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Abstract. Floodplain forests, namely thedvzea and Igap 1 Introduction
cover an area of more than 97 000%m key factor for their

function and diversity is annual flooding. Increasing air tem- ] )
perature and higher precipitation variability caused by cli- Amazonia plays a vital role for the global water and carbon

mate change are expected to shift the flooding regime duringY¢les through enormous water and carbon stores and fluxes.
this century, and thereby impact floodplain ecosystems, theil "€ Amazon catchment covers six million square kilometers
biodiversity and riverine ecosystem services. To assess th@nd about 15 9% of the world's freshwater runoffis discharged
effects of climate change on the flooding regime, we use thé)Y the Amazon River (Gaillardet et al., 1997). Dissolved in
Dynamic Global Vegetation and Hydrology Model LPJImL, this water, about 33 Tg C y* are thought to be exported to

enhanced by a scheme that realistically simulates monthlyh€ Atlantic Ocean as organic carbon (Moreira-Turcq et al.,
flooded area. Simulation results of discharge and inundatior?093)- A much larger amount, approximately 470 Tg Clyr

under contemporary conditions compare well against site92SSes out to the atmosphere as(Richey et al., 2002).
level measurements and observations. The changes of calcy- Climate and land use change currently affect Amazonian
lated inundation duration and area under climate change pro©rests substantially, leading to a reduction of biomass, biodi-
jections from 24 IPCC AR4 climate models differ regionally VErSity and ecosystem services (Fearnside, 2004; Foley etal.,
towards the end of the 21st century. In all, 70 % of the 24 cli-2007; Nepstad etal., 2007; Betts et al., 2008). Since the forc-
mate projections agree on an increase of flooded area in abolftd from changing climate and land use appears to be non-
one third of the basin. Inundation duration increases dramatlinearly related to the stability of the Amazonian ecosystem
ically by on average three months in western and around oné>itch etal., 2008; Nobre and De Simone Borma, 2009), this
month in eastern Amazonia. The time of high- and low-water'€9i0n has been identified as one of a set of global “tipping
peak shifts by up to three months. Additionally, we find a elements” particularly susceptible to global change (Lenton
decrease in the number of extremely dry years and in thet al., 2008). o

probability of the occurrence of three consecutive extremely Much of central Amazonia is influenced by annual flood-
dry years. The total number of extremely wet years does not"d Predominantly caused by precipitation across the basin.
change drastically but the probability of three consecutive ex-PUring the flooding season between January and March (Fo-
tremely wet years decreases by up to 30% in the east anigy etal., 2002) the water rises with an amplitude of 5to 15 m

increases by up to 25 % in the west. These changes implicateUnk, 1985) and an average speed of 0.05*ifn(dunk and
significant shifts in regional vegetation and climate, and will 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

dramatically alter carbon and water cycles.
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characteristic and very diverse habitats for millions of plantriods. We describe here a method to calculate monthly in-
and animal species, which are intimately related to the recurundated area. We evaluate our simulated results against ob-
rent annual flooding. These floodplains are alternately suitserved data for discharge and potentially floodable area, and
able for aquatic and terrestrial organisms. The distributionestimate changes in inundation patterns in Amazonia. To
of these species is especially influenced by the duration ofjuantify the amplitude of shifts in the flooding regime due
the aquatic and terrestrial phase (Junk and Piedade, 1997p climate change we use forcing data of the 24 General Cir-
Floodplain forests cover approximately 97 000%(Rarolin  culation Models (GCMs) from the 4th Assessment Report
et al., 2004) and contain about 20 % of the Amazonian treeof the Intergovernmental Panel on Climate Change (IPCC,
species (Naiman et al., 2005). The vast floodplain areas thu2007; Randall et al., 2007).

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). 2 Methods

Climate change is expected to alter temperature and p_re\-Ne apply the Dynamic Global Vegetation and Hydrology

cipitation patterns, which can potentially lead to changes INViodel LPImL (Sitch et al., 2003: Gerten et al., 2004: Bon-
flood regime such as a reduction in discharge in the Ama-oIeau et al. 2007: Rost et.él 2068) to unders’éé\nd an,d {0 as-
zon River (Arora and Boer, 2001). The variability in precip- ess the e;‘%ect of,climate che.l’nge on current Amazonian inun-
itation is expected to increase (Seneviratne et al., 2012) angation patterns. LPJmL computes establishment, abundance
may cause higher spatial and temporal variability in river dis- ) ' '

charge and flooded area (Coe et al., 2002). The effect of cliY egetation dynamics, growth and productivity of the world's

mate change on the El fd Southern Oscillation (ENSO) re- major plant functional types, as well as the asspmated carl?on
. . ; and water fluxes. The model is typically applied on a grid
mains unclear (Malhi and Wright, 2004) but ENSO changes . . A
) . .2 70of 0.5° x 0.5 longitude/latitude and at daily time steps. Car-
discharge drastically (Foley et al., 2002). Changes in time, . . .
. ) . . ..’bon fluxes and vegetation dynamics are directly coupled to
duration, and height of the flooding has the potential to shift . )
: 2 i ) water fluxes. Modelled soil moisture, runoff and evapotran-
vegetation distribution which may in turn lead to feedbacks _ .~ .
spiration were found to reproduce observed patterns well and

o the atmosphere (e.g. Cox et al., 2004, Malhi et al, 2008)'their uality is comparable to stand-alone global hydrologi-
To assess the effects of potential changes in precipita- q Y P 9 Y 9

tion and temperature on discharge and freshwater ecosyste(éaI models (Wagner et al., 2003; Gerten et al., 2004, 2008;
services usually hydrological models are applied (Vigerstol ordon_et al, 2(.)04; Biemans et al., 2009). .

X The river routing module of LPImL (described by Rost et
and Aukema, 2011), which are, for example, WaterGAP (Al- al., 2008) assumes a surface water storage pool for each grid
camo et al., 2000; Bll and Zhang, 2010; Bl et al., 2003), " gep 9

oM [kt o o 1650 ar SOAT (ot ard Frr, 2 ereSTIT evater sorag nd totion o s
2005) and VIC (Liang and Xie, 2001; Liang et al., 1994). ' 9 g

A disadvantage of these models is that they do not incor'S represented as the runoff generated in the cell, the input of

orate explicit simulation of vegetation dynamics which aredischarge accumulated from upstream grid cells, the output
P P 9 y - to the downstream cell, and the outflow of lakes in the respec-

a{gsjs\?:tgaﬁg;t ;r]: dt?]e dvrv(;ellger Cr>rl1co|3.elvl\_/$> .Jun?ﬁ (tggn?g;ng:five cell. The output to the downstream cell is determined
9 9 y 9y as a linear transport of discharge, depending on the routing

al., 2007; Gerten et al., 2004; Rost et al., 2008; Sitch et al. . : .
2003), which has been improved for regional application to\/elocny (v) and the distance between the midpoints of the
' connected cells. Earlier versions of LPIJmL used a globally

the Amazon Basin and includes the dynamic and spatially ex;

plicit reproduction of the specific hydrological patterns of the hor_nogeneoqs.roupng velocity of 1 mS(Rost et aI._, 2008),
L o . . hich had difficulties to reproduce the Amazonian hydro-
main river stem and its tributaries. These patterns consist o

seasonal discharge, time and duration of low/high water peri-graph’ with shifts within the hydrograph of several months.

. . In a former study we already improved the reproduction of
ods and the changing extent of the flooded area during thos&;}e hydrograph gy applying ?; hol?nogeneouslypreduced rout-
periods. LPIJmL combines dynamic terrestrial vegetation de—ing velocity of 0.25ms? to the Amazon Basin leading to
velppment with carbon .and water cycles, T_h|s enab_le; us tosubstantial reductions of the shift for several observation sites
estimate not only the direct effect of changing precipitation Langerwisch et al., 2008). Our new approach is to use het-
and temperature on discharge but also to include the indirecﬁ N ;

. - grogeneous routing velocities which take topographic differ-
effects of these changes on vegetation cover and type, whic e .
) . ences within the Amazon catchment into account for further
in turn alters runoff and discharge.

The main goal of our study is thus to understand and quanlmprovement of the hydrograph.

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-

Hydrol. Earth Syst. Sci., 17, 22472262 2013 www.hydrol-earth-syst-sci.net/17/2247/2013/
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Table 1. Slope classes. Table 3. Landform types with corresponding slope and mTRMI.
Sloperange Class Landform type Slope range  mTRMI
< 15° 5 valley flats <3° >22
; 1.5<3° 4 nearly level terraces <3° <22
- 3_<go 3 gently sloping toe slopes, and bottoms > 3— 10° >18
o 6—2 10° 2 gently sl_oping ridges > 3—< 10° <18
- 10:< 35 1 very moist steep slopes >10—< 35° >18

= moderately moist steep slopes >10—< 35° 11-17
> 35 0 dry steep slopes > 10—< 35° <10

Table 2. Relative slope position classes. )
based on the work of Burrough (1986). We apply the median

Distance range ~ Class of all subcell values to aggregate the high resolution slope to
a 0.5x 0.5° cell slope. Subsequently, we calculate slope de-

21125‘22‘?'3 ig pendent routing velocity [ms~1] (Eq. 1, Fig. S1) based on
2140 colls 13 the Manning—Strickler formulation:
41-60 cells 12 - 1 X
61-80 cells 11 v= (tan(S x —)) %k x RS, (1)
> 81 cells 10 180
wherek is the Manning-Strickler coefficient [Hf s~1] de-
scribing the roughness of the area. For natural rivers this
2.1 Calculation of routing velocity and potential value ranges between 28 and 48#s 1 (Patt, 2001). Due
floodable area to the lack of detailed cell specific information we et

35m3s1. R is the hydraulic radius [m]. It describes the

We extend on earlier work (Langerwisch et al., 2008) andratio between the cross-sectional are#][and the wetted
take topography into account by calculating cell specific perimeter [m] of the channel. In wide and shallow waters
routing velocities, which are comparable to river flow veloc- jt corresponds to the depth of the water. It is higher in nar-
ities. In the model, the routing velocity is used to calculate row and deep river sections and lower in wide shallow river
the distance that runoff water can move within a time stepsections, but cell specific information fat are not avail-
(see also Rost et al., 2008). We also estimate the extent gfple, therefore we neglect the influence of this factor and set
potential floodable area and monthly flooded area. R = 1.0m. The median of the calculated routing velocity is

We use a digital elevation model (DEM) provided by the 0.25 ms1. We included an analysis to estimate the sensitiv-
WWEF database HydroSHEDS (WWF HydroSHEDS, 2007) ity of the calculated routing velocity to and R. We varied
at a resolution of 15arc seconds longitude/latitude, corre+ between 28 and 40+ s~1 (with a constant? = 1.0 m),
sponding to approximately 460 m edge length in the study rewhich lead to median routing velocities between 0.20ts
gion, to calculate the routing velocity and the floodable area(—20.0 %) and 0.29 m&" (+16 %). We varieck between 0.2
We apply grid-based elevation data (instead of elevation datand 1.2m (with a constart= 35m‘3s1), which lead to
of the actual gauging stations) to obtain a continuous spamedian routing velocities between 0.09Thy—64 %) and
tially consistent basis for our calculations. The DEM eleva- 0.29 ms? (+169 %). Additionally, we tested all possibte

tion represents the top of the canopy, which-i80m lower  andRr combinations in the range given above (see Fig. S2).
than the actual ground elevation (Anderson et al., 2009). For

the Amazon Basin, we assume this to be a systematic er2.1.2 Floodable area

ror in the DEM elevation and use it directly for calculating

the routing velocity. The calculations of the routing veloc- As a basis for the calculation of inundation, we first estimate
ity were conducted applying well-established techniques (forthe potentially floodable area by applying the same DEM
details see Supplement S1 and S2). The data were processe@ed for the routing velocity calculation (see Sect. 2.1.1).
at the original resolution of HydroSHEDS. Final results are We determine a modified Topographic Relative Moisture In-

re-sampled at 0%5x 0.5° (longitude/latitude) resolution. dex (MTRMI) based on the work of Parker (1982) on the
native resolution of the DEM (15 arc seconds). This index
2.1.1 Routing velocity is applied to classify structural landscape conditions which

can be arranged in 7 different landform types, suchadiey
Based on the DEM we calculate the cell’s slope and the corflatsanddry steep slopelso see Tables 1-3). It uses sev-
responding routing velocity (details see Supplement S1 anceral weighted geomorphologic characteristics such as slope,
S2). The calculation of the high resolution slapflegree] is  slope steepness, slope configuration, relative slope position,

www.hydrol-earth-syst-sci.net/17/2247/2013/ Hydrol. Earth Syst. Sci., 17, 2222262 2013
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Table 4. List of the 24 IPCC coupled general circulation models

| ] 1 |
(GCMs) used in this study. Details for the climate models see IPCC _ i
2007 AR4, chapter 8 (Randall et al., 2007). ; ; 293 5 ;
0 I e N e S IR IR W L
Model name E : 5 ’ i 3510/423640 E
BCCR-BCM 2.0 INGV — SXG ; Vi 2 20146
CCCMA-CGCM 3.1 (T47) INM-CM3.0 -5 IR O S I o
CCCMA—-CGCM 3.1(T63) IPSL-CM4 ; ; 7 ! e o |
CNRM-CM 3 MIROC 3.2 (hires) : ¥ 4 2 e :
CSIRO - Mk 3.0 MIROC 3.2 (medres) ST T S UL BN R R S S as
CSIRO -Mk 3.5 MIUB — ECHO-G E E 31/32: 1 12 E
GFDL-CM 2.0 MP| — ECHAM 5 5 ; 5 s, * ;
GFDL-CM2.1 MRI- CGCM 2.3.2a 15 * Do b s
GISS — AOM NCAR —CCSM 3 : Vs : :
GISS —EH NCAR — PCM 1 R A ® : :
GISS - ER UKMO — HadCM 3 P S00km % Ny . Ll
FGOALS —g 1.0 UKMO — HadGEM 1 : . ; , : , :
=75 -70 -65 -60 -55 -50

| ! ! L | | | Fig. 2. The 44 sites used for comparison of observed and simulated
: discharge.

The second summand is classified slope configuration
(EQ. 2, Scont,,)- Slope configuration describes the convex-
3 ity or concavity of the land surrounding any grid cell, based
on the change in elevatiafi [m] from cell; ; to all cells lo-
cated at the edge of thex55 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
1 class—1 (convex topography); slice 5 to class 0 (flat topog-

. raphy); slices 610 to class 1 (concave topography).
G i i e e e S St o The third summand is relative slope position (Eq. 2,
75 -70 65 80 55 50 Sposasd d€sCribing the distance of the gellto the closest

ridges and streams. We assign the distance [cells] to 6 relative
Fig. 1. Simulated mean discharge [Io&rssrl] during June, aver- slope position classes (Table 2).

aged over the ref_erence pe_riod 1961-1990. The white crosses indi- From the slope classes (Eqs. S1-S3), the slope configu-
Icgtilt)h Zﬁggﬂsjzge&g r:gell(r)oac:]c()ji;l)(CdS, ID3), Porto Velho (PVyyation classes (qus. 85—89() ind the re)lative sloge posit?on
' ' ' classes (Egs. S10-S11) we calculate mTRMI (Eq. 2). We
sum up classified slope (0 to 5), classified slope configura-
and aspect which can be calculated from the DEM. We usdion (=1 to 1), and classified relative slope position (10 to
the resulting landform type valley flats as potentially flood- 22)- The MTRMIranges from dry to wet (9 to 28), describing
able area. site conditions.
In our study, mTRMI is the sum of classified slope, classi- Ve generate amap (15 arc seconds resolution) of landform
fied slope configuration and classified relative slope positionfyP€S by combining slopgand mTRMI. For this purpose we

(Eqg. 2, see below for definitions). group sites with defined mTRMI and slope to certain land-
form types (details in Table 3). Finally, we use the landform
MTRMI = Sclass+ Sconfigae + Sposace (2)  typevalley flat which is potentially floodable area, to cal-

culate the fraction [%] of floodable area for each £.6.5°

We neglect aspect because differences between north argtid cell.
south facing slopes are insignificant in the tropics (compare We then calculate the fraction of continuously flooded area
to Donnegan et al., 2007). A detailed description of the calcufrom the potentially floodable area (per &®.5° cell) from
lation of MTRMI summands can be found in the Supplement.the work of Richey et al. (2002). They estimated that during

The first summand is classified slope (EQ.S2as9. We low water stage about 4 %, and during high water stage about
use the previously calculated slope values and slice them i16 % of a 1.77 million krd quadrant of the central Ama-
six slope classes (Table 1). zon Basin is covered with water. This means that 25 % of

Hydrol. Earth Syst. Sci., 17, 22472262 2013 www.hydrol-earth-syst-sci.net/17/2247/2013/



2251

wspuad

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

{(UU500X2¢g0)/INSH)00T =TINSH-N ‘0 S!'w'd ‘o9 ‘(€66T) Japng pue Jakei 0 s "wrd ‘o ‘(2002) e 19 JouydefT s! (w-d) yorew 108p19d ‘0—T abuel ‘(¢86T) HOWIIM 1

T st 'wrd 'T-0-1(2002) 'e 18 48uyder 69 98s T st "wrd ‘T-00{0.6T) SYIOINS pue YSEeN 4,

Hydrol. Earth Syst. Sci., 17, 2247262 2013

(8v2°0) 806°0 (et 1) 8ES0tO9TY) 2G'SE  (2€T°0) 0200  (922°0) €180 far4-14 Y6EVT T 786 92 0198 £00T v SIaNY  TZeS— ze— elweyy 9y
(8€8°0) L£8'0 (805°0) 9050 (89:02) 220z (£81°0)88T°0  (¥S8°0) ¥S8'0 122 s 0 4°14 8L ST ¥ SIQNY  STL9—  2E9T— sojusureg eliA - Sy
(¥88°0) ¥88°0 (ST¥'0-) €TY'049282) ¥2'82  (800°'T) 86T'0  (295°0) 2950 6581 61S T ¥198 €T€C voy ¥ Slany  §5°29- SSYT— eleg [apoisobuy v
(267°0) 26T°0 (210'5-) v66'v— (€v'€S) GE'ES  (00'T) 600T  (25€°0) 2SE°0 0€T S 0 144 T 4 ¥ Slany 2099-— v0'LT— [€10007 €V
(zev'0) 088°0 Yuzsa—  (ev'8e)e6LT (56600 ¥66°0  (929°0) TT6°0 YEE V6T 9/T8YT 1950€ 0009v¢ 9€0 95T LTISTL 95 N G565~ 16 T— sopiq0  zv
(L€L°0) 2€6°0 (020°0) €09°0 (96'82) 7’81 (L2T°0)¥60°0  (¥28°0) 2€6°0 T8EYS 790 LT r2e G/68€E 6€S LT €5.€ TT  SIaNY  T6'€9—  92°8— oyjeA oMod Ty
(zv00)2v0'0  (609°€6-) Zvy 29 0rT) LL'6ET  (TOO'T) 660 (620°0) 6200 Sevy 0€6 v 8€6 95T vz €2 133INV  2LES— ro— einbed epuszeq oy
(05e'0-) Zve'0— (28219 TTLTH98°0V) TEOY  (166°0) 860  (6T2°0) 220 1261 8ce 0 ¥S9T 08y T 9T 133aNV  LT¥S—  8LTT— sjuesnr wabeueg  6€
(SST°0-) EVT0— (865°€-) TrG'e~18'Gv) 25y (9v6'0) TL6'0  (L¥2'0) 2520 z1et 18T 0 509 STT T 9z 133ANV  S0'95— ST'ET— seonq  ge
(e6€°0) 26€°0 (9,5'8) T09'8Hr9°0v) 69°0r  (200'T) €00T  (€9€°0) £9€°0 1621 1474 0 zTL ras 1§ Z¢ 133INV €S- 8SET— lopeouoy opod L€
(662°0) 90€°0 (¥9r'9-) TrS'9«19v9) 5679  (¥9v'0) 99v'0  (28€0) S8E0 TT0E €19 € 1521 29¢ 88 9T 13INV  €8%G— LST— oussju| opedog  9¢
(zve0) ove'0 (8v8'z) 618 CHv8'EY) L9EY  (£66'0) 9950  (861°0) 8670 1122 19¢ T 696 vSC 1T 2z 13ANV L0726 16'0— eolabuy ep oeis3 G
(T70°0-) L20'0—  (TE€E'LS) 689'96£0°2ST) €2TST  (226'0)266'0  (YTT°0) 8TT'O 86€€ 086 9 6€8 €T 0 2z 133ANV  §6'85— G/'9—  UNpUNdINS Walees e
(L19°0) 269°0 (£21°0-) GET'0ATT'8T) 8L'LT  (€86'0) 6260  (095°0) 2250 Sve9 ¥98T 9 0L0TE S9vS 514 62 133NV €09— 89'L— equen opedog €€
(679°0) ¥59°0 (ev0°0-) 820'0€2°92) ¥0'9z  (166'0) 200T  (¥82°0) 98L°0 1122 66Y T L09T 44 44 vz 133NV ZT9— S9TT— ousng eluswld €
(Tv9'0) 879°0 (e6T°0-) 68T°0602€) 20'2E  (¥98°0) L96'0  (0T9°0) TT9'0 L1ee 805 T oszy 6ZvT 76 6T 13ANV  €2T9— 6TT—  elonewld elsoyoed  Tg
(€28°0) 5€8°0 (e60'€-) 186'2{€6'87) 92’8y (886°0) LvZ2'0  (929°0) ¥89'0 18€T 1€ 0 ¥29 90z St LT 733NV 2L'€9- T6— |ages| ejues  0g
(¥S°0) 52570 (905'6-) 88L'8(18'€9) 29'T9  (866°0) 1850  (60Y°0) TEV'O Lvee 99 4 €ETT 092 98 v 133NV LvE9— S0'6—  9nwes op eldoydeD 62
(065°0) 6650 (Szee) 09z eHLL'9v) eroy  (986°0)T9Z0  (265°0) 9650 v9€T S%9 0 8€EET e 144 2T 133ENV ET'E9— 16— soleD OeS 82
(€29'0) 2290 (861°0) T02'0H2z'92) ¥e'9z  (€92°0) ¥9z'0  (0T9°0) 0T90 vly €z1 0 GETT cze 8z TT 733NV L629—  €0°0T— sawanbuy /g
(1T0£°0) TOL'0 (L6€°0) L6E0 (r2'81) €8T  (€66°0) LLZ0 (1€8°0)TE80 192 002 0 198 1474 T 2T 133ANV SPv9-— €0°0T— [endwed 9z
(r¥S°0) 095°0 (€T2'0-) 25T0—(28'92) 6T'9z  (200'T) €860  (¥2L0) SELO 6201 99T 0 [473 LT T lz  133ANV  L6'6G— 20'ST— 0Ss019 O)eN G2
(Lev0-) Lev'0— (9e6'1) 9e6'T252e) eGze  (686°0) L66°0  (892°0) 8920 615 €TT v 256 102 og €2 133ANV  €r09—  S6E— 0OBJUOD 0P BIOBN 172
(289°0) 159°0 (zLT0-) L8e'0f9v€e) e5'Ge  (ELr'0) v6v'0  (S8L°0) 9520 S6LL 1621 4 2597 Y0ET 29T €T 133NV S0T9—  GFE 9pepON €2
(£12°0)€8L°0 (v0£°0) L6V°0 (LG6T) 99T  (S8€°0)T66'0  (VE8'0) 5280 5569 G292 95T 5685 6572 65T 0z 733NV LT'69— G50 noeen  zz
(¥89°0) 662°0 (z1€°0) 2250 (0T'6T)90'ST  (226'0) 6,60  (¥18°0) 2.8°0 15081 0959 6v7. 000.T 90vL ozet 6T 133NV 2€L9— LSO adijp4 oes T2
(¥12°0) T98°0 (zeT'T-) 825°0€52.'68) G2'0€  (866'0) T86'0  (6TL'0)86L°0 1/8TS zeevt 16 862 2¢ 6098 808 lZ 33NV 2ees— ze— elweyy 0z
(699°0) 282°0 (e2T'1-) 065°0406'9€) €6'T€  (200'T)886°0  (002°0) €LL°0 GSLST (01447 1z 72 0T 155¢ TL 6T 133NV SOPS— 1SV~ oopelpad 6T
(659°0) 922°0 (09v°'8-) 890'2+468'22) 2€'29  (000T) TTZ0  (€87°0) O¥S0 1968 89vC 4 89vE 168 6¢ €2 13ANV  EVPS— LS~ wnow 8T
(LT2°0) 2980 (€9z'2) 8151492’ TY) vz'9€e  (200'T) G66'0  (€£9°0) TSL'O 692 € zvs8 (014 81881 z€es 6GL 2z 133NV 88'25— 8€'G— ajuozioH oppg LT
(879'0) SS2°0 (r26'T-) T€E'THOV €E) LG62  (0G6°0) ¥2EO  (9¥9°0) ¥2L'0 vZLTE €96. 6 09912 8805 169 €2 733NV S0'2S— 85'9— nbuix op xijo4 oes 9T
(§220) 2280 (699'T-) G52 TET'SY) 8v' Ty (686°0) 9660  (622°0) 922°0 6TZ8Y 68Y T 0e Y€€ 92 06.0T 679 2z 133ANV €8'9G— ST'G— eqorer ST
(€69°0) T62°0 (Lv9z) TeozHeT6y) 18y (996°0) ¥86'0  (099°0) STL'O 44444 T08S 6 S9€ 0T 6G.€ 62y ST 733NV 88°.G— €9'L— seueysall ¢
(659°0) ¥29°0 (s¥z'0-) 00z’ 0€0S5¥2) SO'vz  (200T)¥0E'0  (SEL0) 2PL'0 668€ 589 0 S9vE syTT 0Le 0Z T33ANV  ZY'SS— €T0T— 02%9pul €T ~
(912°0) €820 (zzs'01-) 6v6'8465°€L) 6€'89  (296°0) 9¥2'0  (00S°0) TvS'0 YEV9 51441 4 1822 S18 vee 02 T33ANV  LL'SS— SLTT— oeJsleoyded 2T B
(€99°0) 8€L°0 (668'6-) 881'8+498'22) 6v'TL  (Sv6°0)986'0  (T0S0) L¥S0 8rey 1201 T 20T 29L €€e Z¢ 133ANV €27.5—  S9TI—  SOyone9 sopouod  TT o
(927°0) 898°0 )@Ea—  (92°08)80°LT  (S66°0) 9660  (€T9°0) €280 YEE V6T vE8 YT 8sLeTy 8T€90€ 9692LT 209SL 8¢ 133INV  S05'SS— 61— sopiq0 0T ~
(062°0) L98°0 (Oragmo- (§6'52) 2Tz (S566'0)TOOT  (€18°0) 898°0 96€ LT 189€ 9T 8LTTT 8682 vve 0 133NV ETT9— 8T rejesered 6 ~
(899°0) z€8'0 (522°0) 679°0 (Le02) T2€T  (200'T)T62°0  (218°0) 0T6°0 9/95¢ G/6ST 98ve ¥EY 0E 086 GT 665 0z 133NV €8'%9— Sr0— 'YULIRS 8 <
(999°0) 528°0 (Oregzn- (rT'0r) 09°0€  (166°0) €660  (TLL°0) 298°0 66.22 29 10T 6ELTT 46 €zL 0  T3IANV 89— Sz L— ealgR] L N
(152°0) 0T8°0 (damo6 (zeoe) oz (v26'0)Sv20  (€6L°0) GE8°0 6.5€ €18 8 2902 €89 12 0E 133NV 8E'L9— S0'6— ojoxiad ouelol4 9 N
(85€°0) ¥15°0 (TL¥°0-) 02T 0(E5'G2) 92z (€56°0) 1660 (2T9°0) €690 28852 T191T 5562 €€552 8LLET 0062 €2 133NV §599— 81— Ineuedy g N~
(2590) 928°0 (508100 (¥6'9€) G062 (€66°0) Y960  (¥SL°0) G58'0 898.1 €895 15T 2€66 zeLy €09 €2 133INV  §L'99— €8y— oeine ¥ m
(962°0) 6€8°0 (€ST°0) 99€°0 (52'22)89'6T (866'0)€92°0  (878°0) 088°0 68y 90TT ve 2662 106 SL 62 T3ANV  L92L— 29'L— NS op oudZNI) € [45)
(¥69°0) T08'0 (Se5'T-) 09€'T(96°GE) 0LvE  (996°0) 220 (065°0) £09°0 LTLSS 0,292 €TI0V 0Tv8L vy oy 2Lest €2 13INV  GL'89— Ly'€— BOUSNIO 9p Ojned OeS ¢ c
(829°0) 16270 (E@ome- (G°22) LzTe  (L9€70)€00T  (€6L°0) 0280 0LzL 2652 SST 6vLY 8152 €6T 9T 133ANV €60~  LEV— osnodsy op oeis3 T m
(;SWo'T) (;SWoT) [;-sewl [1-s¢wl [1-s¢w] [;-sguwl [y gwl [y gwl 0
"PIS guaIdIYL0 (;SwoT) pPIspLwaaIbe abreyasip abreyasip abreyasip abreyosip abreyosip abreyosip ..&
uolre|allod (;sw 0'T) (;sw 0°T) ‘PIS ‘pIs N>_m:O 10 xapul [enuue xew |enuue uesw [enuue uiw |enuue xew  [enuue uesw [enuue ulw  sreak 'sqo >
uosread  pIs PHIOINS-YseN [%] GSWY-N o Joug SJI0W||IM pare|nwis pare|nuis palenwis pan1asqo pan1esqo panlasqqQo JlequinN  aseqeleq  apnnbuo]  epniye uonels Al 5
=
"S12X0eIq UISW 0°T J0 AN00j9A Bunnos snosuafowoy yum (sw ') Bumss feulflio pue Anoojaa Hunnol %
adojs yum ('pis) uone|nwis prepuels ayj 1oy uanib are sadipu| ‘(1 pue g 'sbiq os|e 8as) pouad uoieAIasqo ay) 1o} abreydsip palenwis pue paniasqo Jo uosuedwo) g sjgel o)
S
©
>
<



2252

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

39009 station ID 13 Station ID 14 483809 station 19 15
77059 Station ID 1 Station ID 2 Station 1D 3
3120 o 18569 - 38710
6195 63447 - 3702 4
2340 13929 - 29040
4685 48477 2782 -
1560 - 9289 19370
31754 33507 | 1862 o
780 4649 9700 -
1665 o 18537 - 942 -
o 94 304
155 - 3567 - 224 BRERBEEREE RBERR) T T ARARRRERREEES ]
T ASBRARERARERAEEEaEEaEnl ARARARRASARARRARARRRRAEAR AR 1975 1979 1983 1 1991 1995 1975 1078 1981 1984 1987 1990 1973 1977 1981 1985 1989 1993
1980 1983 1986 1989 1992 1995 1973 1977 1981 1985 1989 1993 1967 1972 1977 1982 1987 1992
27373 = 4406 - Station ID 16 Station ID 17 Station ID 18
Station ID 4 Station ID 5 Station ID 6
28686 32055 7965 -
14324 22413 | 3526 o
21516 24045 o 5975 -
10774 17453 o 2646
4346 R g
7224 4 12493 o 1766 - 14046 16035 39088
7176 4 1 4
674 7533 4 . 176 8025 1995
124 2573 6 el e S g .t i el
1972 1976 1980 1984 1988 1992 1973 1977 1981 1985 1989 1993 1967 1972 1977 1982 1987 1992 1997 1075 1979 1963 1987 1991 1995 1076 1980 1984 1988 1992 1996 1075 1979 1963 1987 1991 1995
17077 4
Station 107 382841 sation D8 Station 100 Station ID 19 Station ID 20 Station ID 21
19581 - 31204 | 17491 4 13667 1 45391 4 15629 7
14711 24304 o 13121 10257 4 34081 12059
9841 17314 o 8751 4 6847 4 22731 1 8269
4071 10324 - 4381 3437 o 11401 4519
1014 3334 4 114 27+ 714 749 -
ARAAARARAARARASARRARARRRRARRSA) ARERSARRREERsEE ] AR ARSARARSARAR RS SRR RRRS) S S B L L AALLALARSAALL AR AALS AL LS L L R
1967 1972 1977 1982 1987 1992 1997 1977 1981 1985 1989 1993 1997 1967 1972 1977 1982 1987 1992 1997 1976 1980 1984 1988 1992 1971 1976 1981 1986 1991 1996 1978 1982 1988 1990 1094
06317 9 station 1D 10 Station ID 11 Statiop ID 12 Station ID 22 88029 station ID 23 Station ID 24
49917 4 3841 4 5360 5816 7042 764
93517 2881 4020 4386 5282 - 574 -
37117 1921 4 2680 2056 3522 - 384 -
80717 961 1340 4 1526 - 1762 - 194
24317 - 1 o4 96 - 24 4
1968 1973 1978 1983 1988 1993 1973 1977 1981 1985 1989 1993 1975 1979 1983 1987 1991 1995 1977 1981 1985 1980 1993 1997 1975 1978 1981 1984 1987 1974 1978 1982 1986 1990 1994
Station ID 25 8507 station ID 26 Station ID 27
Station 1Y) 37 12009 station ID 38 1900 9 station ID 39
880 680 4 920
1040 4 960 | 1520 o
660 510 4 690
780 - 720 o 1140 4
440 4 340 460
520 - 480 o 760 -
220 4 170 - 230
260 240 4 380 -
o o
1975 1980 1 1990 1995 1977 1979 1981 1983 1985 1987 1989 1977 1979 1981 1983 1985 1987 L Bt N etttk lffdiofihdhdbodiethholbofidhustol
Station ID 28 2300 sation 1D 20 Statidn ID 30 1973 1977 1981 1985 1989 1993 1972 1977 1982 1967 1992 1997 1973 1976 1979 1982 1985 1988
Stafjon ID 40 552879 station ID 41 Station ID 42
1920 1840 1120 4
3724 4 44287 256340
1440 4 1380 o 840
2794 4 33287 o 196310 -
960 920 4 560
1864 4 22287 136280 -
480 4 460 280
934 o 11287 o 76250 -
[ o [
T T T T r T T T d T T T 2874 16220
1970 1972 1974 1976 1978 1980 1982 1993 1994 1995 1996 1997 1980 1983 1986 1980 1992 1995 | T T
31054 1969 1971 1973 1975 1977 1979 1928 1938 1948 1958 1968 1978
Station ID 31 ation ID 32 Station ID 33
120, Staton D43 86119 station ID 44 2509 station ID 45
3440 1800 - 24844 4
6891 - 200 -
2580 - 1350 - 18634 1
5171 4 150
1720 4 900 12424 60 -
3451 4 100
o- pRgALLLALLLLL LU LALLL LA Al b LI B 114 o
1978 1982 1986 1990 1994 1973 1977 1981 1985 1989 1993 1997 1969 1974 1979 1984 1989 1994 1o%6 1977 178 1e7e 1980  1e76 1977 1avs  1o70  1s80  1e76 147 1e78 1970 1980
i 3003
Station ID 34 Station ID 35 Stajion ID 36 Station ID 48
2920 4 1800 - 2403 37346 -
2190 4 1350 4 1803 4 20045 observed discharge
simulated discharge with
1480 900 4 1203 4 18746 - routing velocity of 1.0 ms™'
730 4 4504 603 4 46 — simulated discharge with
slope depending routing velocity
J 146 -
S EBRRRERREEEEEERE Rz ] BEERRRER T AR A N e e r T T r 3
1973 1977 1981 1985 1989 1993 1973 1977 1981 1985 1989 1993 1976 1979 1982 1985 1988 1991 1976 1977 1978 1979 1980

Fig. 3. Observed and simulated discharge’gnl] for all 44 sites. Observed discharge as solid grey line, simulated discharge with routing
velocity of 1.0ms 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 numbe
in Fig. 5.

Floodplain
Source R North-west corner  South-east corner  area [Ekm?] fraction [%0]
published calculated published calculated

Richey et al. (2002) 1 q72° W 8° S/58 W 290.0 239.5 16.3 13.5
Melack et al. (2004) 1 U72*W 8° S/548 W 190.3 239.5 10.7 13.5
Hess et al. (2003) 1 W2 W 8° S/I58 W 303.0 239.5 17.0 135
Hamilton et al. (2002) 2 2S/70 W 5° S/52W 97.4 914 14.6 13.7
Hamilton et al. (2002) 3 12S/68 W 16° S/61° W 92.1 49.4 27.4 14.7

the high water flooded area is also covered during low waterclimate model bias for the reference period (1961-1990) as
We therefore assume that 25 % of the potential floodable arethe difference (for temperature) or the ratio (for precipitation
is continuously covered with water. and cloud cover) of the 30yr means of climate model out-

Estimations of the inundation with models and/or remote put (24 climate projections from IPCC-AR4) and observed
sensing has, besides Richey et al. (2002), already conductedlimate (CRU) for each month and each grid cell. With this
for example, by Alsdorf et al. (2007, 2010) and Bates andapproach climate model bias is removed and the climate in-
De Roo (2000). A comparison of remotely sensed inunda-put for LPJmL is standardized (Rammig et al., 2010).
tion and modelled inundation has been conducted by Wilson To get quasi-daily values, the monthly values of tempera-
et al. (2007) and Bates (2012). These studies also discuss thare and cloud cover are linearly interpolated. Daily precipi-
applicability of modeling and remote sensing to the inunda-tation amount and distribution of wet days to calculate core
tion estimation. Due to the high spatial and temporal vari-processes such as photosynthesis, water fluxes and vegeta-
ability in large catchments these methods are excellent toolson growth, are inferred using a stochastic method (Gerten
to investigate inundation patterns. et al., 2004). This method of using monthly inputs and recal-

The actual monthly flooded area is calculated by assume<ulate them to quasi-daily values is used in most large-scale
ing that under current conditions (reference period 1961-multiple-scenario studies (Alcamo et al., 2003; Biemans et
1990) the floodable area is totally covered with water if the al., 2011; Rost et al., 2008). Whether the treatment of climate
reference mean of the maximal monthly discharge per yeadata, with the present implementation of the weather gener-
(i.e. high water stage) plus the standard deviation for this peator in our model, significantly affects simulating results rel-
riod is reached. Therefore, it is possible that more than theative to the climate change signal is being investigated in an
maximal floodable area is flooded during anomalously highon-going study (Gerten et al., 2012). Soil information is de-
water discharge years. rived from the FAO global database (FAO, 1991; Sitch et al.,

2003).
2.2 Data and simulations
2.3 Model evaluation and projections

LPJmL isruninits natural vegetation mode at 8.8.5° spa-
tial resolution for the period 1901-2099. Transient runs are2.3.1 Current conditions
preceded by 1000 yr spin up during which the pre-industrial
CO; level of 280 ppm and the climate of the years 1901-1930We compare observed monthly discharge from the “River
are repeated to obtain equilibrium for vegetation, carbon andischarge Database” of the “Center for Sustainability and
water pools. the Global Environment” (2007) with simulated monthly dis-

For the model evaluation we perform model runs usingcharge at 44 sites for corresponding time periods. Addi-
climate forcing data from a homogenized and extended CRUionally, to the simulation with the improved slope depen-
TS2.1 global climate dataset covering the years 1901 to 2008ent routing velocity, we also compare the simulated dis-
(Osterle et al., 2003; Mitchell and Jones, 2005). For the pro-charge calculated with the original LPJmL routing velocity
jections we take climate forcing data from 24 coupled gen-of 1.0 ms 2. This shows the improvement of the introduction
eral circulation models (GCMs, Table 4) chosen for the 4thof the slope dependent routing velocity. The observed and
Assessment Report of the IPCC (Nedunovt et al., 2000; simulated discharge for the 44 observation sites (Fig. 2) are
Meehl et al., 2007) calculated under the SRES A1B sceshown in Fig. 3 (details in Table 5). We evaluate the quality
nario. Since all current climate models show considerable bi-of our model simulations with the Willmott’s index of agree-
ases for the Amazon Basin, we apply an anomaly approaciment, which ranges from 0 to 1, with 1 indicating complete
(Rammig et al., 2010). The anomaly approach determines thagreement (Willmott, 1982) and the error of the qualitative

www.hydrol-earth-syst-sci.net/17/2247/2013/ Hydrol. Earth Syst. Sci., 17, 2222262 2013
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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 dischargf’es[’rﬁ], 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, o !
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., -10 r----=-- -1
2002; Melack et al., 2004; Lehner an@I) 2004; details in ' '
Table 6 and Fig. 5).

-15 -,

2.3.2 Projections

500 km '
=20 - - e T PR O OLERREETEEt ] o

Future changes in inundated area, duration of inundation, anc . s A e e e .
high and low water peak month are evaluated by comparing

the years 1961 to 1990 (reference period) with data from therig. 5. Fraction classes of floodable area per cell. Class 1 repre-
last 30 model years 2070 to 2099 (future period). We ex-senting< 5 %, class 2 representirng5-10 %, class 3 representing
tend our analysis to identify changes in frequency of extreme> 10-15 %, class 4 representingl5-45 % of floodable area. For a
events (i.e. droughts and very high floods). In this context, wecomparison of simulated floodable area with floodplain area (rect-
define “extreme flood” as the flooded area being larger tharn9les R1-R3) see Table 6.

the 30yr 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.

Hydrol. Earth Syst. Sci., 17, 22472262 2013 www.hydrol-earth-syst-sci.net/17/2247/2013/
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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 changéghian in

R (for details see Fig. S2). Depending brand R, the cal-
culated basin wide mean velocity ranges between 0.07 and
0.33ms1, while the applied velocity is 0.25 ms.

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

(b) a decrease of mean annual inundated area per cell. The propoanalysis to estimate the sensitivity of the routing velocity to
tion represents the agreement between the 24 model runs showirgnd R (see Supplement S1). This in combination with the ef-

an increase or a decrease in inundated area, respectively.

3 Results and discussion
3.1 Current conditions

3.1.1 Routing velocity

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

The calculated routing velocity is highest in the Andean re-to scaling effects the model underestimates, however, the dis-
gion, where the slopes are steepest, and lowest in the depresharge at several sites (Fig. 3). These scaling effects may in
sion of the basin (Fig. S1). Both the Guiana Highlands andpart be caused by the averaging out of the high discharge in
the Brazilian Highlands (north-west and south of the mouth,cells that do not fully cover the measured river reach as well
respectively) can be identified with a slightly higher veloc- as the false estimation of sites which belong to the same sim-
ity than the lowland. For the three example sites Cruzeiroulated cell. This problem could be overcome by applying the
do Sul, Porto Velho an®bidos, we calculate routing veloci- model on a smaller scale or by including a larger amount of
ties of 0.25 ms?, which agree with those reported by Birkett measurement data, if available, to better represent the aver-
et al. (2002) and Richey et al. (1989) who measured a flowage discharge of the certain area.

velocity of 0.35+ 0.05 and 0.3 ms!, respectively. A sensi- In our further analysis of shifts of high and low water peak
tivity analysis carried out to estimate the effect of alteRed months due to climate change, we compare the simulated
andk values (Eqg. 1) on the routing velocity showed that the peak month during a reference period with simulated peak

www.hydrol-earth-syst-sci.net/17/2247/2013/ Hydrol. Earth Syst. Sci., 17, 2222262 2013
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Fig. 8. Proportion of models in agreement [%)] in a forward skéft c) and backward shifth, d) between future and reference period of at
least 3-months of high water peak moiféh b) and low water peak montte, d).

months during a future period. We are therefore confidentindex of agreement is in 23 of the 44 sites (52 %) larger than
that the small deviations to earlier peak month in the model0.7, compare to 18 sites (41 %) simulated with the original
will not affect the calculated differences between referencehomogenous routing velocity of 1.0 ms(Table 5). The er-
and future period. ror of the QualV is in 18 sites (41 %) smaller than 0.5, com-

In our work we simulate the discharge for sites with pared to 8 sites (18 %). For the three example sites Cruzeiro
less than 10fs! as well as sites with more than do Sul, Porto Velho, an®bidos the Willmott's index of
100000 ni s~ mean June discharge (see Fig. 1). Concern-agreement is 0.88, 0.93, and 0.91, respectively. The error of
ing this wide range of discharge within the basin, the repro-QualV for these sites is 0.26, 0.09, and 0.99, respectively. It
duction of the overall discharge pattern is unprecedented fohas to be taken into account that for this analysis the model
a model with predictive capacity. We reproduce the order ofwas run in its natural vegetation mode. It is known that defor-
magnitude of discharge and regarding the standard deviatiorstation changes the hydrological flows, e.g. due to changes
of the observed discharge, we see that our model results can surface runoff (Foley et al., 2007). This might lead to small
reproduce the discharge in low, medium and high dischargaifferences between observed and simulated discharge.
sites.

For the comparison of observed and simulated discharge3.1.3 Floodplain area
for all 44 gauging stations, we calculated Willmott’s index of
agreement, error of qualitative validation, normalised RMSE,A comparison of floodplain area in three part of the basin
Nash-Sutcliffe coefficient, and the Pearson correlation coefshows that calculated floodable area agrees with published
ficient. The wide range of indices offers the possibility to values for floodplain area. Cells with a high fraction of flood-
compare the discharge data under different aspects. Four o@ble area are concentrated along the main stems of the river
of the five indices show for most of the sites a high agreemennetwork (Fig. 5). In addition to the Amazon main stem, a
between simulated and observed discharge. The Willmott'darge potentially floodable area is calculated in the south of

the region (around 55, 65 W), realistically reproducing

Hydrol. Earth Syst. Sci., 17, 22472262 2013 www.hydrol-earth-syst-sci.net/17/2247/2013/
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-100

the Llanos de Moxos wetland (upper Rio Madeira basin).Hamilton et al. (2002). However, he and his colleagues exam-
This vast area of about 150 000 kis inundated annually for  ine only the Llanos de Moxos, while our rectangular region

3 to 4 months (Hamilton et al., 2002). According to Melack also includes parts outside this area. Thus, our underestima-
et al. (2004) about 14 % of the whole Amazon Basin is flood-tion of the floodable area in this region is probably a result of
able, this agrees with our result of 12.6 %. Detailed compari-the comparison of two slightly different spatial subsets.

son with published data for 3 subregions of the basin (rectan- The connectivity between floodplain and river depends on
gles R1-R3 in Fig. 5) with Hamilton et al. (2002), Richey et small-scale characteristics, such as small channels. We ap-
al. (2002), Hess et al. (2003) and Melack et al. (2004) showsgproximate this connectivity on a large-scale of‘0by build-

that calculated and observed values are in comparable rangeg our analysis on a high resolution DEM and thus capture
for 3 of the 4 regions (Fig. 5, Table 6). In the central basin small-scale characteristics. We are aware that this simplifi-
(R1 and R2 in Fig. 5) our values of floodable area are closecation cannot fully represent the actual characteristics of the
to observed values. For R1 the value is in between reportefloodplain. Studying small scale changes such as the shift of
values. We underestimate by 17.4 % compared to Richey efioodplain forest into Terra firme forest of few hundred me-
al. (2002) and by 21 % compared to Hess et al. (2003), andres would require a much finer resolution, but to roughly as-
we overestimate by 26 % compared to Melack et al. (2004) sess the possible changes in floodplain extend this approach
For R2, also situated in central Amazonia we underestimateds appropriate (see also Guimberteau et al., 2012). However,
by 6 % in comparison to Hamilton et al. (2002). Bigger dif- the estimated floodplain area and therewith the inundated
ferences were found for the Llanos de Moxos (R3). Here wepatterns must be regarded as a first assessment at large spatial
underestimated the floodable area by about 46 % compared t&cales. Our large-scale approach may be applied to various
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river catchments where a digital elevation model is available parts of this region (Fig. 8b). A comparable pattern can be
It is especially useful for large catchments where measuredgeen for the low water peak month (Fig. 8c and d).
values are insufficiently available. Besides this, we can also The analysis of extreme years reveals that in a 30 yr period
reasonably reproduce floodable area with the approach of ththe number of extremely dry years decreases by up to 3yr
modified TRMI. This is a basis to calculate actual inundatedin north-west and south-east Amazonia (Fig. 9a). The pro-
area, which enables us to estimate the extent of the area gfortion of models in agreement for 3 consecutive dry years
strong interactions between land and river, as this land-rivedecreases in most parts of Amazonia by 30 to 90 %, with an
interface is of importance for plant and animal diversity. 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+1.5yr (Fig. 9b) in a 30yr period
For the Amazon region, temperature is projected to increasavith no clear spatial pattern. The proportion for 3 consecu-
by up to 3.5 K until the end of the century in the A2 scenario tive years with extreme floods shows spatial differences. It
(Meehl et al., 2007). A decrease of precipitation is expecteddecreases by up to 70% in the east, and it increases by up
by the end of the century (especially during the southern-to 40 % in the north-west (Fig. 10b). The extreme wet years
hemisphere winter) in southern Amazonia, whereas an inpersist longer in the west and are expected to occur more
crease in precipitation is expected in the northern part (seéliscrete in eastern Amazonia.
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- 4 Conclusions
jecting future inundation patterns. It is well known that, un-
til now, precipitation projections from General Circulation Under future conditions, modifications in flooded area and
Models (GCMs) for the Amazon Basin are highly uncertain inundation duration as well as high and low water peak
(e.g. Jupp et al., 2010), mainly due to model uncertaintiesmonths and extreme years are likely to occur. Already in this
in projecting land surface feedbacks, cloud formation anddecade, three years with extraordinary water amounts took
tropical Pacific and Atlantic sea surface temperature changeglace (Marengo et al., 2008, 2011; Nobre and De Simone
(e.g. Lietal., 2006). Rowell (2011) found highest uncertain- Borma, 2009). The “Core Amazon” (Killeen and Solorzano,
ties in the deep tropics, especially over South America. By2008) in the north-western part of the Amazon Basin ex-
applying the model results of 24 GCMs from the IPCC-AR4, periences in our simulations most of these changes. An in-
we apply here the best available range of future precipitatiorcrease in inundated area, a lengthening of inundation dura-
and temperature projections, and we therefore also includéon, changes in low and high water peak month combined
the uncertainties in our results and discussions. with shifts in occurrence and duration of extreme events have
Our approach of slope dependent routing velocity successthe potential to change this region substantially. The large-
fully reproduces the hydrograph for the period 1961-1990scale changes in floodplain patterns found in this study may
and we therefore compare this period to the projections foramplify projected climate and land-use change effects. We
2070-2099 to estimate changes in inundation patterns. assume that the shifted flooding situation will influence sev-
We identify several spatial and temporal shifts in the inun- eral plant and animal species. This will lead to changes in
dation regime under future climate conditions. For the west-species composition due to shifts in competition and food
ern part of Amazonia 60-100 % of the models agree in dis-web networks. Since the biodiversity increases from east to
playing an increase in inundated area (Fig. 6a). For the eastwest in the Amazon Basin (Worbes, 1997; ter Steege et al.,
ern part there is no clear trend, about half of the models2003) the predicted changes in the north-western part will
project an increase and half show a decrease in inundatiomfluence an area with a large and valuable species pool.
area with proportions of 50-60 % and 40—-60 %, respectively The projected changes in inundation have to potential for
(Fig. 6b). Inundation tends to be lengthened by 2 to 3 monthdarge-scale changes in water and carbon fluxes. The reduc-
in the western basin, while in the east a shortening of the intion of terrestrial evapotranspiration caused by an increase of
undation duration is likely to occur on average by 0.5 to 1inundated area and projected deforestation could lead to a re-
months (Fig. 7). Furthermore our results indicate that in theduced recycling of precipitation and further amplify drought
north-west temporal shifts in the time of high and low wa- conditions. The South American Low Level Jet is transport-
ter peak month will occur (Fig. 8). But the exact spatial anding atmospheric moisture from the Amazon southwards to
temporal dimensions of these changes remain unclear. Wehe Parana-La Plata Basin (Marengo et al., 2009). A reduc-
calculate a proportion of models in agreement of 40 to 50 %tion of moisture in Amazonia might therefore reduce the pre-
(Fig. 8a) for a 3-months-forwards shift of the high water peak cipitation of the entire region of South America. The out-
month in some parts of north-western Amazonia. There is agassing C@ from the Amazon Basin, which is currently
similar proportion for a 3-months-backwards shift in other estimated to be about 470 Tg Cyr(Richey et al., 2002),

3.2 Future inundation patterns
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is likely to increase due to longer inundation in the west. Bates, P. and De Roo, A. P.. A simple raster-based model
The less pronounced shortening of inundation in the east for flood inundation simulation, J. Hydrol., 236, 54-77,
might not be sufficiently able to balance the additional flux. d0i:10.1016/S0022-1694(00)00278-000.

Changes in regional climate will significantly change vege-Betts, R. A, Malhi, Y., and Roberts, J. T.. The future of
tation patterns in Amazonia and may cause additional carbon the Amazon: new perspectives from climate, ecosystem and
emissions. We conclude that changes in inundation patterns SC¢i@l sciences, Philos. T. R. Soc. B., 363, 1729-1735,

caused by climate change will significantly alter the highl doi:10.1098/rstb.2008.001 2008.
y . 9 9 . y ghly Biemans, H., Hutjes, R. W. A., Kabat, P., Strengers, B. J., Gerten,
complex system in the Amazon Basin.

D., and Rost, S.: Effects of precipitation uncertainty on discharge
calculations for main river basins, J. Hydrometeorol., 10, 1011—
1025, doi10.1175/2008jhm1067,2009.

Supplementary material related to this article is Biemans, H., Haddeland, 1., Kabat, P., Ludwig, F., Hutjes, R.
available online at: http://www.hydrol-earth-syst-sci.net/ W. A., Heinke, J., Von Bloh, W., and Gerten, D.: Impact
17/2247/2013/hess-17-2247-2013-supplement.pdf of reservoirs on river discharge and irrigation water supply

during the 20th century, Water Resour. Res., 47, W03509,
doi:10.1029/2009WR008922011.
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