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Abstract. Floodplain forests, namely the Várzea and Igaṕo,
cover an area of more than 97 000 km2. A key factor for their
function and diversity is annual flooding. Increasing air tem-
perature and higher precipitation variability caused by cli-
mate change are expected to shift the flooding regime during
this century, and thereby impact floodplain ecosystems, their
biodiversity and riverine ecosystem services. To assess the
effects of climate change on the flooding regime, we use the
Dynamic Global Vegetation and Hydrology Model LPJmL,
enhanced by a scheme that realistically simulates monthly
flooded area. Simulation results of discharge and inundation
under contemporary conditions compare well against site-
level measurements and observations. The changes of calcu-
lated inundation duration and area under climate change pro-
jections from 24 IPCC AR4 climate models differ regionally
towards the end of the 21st century. In all, 70 % of the 24 cli-
mate projections agree on an increase of flooded area in about
one third of the basin. Inundation duration increases dramat-
ically by on average three months in western and around one
month in eastern Amazonia. The time of high- and low-water
peak shifts by up to three months. Additionally, we find a
decrease in the number of extremely dry years and in the
probability of the occurrence of three consecutive extremely
dry years. The total number of extremely wet years does not
change drastically but the probability of three consecutive ex-
tremely wet years decreases by up to 30 % in the east and
increases by up to 25 % in the west. These changes implicate
significant shifts in regional vegetation and climate, and will
dramatically alter carbon and water cycles.

1 Introduction

Amazonia plays a vital role for the global water and carbon
cycles through enormous water and carbon stores and fluxes.
The Amazon catchment covers six million square kilometers
and about 15 % of the world’s freshwater runoff is discharged
by the Amazon River (Gaillardet et al., 1997). Dissolved in
this water, about 33 Tg C yr−1 are thought to be exported to
the Atlantic Ocean as organic carbon (Moreira-Turcq et al.,
2003). A much larger amount, approximately 470 Tg C yr−1,
gasses out to the atmosphere as CO2 (Richey et al., 2002).

Climate and land use change currently affect Amazonian
forests substantially, leading to a reduction of biomass, biodi-
versity and ecosystem services (Fearnside, 2004; Foley et al.,
2007; Nepstad et al., 2007; Betts et al., 2008). Since the forc-
ing from changing climate and land use appears to be non-
linearly related to the stability of the Amazonian ecosystem
(Sitch et al., 2008; Nobre and De Simone Borma, 2009), this
region has been identified as one of a set of global “tipping
elements” particularly susceptible to global change (Lenton
et al., 2008).

Much of central Amazonia is influenced by annual flood-
ing predominantly caused by precipitation across the basin.
During the flooding season between January and March (Fo-
ley et al., 2002) the water rises with an amplitude of 5 to 15 m
(Junk, 1985) and an average speed of 0.05 m d−1 (Junk and
Piedade, 1997). The extent of flooded area in central Ama-
zonia increases from about 4 % during low water to 16 %
during high water stage (Richey et al., 2002). The recur-
rent change between the terrestrial and aquatic phase forms

Published by Copernicus Publications on behalf of the European Geosciences Union.



2248 F. Langerwisch et al.: Potential effects of climate change on inundation patterns in the Amazon Basin

characteristic and very diverse habitats for millions of plant
and animal species, which are intimately related to the recur-
rent annual flooding. These floodplains are alternately suit-
able for aquatic and terrestrial organisms. The distribution
of these species is especially influenced by the duration of
the aquatic and terrestrial phase (Junk and Piedade, 1997).
Floodplain forests cover approximately 97 000 km2 (Parolin
et al., 2004) and contain about 20 % of the Amazonian tree
species (Naiman et al., 2005). The vast floodplain areas thus
represent one of the riches biota on earth, providing several
ecosystem services, such as timber and fish production and
carbon storage (Keddy et al., 2009).

Climate change is expected to alter temperature and pre-
cipitation patterns, which can potentially lead to changes in
flood regime such as a reduction in discharge in the Ama-
zon River (Arora and Boer, 2001). The variability in precip-
itation is expected to increase (Seneviratne et al., 2012) and
may cause higher spatial and temporal variability in river dis-
charge and flooded area (Coe et al., 2002). The effect of cli-
mate change on the El Niño Southern Oscillation (ENSO) re-
mains unclear (Malhi and Wright, 2004) but ENSO changes
discharge drastically (Foley et al., 2002). Changes in time,
duration, and height of the flooding has the potential to shift
vegetation distribution which may in turn lead to feedbacks
to the atmosphere (e.g. Cox et al., 2004; Malhi et al., 2008).

To assess the effects of potential changes in precipita-
tion and temperature on discharge and freshwater ecosystem
services usually hydrological models are applied (Vigerstol
and Aukema, 2011), which are, for example, WaterGAP (Al-
camo et al., 2000; D̈oll and Zhang, 2010; D̈oll et al., 2003),
WBM (Fekete et al., 1999), and SWAT (Arnold and Fohrer,
2005) and VIC (Liang and Xie, 2001; Liang et al., 1994).
A disadvantage of these models is that they do not incor-
porate explicit simulation of vegetation dynamics which are
an essential part of the water cycle. We use the dynamic
global vegetation and hydrology model LPJmL (Bondeau et
al., 2007; Gerten et al., 2004; Rost et al., 2008; Sitch et al.,
2003), which has been improved for regional application to
the Amazon Basin and includes the dynamic and spatially ex-
plicit reproduction of the specific hydrological patterns of the
main river stem and its tributaries. These patterns consist of
seasonal discharge, time and duration of low/high water peri-
ods and the changing extent of the flooded area during those
periods. LPJmL combines dynamic terrestrial vegetation de-
velopment with carbon and water cycles. This enables us to
estimate not only the direct effect of changing precipitation
and temperature on discharge but also to include the indirect
effects of these changes on vegetation cover and type, which
in turn alters runoff and discharge.

The main goal of our study is thus to understand and quan-
tify the magnitude of impacts of future climate change on
the Amazonian inundation patterns. We provide estimates on
climate change induced shifts of inundation patterns, which
comprises of time and duration of low/high water periods
and the changing extent of the flooded area during those pe-

riods. We describe here a method to calculate monthly in-
undated area. We evaluate our simulated results against ob-
served data for discharge and potentially floodable area, and
estimate changes in inundation patterns in Amazonia. To
quantify the amplitude of shifts in the flooding regime due
to climate change we use forcing data of the 24 General Cir-
culation Models (GCMs) from the 4th Assessment Report
of the Intergovernmental Panel on Climate Change (IPCC,
2007; Randall et al., 2007).

2 Methods

We apply the Dynamic Global Vegetation and Hydrology
Model LPJmL (Sitch et al., 2003; Gerten et al., 2004; Bon-
deau et al., 2007; Rost et al., 2008) to understand and to as-
sess the effect of climate change on current Amazonian inun-
dation patterns. LPJmL computes establishment, abundance,
vegetation dynamics, growth and productivity of the world’s
major plant functional types, as well as the associated carbon
and water fluxes. The model is typically applied on a grid
of 0.5◦

× 0.5◦ longitude/latitude and at daily time steps. Car-
bon fluxes and vegetation dynamics are directly coupled to
water fluxes. Modelled soil moisture, runoff and evapotran-
spiration were found to reproduce observed patterns well and
their quality is comparable to stand-alone global hydrologi-
cal models (Wagner et al., 2003; Gerten et al., 2004, 2008;
Gordon et al., 2004; Biemans et al., 2009).

The river routing module of LPJmL (described by Rost et
al., 2008) assumes a surface water storage pool for each grid
cell representing the water storage and retention in reservoirs
and lakes. The change of water storage in the river over time
is represented as the runoff generated in the cell, the input of
discharge accumulated from upstream grid cells, the output
to the downstream cell, and the outflow of lakes in the respec-
tive cell. The output to the downstream cell is determined
as a linear transport of discharge, depending on the routing
velocity (v) and the distance between the midpoints of the
connected cells. Earlier versions of LPJmL used a globally
homogeneous routing velocity of 1 ms−1 (Rost et al., 2008),
which had difficulties to reproduce the Amazonian hydro-
graph, with shifts within the hydrograph of several months.
In a former study we already improved the reproduction of
the hydrograph by applying a homogeneously reduced rout-
ing velocity of 0.25 ms−1 to the Amazon Basin leading to
substantial reductions of the shift for several observation sites
(Langerwisch et al., 2008). Our new approach is to use het-
erogeneous routing velocities which take topographic differ-
ences within the Amazon catchment into account for further
improvement of the hydrograph.

Hydrol. Earth Syst. Sci., 17, 2247–2262, 2013 www.hydrol-earth-syst-sci.net/17/2247/2013/
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Table 1.Slope classes.

Slope range Class

≤ 1.5◦ 5
> 1.5–≤ 3◦ 4
> 3–≤ 6◦ 3
> 6–≤ 10◦ 2
> 10–≤ 35◦ 1
> 35◦ 0

Table 2.Relative slope position classes.

Distance range Class

0–10 cells 22
11–20 cells 19
21–40 cells 13
41–60 cells 12
61–80 cells 11
> 81 cells 10

2.1 Calculation of routing velocity and potential
floodable area

We extend on earlier work (Langerwisch et al., 2008) and
take topography into account by calculating cell specific
routing velocities, which are comparable to river flow veloc-
ities. In the model, the routing velocity is used to calculate
the distance that runoff water can move within a time step
(see also Rost et al., 2008). We also estimate the extent of
potential floodable area and monthly flooded area.

We use a digital elevation model (DEM) provided by the
WWF database HydroSHEDS (WWF HydroSHEDS, 2007)
at a resolution of 15 arc seconds longitude/latitude, corre-
sponding to approximately 460 m edge length in the study re-
gion, to calculate the routing velocity and the floodable area.
We apply grid-based elevation data (instead of elevation data
of the actual gauging stations) to obtain a continuous spa-
tially consistent basis for our calculations. The DEM eleva-
tion represents the top of the canopy, which is∼ 30 m lower
than the actual ground elevation (Anderson et al., 2009). For
the Amazon Basin, we assume this to be a systematic er-
ror in the DEM elevation and use it directly for calculating
the routing velocity. The calculations of the routing veloc-
ity were conducted applying well-established techniques (for
details see Supplement S1 and S2). The data were processed
at the original resolution of HydroSHEDS. Final results are
re-sampled at 0.5◦ × 0.5◦ (longitude/latitude) resolution.

2.1.1 Routing velocity

Based on the DEM we calculate the cell’s slope and the cor-
responding routing velocity (details see Supplement S1 and
S2). The calculation of the high resolution slopeS [degree] is

Table 3.Landform types with corresponding slope and mTRMI.

Landform type Slope range mTRMI

valley flats < 3◦ > 22
nearly level terraces < 3◦

≤ 22
gently sloping toe slopes, and bottoms ≥ 3–< 10◦ > 18
gently sloping ridges ≥ 3–< 10◦

≤ 18
very moist steep slopes ≥ 10–≤ 35◦

≥ 18
moderately moist steep slopes ≥ 10–≤ 35◦ 11–17
dry steep slopes ≥ 10–≤ 35◦ < 10

based on the work of Burrough (1986). We apply the median
of all subcell values to aggregate the high resolution slope to
a 0.5× 0.5◦ cell slope. Subsequently, we calculate slope de-
pendent routing velocityv [ms−1] (Eq. 1, Fig. S1) based on
the Manning–Strickler formulation:

v =

(
tan

(
S ×

π

180

)) 1
2
× k × R

2
3 , (1)

wherek is the Manning–Strickler coefficient [m1/3 s−1] de-
scribing the roughness of the area. For natural rivers this
value ranges between 28 and 40 m1/3 s−1 (Patt, 2001). Due
to the lack of detailed cell specific information we setk =

35 m1/3 s−1. R is the hydraulic radius [m]. It describes the
ratio between the cross-sectional area [m2] and the wetted
perimeter [m] of the channel. In wide and shallow waters
it corresponds to the depth of the water. It is higher in nar-
row and deep river sections and lower in wide shallow river
sections, but cell specific information forR are not avail-
able, therefore we neglect the influence of this factor and set
R = 1.0 m. The median of the calculated routing velocity is
0.25 ms−1. We included an analysis to estimate the sensitiv-
ity of the calculated routing velocity tok andR. We varied
k between 28 and 40 m1/3 s−1 (with a constantR = 1.0 m),
which lead to median routing velocities between 0.20 ms−1

(−20.0 %) and 0.29 ms−1 (+16 %). We variedR between 0.2
and 1.2 m (with a constantk = 35 m1/3 s−1), which lead to
median routing velocities between 0.09 ms−1 (−64 %) and
0.29 ms−1 (+169 %). Additionally, we tested all possiblek
andR combinations in the range given above (see Fig. S2).

2.1.2 Floodable area

As a basis for the calculation of inundation, we first estimate
the potentially floodable area by applying the same DEM
used for the routing velocity calculation (see Sect. 2.1.1).
We determine a modified Topographic Relative Moisture In-
dex (mTRMI) based on the work of Parker (1982) on the
native resolution of the DEM (15 arc seconds). This index
is applied to classify structural landscape conditions which
can be arranged in 7 different landform types, such asvalley
flatsanddry steep slopes(also see Tables 1–3). It uses sev-
eral weighted geomorphologic characteristics such as slope,
slope steepness, slope configuration, relative slope position,

www.hydrol-earth-syst-sci.net/17/2247/2013/ Hydrol. Earth Syst. Sci., 17, 2247–2262, 2013
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Table 4. List of the 24 IPCC coupled general circulation models
(GCMs) used in this study. Details for the climate models see IPCC
2007 AR4, chapter 8 (Randall et al., 2007).

Model name

BCCR – BCM 2.0 INGV – SXG
CCCMA – CGCM 3.1 (T47) INM – CM 3.0
CCCMA – CGCM 3.1 (T63) IPSL – CM 4
CNRM – CM 3 MIROC 3.2 (hires)
CSIRO – Mk 3.0 MIROC 3.2 (medres)
CSIRO – Mk 3.5 MIUB – ECHO-G
GFDL – CM 2.0 MPI – ECHAM 5
GFDL – CM 2.1 MRI – CGCM 2.3.2a
GISS – AOM NCAR – CCSM 3
GISS – EH NCAR – PCM 1
GISS – ER UKMO – HadCM 3
FGOALS – g 1.0 UKMO – HadGEM 1

Fig. 1. Simulated mean discharge [log m3 s−1] during June, aver-
aged over the reference period 1961–1990. The white crosses indi-
cate the exaple sites Cruzeiro do Sul (CdS, ID 3), Porto Velho (PV,
ID 41), andÓbidos (́Obi, ID 10 and 42).

and aspect which can be calculated from the DEM. We use
the resulting landform type valley flats as potentially flood-
able area.

In our study, mTRMI is the sum of classified slope, classi-
fied slope configuration and classified relative slope position
(Eq. 2, see below for definitions).

mTRMI = Sclass+ Sconfigclass
+ Sposclass

(2)

We neglect aspect because differences between north and
south facing slopes are insignificant in the tropics (compare
to Donnegan et al., 2007). A detailed description of the calcu-
lation of mTRMI summands can be found in the Supplement.

The first summand is classified slope (Eq. 2,Sclass). We
use the previously calculated slope values and slice them in
six slope classes (Table 1).

 38 

 823 

Figure 2. The 44 sites used for comparison of observed and simulated discharge. 824 

  825 

Fig. 2.The 44 sites used for comparison of observed and simulated
discharge.

The second summand is classified slope configuration
(Eq. 2,Sconfclass). Slope configuration describes the convex-
ity or concavity of the land surrounding any grid cell, based
on the change in elevationZ [m] from celli,j to all cells lo-
cated at the edge of the 5× 5 cell window. We slice the full
range of resulting values equally into 10 parts and assign
these parts into 3 slope configuration classes: slices 0–4 to
class−1 (convex topography); slice 5 to class 0 (flat topog-
raphy); slices 6–10 to class 1 (concave topography).

The third summand is relative slope position (Eq. 2,
Sposclass

) describing the distance of the celli,j to the closest
ridges and streams. We assign the distance [cells] to 6 relative
slope position classes (Table 2).

From the slope classes (Eqs. S1–S3), the slope configu-
ration classes (Eqs. S5–S9) and the relative slope position
classes (Eqs. S10–S11) we calculate mTRMI (Eq. 2). We
sum up classified slope (0 to 5), classified slope configura-
tion (−1 to 1), and classified relative slope position (10 to
22). The mTRMI ranges from dry to wet (9 to 28), describing
site conditions.

We generate a map (15 arc seconds resolution) of landform
types by combining slopeS and mTRMI. For this purpose we
group sites with defined mTRMI and slope to certain land-
form types (details in Table 3). Finally, we use the landform
type valley flat, which is potentially floodable area, to cal-
culate the fraction [%] of floodable area for each 0.5× 0.5◦

grid cell.
We then calculate the fraction of continuously flooded area

from the potentially floodable area (per 0.5× 0.5◦ cell) from
the work of Richey et al. (2002). They estimated that during
low water stage about 4 %, and during high water stage about
16 % of a 1.77 million km2 quadrant of the central Ama-
zon Basin is covered with water. This means that 25 % of

Hydrol. Earth Syst. Sci., 17, 2247–2262, 2013 www.hydrol-earth-syst-sci.net/17/2247/2013/
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Figure 3. Observed and simulated discharge [m
3
 s

−1
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Fig. 3. Observed and simulated discharge [m3 s−1] for all 44 sites. Observed discharge as solid grey line, simulated discharge with routing
velocity of 1.0 ms−1 as dashed grey line, and simulated discharge with slope depending routing velocity as solid black line.
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Table 6.Comparison of observed floodplain area and calculated floodable area in the subregions of the basin. R denotes the rectangle number
in Fig. 5.

North-west corner South-east corner

Floodplain

Source R area [103 km2] fraction [%]

published calculated published calculated

Richey et al. (2002) 1 0◦/72◦ W 8◦ S/54◦ W 290.0 239.5 16.3 13.5
Melack et al. (2004) 1 0◦/72◦ W 8◦ S/54◦ W 190.3 239.5 10.7 13.5
Hess et al. (2003) 1 0◦/72◦ W 8◦ S/54◦ W 303.0 239.5 17.0 13.5
Hamilton et al. (2002) 2 2◦ S/70◦ W 5◦ S/52◦W 97.4 91.4 14.6 13.7
Hamilton et al. (2002) 3 12◦ S/68◦ W 16◦ S/61◦ W 92.1 49.4 27.4 14.7

the high water flooded area is also covered during low water.
We therefore assume that 25 % of the potential floodable area
is continuously covered with water.

Estimations of the inundation with models and/or remote
sensing has, besides Richey et al. (2002), already conducted,
for example, by Alsdorf et al. (2007, 2010) and Bates and
De Roo (2000). A comparison of remotely sensed inunda-
tion and modelled inundation has been conducted by Wilson
et al. (2007) and Bates (2012). These studies also discuss the
applicability of modeling and remote sensing to the inunda-
tion estimation. Due to the high spatial and temporal vari-
ability in large catchments these methods are excellent tools
to investigate inundation patterns.

The actual monthly flooded area is calculated by assum-
ing that under current conditions (reference period 1961–
1990) the floodable area is totally covered with water if the
reference mean of the maximal monthly discharge per year
(i.e. high water stage) plus the standard deviation for this pe-
riod is reached. Therefore, it is possible that more than the
maximal floodable area is flooded during anomalously high
water discharge years.

2.2 Data and simulations

LPJmL is run in its natural vegetation mode at 0.5× 0.5◦ spa-
tial resolution for the period 1901–2099. Transient runs are
preceded by 1000 yr spin up during which the pre-industrial
CO2 level of 280 ppm and the climate of the years 1901–1930
are repeated to obtain equilibrium for vegetation, carbon and
water pools.

For the model evaluation we perform model runs using
climate forcing data from a homogenized and extended CRU
TS2.1 global climate dataset covering the years 1901 to 2003
(Österle et al., 2003; Mitchell and Jones, 2005). For the pro-
jections we take climate forcing data from 24 coupled gen-
eral circulation models (GCMs, Table 4) chosen for the 4th
Assessment Report of the IPCC (Nakićenovíc et al., 2000;
Meehl et al., 2007) calculated under the SRES A1B sce-
nario. Since all current climate models show considerable bi-
ases for the Amazon Basin, we apply an anomaly approach
(Rammig et al., 2010). The anomaly approach determines the

climate model bias for the reference period (1961–1990) as
the difference (for temperature) or the ratio (for precipitation
and cloud cover) of the 30 yr means of climate model out-
put (24 climate projections from IPCC-AR4) and observed
climate (CRU) for each month and each grid cell. With this
approach climate model bias is removed and the climate in-
put for LPJmL is standardized (Rammig et al., 2010).

To get quasi-daily values, the monthly values of tempera-
ture and cloud cover are linearly interpolated. Daily precipi-
tation amount and distribution of wet days to calculate core
processes such as photosynthesis, water fluxes and vegeta-
tion growth, are inferred using a stochastic method (Gerten
et al., 2004). This method of using monthly inputs and recal-
culate them to quasi-daily values is used in most large-scale
multiple-scenario studies (Alcamo et al., 2003; Biemans et
al., 2011; Rost et al., 2008). Whether the treatment of climate
data, with the present implementation of the weather gener-
ator in our model, significantly affects simulating results rel-
ative to the climate change signal is being investigated in an
on-going study (Gerten et al., 2012). Soil information is de-
rived from the FAO global database (FAO, 1991; Sitch et al.,
2003).

2.3 Model evaluation and projections

2.3.1 Current conditions

We compare observed monthly discharge from the “River
Discharge Database” of the “Center for Sustainability and
the Global Environment” (2007) with simulated monthly dis-
charge at 44 sites for corresponding time periods. Addi-
tionally, to the simulation with the improved slope depen-
dent routing velocity, we also compare the simulated dis-
charge calculated with the original LPJmL routing velocity
of 1.0 ms−2. This shows the improvement of the introduction
of the slope dependent routing velocity. The observed and
simulated discharge for the 44 observation sites (Fig. 2) are
shown in Fig. 3 (details in Table 5). We evaluate the quality
of our model simulations with the Willmott’s index of agree-
ment, which ranges from 0 to 1, with 1 indicating complete
agreement (Willmott, 1982) and the error of the qualitative
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Fig. 4. Comparison of observed and simulated discharge for all 44 observation sites with 5 indices (details in Table 5). Sites are sorted
according the observed mean annual discharge [m3 s−1], with the lowest discharge site at the left hand site.

validation (QualV), which ranges from 0 to infinite, with low
values indicating high agreement (Jachner et al., 2007). We
also calculate the normalised RMSE, Nash–Sutcliffe coeffi-
cient and Pearson correlation coefficient (Mayer and Butler,
1993; Nash and Sutcliffe, 1970). A summary of these results
is given in Table 5 and Fig. 4.

For further evaluation, we compare the calculated flood-
able area with published values of floodplain area for 3 sub-
regions of the basin (Hamilton et al., 2002; Richey et al.,
2002; Melack et al., 2004; Lehner and Döll, 2004; details in
Table 6 and Fig. 5).

2.3.2 Projections

Future changes in inundated area, duration of inundation, and
high and low water peak month are evaluated by comparing
the years 1961 to 1990 (reference period) with data from the
last 30 model years 2070 to 2099 (future period). We ex-
tend our analysis to identify changes in frequency of extreme
events (i.e. droughts and very high floods). In this context, we
define “extreme flood” as the flooded area being larger than
the 30 yr median flooded area added by the standard devi-
ation (for the considered time period). We define “extreme
drought” as the flooded area being smaller than the mean
flooded area reduced by the standard deviation. We calcu-
late proportion of models in agreement in certain events by
combining results of the 24 different model runs. If all model
runs (24/24) show this event the proportion is 100 %, and 4 %
if only one model run shows this event.

 45 

 836 

Figure 5. Fraction classes of floodable area per cell. Class 1 representing <5%, class 2 837 

representing ≥5-10%, class 3 representing ≥10-15%, class 4 representing ≥15-45% of 838 

floodable area. For a comparison of simulated floodable area with floodplain area 839 

(rectangles R1–R3) see Table 6. 840 

841 

Fig. 5. Fraction classes of floodable area per cell. Class 1 repre-
senting< 5 %, class 2 representing≥ 5–10 %, class 3 representing
≥ 10–15 %, class 4 representing≥ 15–45 % of floodable area. For a
comparison of simulated floodable area with floodplain area (rect-
angles R1–R3) see Table 6.
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Figure 6. Proportion of models in agreement [%] in (a) an increase and (b) a decrease 843 

of mean annual inundated area per cell. The proportion represents the agreement 844 

between the 24 model runs showing an increase or a decrease in inundated area, 845 

respectively. 846 

847 

Fig. 6.Proportion of models in agreement [%] in(a) an increase and
(b) a decrease of mean annual inundated area per cell. The propor-
tion represents the agreement between the 24 model runs showing
an increase or a decrease in inundated area, respectively.

3 Results and discussion

3.1 Current conditions

3.1.1 Routing velocity

The calculated routing velocity is highest in the Andean re-
gion, where the slopes are steepest, and lowest in the depres-
sion of the basin (Fig. S1). Both the Guiana Highlands and
the Brazilian Highlands (north-west and south of the mouth,
respectively) can be identified with a slightly higher veloc-
ity than the lowland. For the three example sites Cruzeiro
do Sul, Porto Velho and́Obidos, we calculate routing veloci-
ties of 0.25 ms−1, which agree with those reported by Birkett
et al. (2002) and Richey et al. (1989) who measured a flow
velocity of 0.35± 0.05 and 0.3 ms−1, respectively. A sensi-
tivity analysis carried out to estimate the effect of alteredR

andk values (Eq. 1) on the routing velocity showed that the
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Figure 7. Lengthening (blue) and shortening (red) of duration of inundation in months 849 

(mean over 24 model realizations) between future and reference period. 850 

851 

Fig. 7.Lengthening (blue) and shortening (red) of duration of inun-
dation in months (mean over 24 model realisations) between future
and reference period.

calculated velocities are less sensitive to changes ink than in
R (for details see Fig. S2). Depending onk andR, the cal-
culated basin wide mean velocity ranges between 0.07 and
0.33 ms−1, while the applied velocity is 0.25 ms−1.

Our model input velocities are calculated using slope me-
dians over 0.5× 0.5◦ cells and thereby steep and plane areas
are combined, which leads to differences between simulated
routing velocities and the observed flow velocities. We are
aware that our approach of applying the standard Manning–
Strickler formulation to such large spatial scales is limited
and that information on the parameterisation is missing. We
attribute the uncertainty of the parameters by conducting an
analysis to estimate the sensitivity of the routing velocity tok

andR (see Supplement S1). This in combination with the ef-
fective reproduction of observed hydrographs (details in Ta-
ble 5) confirms that our method is suitable for our simulation
purposes.

3.1.2 Simulated discharge

For most of the sites the characteristics of the simulated hy-
drograph, such as time and height of high and low water
phase agree with observed hydrographs (Fig. 3, Table 5). Due
to scaling effects the model underestimates, however, the dis-
charge at several sites (Fig. 3). These scaling effects may in
part be caused by the averaging out of the high discharge in
cells that do not fully cover the measured river reach as well
as the false estimation of sites which belong to the same sim-
ulated cell. This problem could be overcome by applying the
model on a smaller scale or by including a larger amount of
measurement data, if available, to better represent the aver-
age discharge of the certain area.

In our further analysis of shifts of high and low water peak
months due to climate change, we compare the simulated
peak month during a reference period with simulated peak
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Figure 8. Proportion of models in agreement [%] in a forward shift (a, c) and 853 

backward shift (b, d) between future and reference period of at least 3-months of high 854 

water peak month (a, b) and low water peak month (c, d). 855 

856 

Fig. 8. Proportion of models in agreement [%] in a forward shift(a, c) and backward shift(b, d) between future and reference period of at
least 3-months of high water peak month(a, b) and low water peak month(c, d).

months during a future period. We are therefore confident
that the small deviations to earlier peak month in the model
will not affect the calculated differences between reference
and future period.

In our work we simulate the discharge for sites with
less than 10 m3 s−1 as well as sites with more than
100 000 m3 s−1 mean June discharge (see Fig. 1). Concern-
ing this wide range of discharge within the basin, the repro-
duction of the overall discharge pattern is unprecedented for
a model with predictive capacity. We reproduce the order of
magnitude of discharge and regarding the standard deviation
of the observed discharge, we see that our model results can
reproduce the discharge in low, medium and high discharge
sites.

For the comparison of observed and simulated discharge,
for all 44 gauging stations, we calculated Willmott’s index of
agreement, error of qualitative validation, normalised RMSE,
Nash–Sutcliffe coefficient, and the Pearson correlation coef-
ficient. The wide range of indices offers the possibility to
compare the discharge data under different aspects. Four out
of the five indices show for most of the sites a high agreement
between simulated and observed discharge. The Willmott’s

index of agreement is in 23 of the 44 sites (52 %) larger than
0.7, compare to 18 sites (41 %) simulated with the original
homogenous routing velocity of 1.0 ms−1 (Table 5). The er-
ror of the QualV is in 18 sites (41 %) smaller than 0.5, com-
pared to 8 sites (18 %). For the three example sites Cruzeiro
do Sul, Porto Velho, and́Obidos the Willmott’s index of
agreement is 0.88, 0.93, and 0.91, respectively. The error of
QualV for these sites is 0.26, 0.09, and 0.99, respectively. It
has to be taken into account that for this analysis the model
was run in its natural vegetation mode. It is known that defor-
estation changes the hydrological flows, e.g. due to changes
in surface runoff (Foley et al., 2007). This might lead to small
differences between observed and simulated discharge.

3.1.3 Floodplain area

A comparison of floodplain area in three part of the basin
shows that calculated floodable area agrees with published
values for floodplain area. Cells with a high fraction of flood-
able area are concentrated along the main stems of the river
network (Fig. 5). In addition to the Amazon main stem, a
large potentially floodable area is calculated in the south of
the region (around 15◦ S, 65◦ W), realistically reproducing
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Figure 9. Difference of the number of (a) extremely dry years and (b) extremely wet 858 

years between future and reference period. 859 
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Fig. 9. Difference of the number of(a) extremely dry years and
(b) extremely wet years between future and reference period.

the Llanos de Moxos wetland (upper Rio Madeira basin).
This vast area of about 150 000 km2 is inundated annually for
3 to 4 months (Hamilton et al., 2002). According to Melack
et al. (2004) about 14 % of the whole Amazon Basin is flood-
able, this agrees with our result of 12.6 %. Detailed compari-
son with published data for 3 subregions of the basin (rectan-
gles R1–R3 in Fig. 5) with Hamilton et al. (2002), Richey et
al. (2002), Hess et al. (2003) and Melack et al. (2004) shows
that calculated and observed values are in comparable range
for 3 of the 4 regions (Fig. 5, Table 6). In the central basin
(R1 and R2 in Fig. 5) our values of floodable area are close
to observed values. For R1 the value is in between reported
values. We underestimate by 17.4 % compared to Richey et
al. (2002) and by 21 % compared to Hess et al. (2003), and
we overestimate by 26 % compared to Melack et al. (2004).
For R2, also situated in central Amazonia we underestimated
by 6 % in comparison to Hamilton et al. (2002). Bigger dif-
ferences were found for the Llanos de Moxos (R3). Here we
underestimated the floodable area by about 46 % compared to
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Figure 10. Difference in the probability of at least three consecutive extremely dry 862 

years (a) and extremely wet years (b) between the future and reference period. 863 

Fig. 10. Difference in the probability of at least three consecutive
extremely dry years(a) and extremely wet years(b) between the
future and reference period.

Hamilton et al. (2002). However, he and his colleagues exam-
ine only the Llanos de Moxos, while our rectangular region
also includes parts outside this area. Thus, our underestima-
tion of the floodable area in this region is probably a result of
the comparison of two slightly different spatial subsets.

The connectivity between floodplain and river depends on
small-scale characteristics, such as small channels. We ap-
proximate this connectivity on a large-scale of 0.5◦ by build-
ing our analysis on a high resolution DEM and thus capture
small-scale characteristics. We are aware that this simplifi-
cation cannot fully represent the actual characteristics of the
floodplain. Studying small scale changes such as the shift of
floodplain forest into Terra firme forest of few hundred me-
tres would require a much finer resolution, but to roughly as-
sess the possible changes in floodplain extend this approach
is appropriate (see also Guimberteau et al., 2012). However,
the estimated floodplain area and therewith the inundated
patterns must be regarded as a first assessment at large spatial
scales. Our large-scale approach may be applied to various
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river catchments where a digital elevation model is available.
It is especially useful for large catchments where measured
values are insufficiently available. Besides this, we can also
reasonably reproduce floodable area with the approach of the
modified TRMI. This is a basis to calculate actual inundated
area, which enables us to estimate the extent of the area of
strong interactions between land and river, as this land–river
interface is of importance for plant and animal diversity.

3.2 Future inundation patterns

For the Amazon region, temperature is projected to increase
by up to 3.5 K until the end of the century in the A2 scenario
(Meehl et al., 2007). A decrease of precipitation is expected
by the end of the century (especially during the southern-
hemisphere winter) in southern Amazonia, whereas an in-
crease in precipitation is expected in the northern part (see
e.g. Rammig et al., 2010). Precipitation is of course a di-
rect driver for inundation patterns in the Amazon Basin and
thus, the quality of precipitation projections is crucial for pro-
jecting future inundation patterns. It is well known that, un-
til now, precipitation projections from General Circulation
Models (GCMs) for the Amazon Basin are highly uncertain
(e.g. Jupp et al., 2010), mainly due to model uncertainties
in projecting land surface feedbacks, cloud formation and
tropical Pacific and Atlantic sea surface temperature changes
(e.g. Li et al., 2006). Rowell (2011) found highest uncertain-
ties in the deep tropics, especially over South America. By
applying the model results of 24 GCMs from the IPCC-AR4,
we apply here the best available range of future precipitation
and temperature projections, and we therefore also include
the uncertainties in our results and discussions.

Our approach of slope dependent routing velocity success-
fully reproduces the hydrograph for the period 1961–1990
and we therefore compare this period to the projections for
2070–2099 to estimate changes in inundation patterns.

We identify several spatial and temporal shifts in the inun-
dation regime under future climate conditions. For the west-
ern part of Amazonia 60–100 % of the models agree in dis-
playing an increase in inundated area (Fig. 6a). For the east-
ern part there is no clear trend, about half of the models
project an increase and half show a decrease in inundation
area with proportions of 50–60 % and 40–60 %, respectively
(Fig. 6b). Inundation tends to be lengthened by 2 to 3 months
in the western basin, while in the east a shortening of the in-
undation duration is likely to occur on average by 0.5 to 1
months (Fig. 7). Furthermore our results indicate that in the
north-west temporal shifts in the time of high and low wa-
ter peak month will occur (Fig. 8). But the exact spatial and
temporal dimensions of these changes remain unclear. We
calculate a proportion of models in agreement of 40 to 50 %
(Fig. 8a) for a 3-months-forwards shift of the high water peak
month in some parts of north-western Amazonia. There is a
similar proportion for a 3-months-backwards shift in other

parts of this region (Fig. 8b). A comparable pattern can be
seen for the low water peak month (Fig. 8c and d).

The analysis of extreme years reveals that in a 30 yr period
the number of extremely dry years decreases by up to 3 yr
in north-west and south-east Amazonia (Fig. 9a). The pro-
portion of models in agreement for 3 consecutive dry years
decreases in most parts of Amazonia by 30 to 90 %, with an
especially pronounced decrease in north-east and south-west
Amazonia (Fig. 10a). Thus dry years are expected to occur
less often and more discrete, leading to less predictable con-
ditions. The analysis of extreme wet years shows changes in
the number of−1.5 to +1.5 yr (Fig. 9b) in a 30 yr period
with no clear spatial pattern. The proportion for 3 consecu-
tive years with extreme floods shows spatial differences. It
decreases by up to 70 % in the east, and it increases by up
to 40 % in the north-west (Fig. 10b). The extreme wet years
persist longer in the west and are expected to occur more
discrete in eastern Amazonia.

4 Conclusions

Under future conditions, modifications in flooded area and
inundation duration as well as high and low water peak
months and extreme years are likely to occur. Already in this
decade, three years with extraordinary water amounts took
place (Marengo et al., 2008, 2011; Nobre and De Simone
Borma, 2009). The “Core Amazon” (Killeen and Solorzano,
2008) in the north-western part of the Amazon Basin ex-
periences in our simulations most of these changes. An in-
crease in inundated area, a lengthening of inundation dura-
tion, changes in low and high water peak month combined
with shifts in occurrence and duration of extreme events have
the potential to change this region substantially. The large-
scale changes in floodplain patterns found in this study may
amplify projected climate and land-use change effects. We
assume that the shifted flooding situation will influence sev-
eral plant and animal species. This will lead to changes in
species composition due to shifts in competition and food
web networks. Since the biodiversity increases from east to
west in the Amazon Basin (Worbes, 1997; ter Steege et al.,
2003) the predicted changes in the north-western part will
influence an area with a large and valuable species pool.

The projected changes in inundation have to potential for
large-scale changes in water and carbon fluxes. The reduc-
tion of terrestrial evapotranspiration caused by an increase of
inundated area and projected deforestation could lead to a re-
duced recycling of precipitation and further amplify drought
conditions. The South American Low Level Jet is transport-
ing atmospheric moisture from the Amazon southwards to
the Parana-La Plata Basin (Marengo et al., 2009). A reduc-
tion of moisture in Amazonia might therefore reduce the pre-
cipitation of the entire region of South America. The out-
gassing CO2 from the Amazon Basin, which is currently
estimated to be about 470 Tg C yr−1 (Richey et al., 2002),
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is likely to increase due to longer inundation in the west.
The less pronounced shortening of inundation in the east
might not be sufficiently able to balance the additional flux.
Changes in regional climate will significantly change vege-
tation patterns in Amazonia and may cause additional carbon
emissions. We conclude that changes in inundation patterns
caused by climate change will significantly alter the highly
complex system in the Amazon Basin.

Supplementary material related to this article is
available online at:http://www.hydrol-earth-syst-sci.net/
17/2247/2013/hess-17-2247-2013-supplement.pdf.
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