH sub-ensemble, the
likely ranges in both zones are not affected by the different behaviour of the two sub-
ensembles. This might be a positive effect in the case of the probably to strong correction of
the GCM rainfall projections in zone 4, however in the case of the RCM projections a larger
number of projections from further GCM-RCM combination would be helpful, as the
changes are supposed to be caused by differences in physical processes between forcing
GCM and RCM. These processes have the strongest effect in regions over which the RCM
has the largest degree of freedom, which definitely is true for the central tropics which on
one hand are characterized by a strong local soil-atmosphere coupling (Koster et al. 2004)
and are one the other hand located in the centre of the CORDEX Africa model domain used
for the downscaling.

A further result of this separate assessment is that the projected changes over the central
African region for the two parameters are rather similar in the CMIP3 and CMIP5 ensemble.
This finding is surprising at the first glance as at least some of the CMIP5 simulations
incorporate also dynamic vegetation and land use changes — both expected to have substan-
tial impacts on the central African area (e.g. Nogherotto et al. 2013). However a detailed
study on this topic is beyond the scope of this paper.

5 Summary and conclusion

Projected changes in future precipitation amounts and extremes have been analysed for the
central African region on the basis of a multi-model multi-scenario ensemble of different
GCM and downscaled climate change projections. Altogether 77 different projections have
been included into the analysis. A comparable analysis on the basis of such a wealth of
different climate change projections has never been done before for the central African
region. The large size of the underlying data set allowed not only analysing the magnitude of
projected changes but also investigating the robustness of these changes. This is especially
of importance when it comes to the development of adaptation strategies, often connected
with large investments (Hallegatte 2009).

As of today the major part of the region receives sufficient amount of annual total rainfall
any future rainfall changes in the range of £15 % can be considered to not have a substantial
impact on the over all water availability in the region. Given the results described in the
previous sections it can be concluded with a rather large degree of robustness that for the
major part of the central African region climate change will not lead to accelerated water
scarcity in the region. In fact the projections indicate a rather constant precipitation input
over the 21st century with a tendency for a slight increase. This finding is independent of the
underlying emission scenario and therefore even has to be considered to be even more
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robust. In the course of the year the degree of robustness of the projections slightly changes
with larger bandwidths (lower robustness) during the dry periods in the year (DJF in Zonel
and 2; JJA in Zone 5) and smaller bandwidths (higher robustness) in the wetter seasons.

Although the annual total precipitation amounts might not change dramatically rainfall
characteristics are projected for a robust change. An example for this is that the intensity of
heavy rainfall events is likely to increase in the future (/ikely range for most parts of the study
region positive, up to 25 %). Also the frequency of dry spells during the rainy season is for
most parts of the domain projected to substantially increase in the future. Both results
indicate that the temporal distribution of precipitation will be less homogenous in the future.

As highlighted in the introduction, the livelihood of the population in the Congo basin is
very sensitive to potential changes in future water availability. Therefore the robust increase
in annual total increase as identified in this study definitely can be seen as good news for the
region. However, the analysed climate models also suggest a tendency for more intense
heavy rainfall events as well as an increased frequency of dry spells during the rain season.
Both features will have a direct impact on the water availability in the region and require
adaptation of the established socio-economic systems in the region to ensure their functioning
in the future.

Finally, it is worth stating that the conclusions drawn from this research would have been
different if only one of the ensemble subsets had been analysed, for example the RCM data,
which shows a decrease in annual total precipitation over large parts of the region, whereas
the majority of the GCMs project an increase. This underscores on the one hand the
importance of the analysis of a large multi-model multi-scenario dataset when it comes to
the assessment of possible future changes and also to reduce or to highlight the related
uncertainties. On the other hand, this finding also indicates the need for new approaches to
transfer the bandwidth resulting from the diverse climate change projections into the chain of
climate impact assessment and the potential development of mitigation and adaptation
strategies. Up to date impact models are often forced with only a subset of available climate
change information which potentially could also represent a set of outliers. A first step to
incorporate the full information of available climate projections is to classify the forcing
projections within the full ensemble of projected changes (e.g. Haensler et al. 2013).
However as the impacts of future climate change is in most cases not linearly connected
to the forcing signal (e.g. Arnell 1999) a more sophistic approach has to be developed.
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