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Abstract 

 

The hydro-geomorphology of the middle Araguaia River: floodplain 

dynamics of the largest fluvial system draining the Brazilian Cerrado 

 

Katherine Blom Lininger, M.A. 

The University of Texas at Austin, 2013 

 

Supervisor:  Edgardo M. Latrubesse 

 

Located in central Brazil, the Araguaia River is the largest river flowing through 

the Cerrado, the Brazilian savanna. The thesis presented here assesses the hydro-

geomorphology of the middle Araguaia River-floodplain system by characterizing 

flooding patterns and linking these patterns to the geomorphology of the floodplain. It 

also determines the response of floodplain lake morphometry and surface water 

connectivity to the annual flooding of the river, and describes how different floodplain 

geomorphologic units influence changes in open water areas in the floodplain from the 

dry season to the wet season.  

Peak discharges along the middle Araguaia River can be reduced downstream 

despite large increases in drainage area and the contribution of tributary inputs. After 

analyzing average daily discharge measurements from 1975 to 2007 along an upstream 

reach and a downstream reach in the middle Araguaia River, four main flooding types are 

characterized based on the magnitude of the peak discharge and the pattern of peak 

discharge reduction that occurs as the flood wave moves downstream. Short-term losses 
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of channel discharge during the flooding peak and over the flooding season from 

November to May are estimated, with the downstream reach displaying more short-term 

channel loss compared to the upstream study reach. Differences in floodplain 

geomorphological characteristics between the two study reaches, including the 

proportions of distinct geomorphologic units (a lower elevation impeded floodplain, a 

unit dominated by paleomeanders, and a unit of accreted banks and islands), influence the 

patterns of peak reduction and channel loss. Short-term losses of channel discharge 

during flooding peaks are usually re-gained by the channel by the end of the flooding 

season, although in two years about 10% of the volume input into the downstream reach 

was lost from the channel over the flooding season.  

Using satellite imagery and an open water index, changes in lake area, perimeter, 

and surface water connectivity with the main channel between dry season and the wet 

season are determined for 32 floodplain lakes. The changes in lake morphometry and 

connectivity are linked to how fluvial processes formed the floodplain lakes. Spatial 

variations in the floodplain areas that became open water from the dry season to the wet 

season demonstrate that distinct floodplain geomorphologic units influence the extent and 

location of open water areas during flooding. Floodplain lakes that expand in area and in 

depth and are connected to the river channel via surface water likely provide storage 

areas for the channel losses and peak discharge reductions observed in some of the 

flooding types for the middle Araguaia River. 

Although there have been attempts to plan the placement of dams on the Araguaia 

River, the river is not impounded, allowing for the analysis of a river system with an 

unaltered flow regime. This thesis contributes to knowledge of a large and understudied 

tropical river in an ecologically sensitive region. 
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Chapter 1: Introduction, research objectives, and background 

The Araguaia River in central Brazil is the largest river draining the Brazilian 

savanna, or Cerrado. The Araguaia River is located in the tropics, and while there is a 

growing body of literature on tropical river systems, these systems are still understudied 

(Latrubesse et al. 2005). The Araguaia River is situated in a tropical wet-dry climate, and 

the middle Araguaia River has created an alluvial floodplain with many floodplain lakes 

formed by fluvial processes. During the flooding season, which spans a period of 6 

months, large amounts of water are exchanged between the middle Araguaia River and its 

floodplain, in some cases resulting in the reduction of peak discharge downstream despite 

large increases in drainage area and the input of tributaries (Aquino et al. 2008; 

Latrubesse and Stevaux 2002; Latrubesse et al. 2005). Based on available literature, the 

downstream reduction in peak discharge despite increases in drainage area and tributary 

inputs in the middle Araguaia River is yet to be observed in other large tropical systems 

with similar geomorphologic and climatic characteristics. Floodplain lakes acting as 

storage areas presumably play a role in this peak reduction, among other potential causes. 

The response of floodplain lakes to the flooding season is controlled by the 

geomorphologic characteristics of the lakes and the hydrology of the river (Morais et al. 

2005). The thesis presented here assesses the hydro-geomorphology of river-floodplain 

interactions by characterizing the hydrologic patterns of flooding on the middle Araguaia 

River and the changes in floodplain lake morphometry and open water areas in the 

floodplain, providing a geomorphologic context for these processes.  

The Araguaia River is not dammed, but the basin as a whole has experienced 

rapid land clearing beginning in the early 1970s, with only about half of the native 

Cerrado ecosystem remaining (Sano et al. 2010; Klink and Machado 2005).  Despite the 
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impacts of land use change, the lack of dams on the river provides an opportunity to 

understand and analyze flooding patterns and changes in floodplain water bodies in a 

tropical river system in which the hydrological regime has not been drastically altered by 

impoundments. This chapter introduces the objectives of the thesis, the reasons that these 

objectives are important, and the contribution the research presented here makes to 

knowledge of the middle Araguaia River and to tropical river-floodplain systems in 

general.  
 

RESEARCH OBJECTIVES 

In order to analyze flooding patterns and floodplain lakes in the middle Araguaia 

River, the following four objectives will be addressed:  

1. Describe the characteristics of the Araguaia River, including its 

geomorphology, hydrology, and ecology, and provide a review of the land-use changes 

occurring in the watershed (Chapter 2). 

2. Determine the patterns of peak discharge reduction and characterize these 

patterns into flooding types, estimate the volumetric reduction in discharge during peak 

flooding, assess whether downstream discharge reductions result in channel discharge 

losses over the flooding season, and relate these patterns to the geomorphologic 

characteristics of the floodplain (Chapter 3). 

3. Assess how floodplain lakes respond to flooding through changes in lake 

morphometry, determine which regions of the floodplain become open water during 

flooding, and investigate how geomorphologic factors influence changes in floodplain 

lake morphometry and open water areas (Chapter 4). 

4. Describe fieldwork conducted in July 2012 and future work that will determine 

floodplain sedimentation rates in the middle Araguaia River (Appendix). 
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GEOMORPHOLOGY, CHANNEL-FLOODPLAIN INTERACTIONS, AND FLOODING PATTERNS 

The Araguaia River is a large tropical river located in a wet-dry climate 

(Latrubesse et al. 2005). During the wet season, which occurs over a period of about six 

months and lags slightly behind the onset of the rainy season, river discharge rises over a 

few months, a common hydrologic characteristic of other large river systems in tropical 

wet and tropical wet-dry climates (Latrubesse et al. 2005; Wohl 2007). In the Araguaia 

River, discharge rises slowly up to a peak discharge and then gradually declines, although 

within the flooding season there can be multiple peaks of the flood wave, usually with 

one dominant peak discharge during the wet season (Agencia Nacional de Aguas; Aquino 

et al. 2008). The flood wave in the Araguaia River is not a response to a single 

precipitation event; it is a multi-month response to the seasonal climate.  

The middle Araguaia River has an anabranching pattern, which means it 

maintains multiple channels separated by fluvial islands (Nanson and Knighton 1996). 

Over time its depositional and erosional processes have created an associated floodplain, 

which becomes inundated with the arrival of the wet season. As described in an 

introductory fluvial geomorphology text book, a floodplain is “a relatively flat alluvial 

depositional landform that borders river channels and is periodically inundated by 

floodwater” (Charlton 2007, 205). Floodplain inundation is not only caused by the river 

reaching bankfull discharge and overtopping its banks; it can also result from 

groundwater inputs, overland flow from the surrounding area, direct rainfall, flow 

through floodplain drainage channels, flow to floodplain water bodies connected to the 

main channel, and water contributed from tributaries (Richey et al. 1989; Mertes et al. 

1995; Mertes 1997). Flooding drives the exchange of water, nutrients, and sediments 

between the river and its floodplain (Junk et al. 1989; Tockner et al. 2000). The processes 

of flood transmission (i.e., how a flood wave moves downstream) and floodplain 
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inundation are complex. Floodplain and river geomorphology exert controls on flood 

transmission, flooded areas, and the degree of connectivity between the river and 

floodplain water bodies by providing the physical structure for these processes (Morais et 

al. 2005; Mertes et al. 1995).  

Flooding hydrology also exerts controls on channel and floodplain 

geomorphology. Flooding increases sediment transport and influences the 

geomorphologic characteristics of the channel and floodplain, as the river rises up to and 

beyond bankfull discharge, which has been shown to do the most geomorphologic work 

and control channel and floodplain geomorphology (Wolman and Miller 1960). As 

discharges rise and sediment loads increase, lateral sedimentation and lateral accretion of 

bars and islands help to form the alluvial floodplain, and overbank floods above bankfull 

discharge create vertical accretion of finer sediments on the floodplain (Wolman and 

Miller 1960; Leopold et al. 1964), highlighting the importance of understanding flooding 

regimes.  

Many frameworks for assessing spatial and temporal flooding patterns and 

floodplain inundation do not fully take into account geomorphologic controls, focusing 

mainly on hydrology and ecology. For example, the “flood pulse concept” describes the 

lateral exchange of nutrients, organisms, and sediment that occurs in large river-

floodplain systems with regular flooding pulses, which helps sustain fish and other 

aquatic organisms (Junk et al. 1989). While the exchange of sediments and nutrients 

between the river and the floodplain is in part a result of river hydrology, the flood pulse 

concept and expansions on this framework (e.g., Puckridge et al. 1998; Junk 2004; 

Tockner et al. 2000) tend to exclude a full assessment of how geomorphologic factors 

control the connectivity of floodplain water bodies, the spatial and temporal 

characteristics of flooding, and the development of floodplain ecosystems.  
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There are floodplain studies of large tropical river systems that integrate 

geomorphology with other aspects of the floodplain system. For example, 

geomorphologic units specific to the Negro River floodplain along a 600 km stretch of 

the river in Brazil correspond with certain vegetation assemblages of the its floodplain 

forest, or “igapó,” and influence floristic diversity, tree density, and tree heights (Montero 

and Latrubesse 2013). In the Paraná River floodplain, geomorphology controls vegetation 

type and vegetation cover (Marchetti et al. 2013) . Mertes et al. (1995) characterized the 

patterns of floodplain inundation between areas of the Amazon River and its floodplain 

with differing geomorphologic characteristics and found geomorphologic-dependent 

patterns in vegetation as well. The geomorphologic features controlled inundation 

patterns and the mixing of different types of surface water, influencing wetland 

vegetation.  

In the middle Araguaia River floodplain, distinct geomorphologic units have been 

defined, including a unit dominated by paleomeanders, a unit of bars and islands that 

have been attached to the floodplain, and older, lower elevation floodplain unit 

(Latrubesse and Stevaux 2002). Studies have shown that different vegetation assemblages 

are associated with these geomorphologic units (Morais et al. 2008). The geomorphologic 

units of the Bananal Island, which is formed by the middle Araguaia River and an 

abandoned belt of the Araguaia River, also influence vegetation assemblages (Valente et 

al. 2013). All of these studies take note of the physical and historical basis for the 

interactions between geomorphology, hydrology, and vegetation of channel-floodplain 

systems.  

Studies have also discussed the geomorphology of floodplain lakes and how their 

morphology influences theirs responses to flooding. Latrubesse (2012) characterizes the 

floodplain lakes of the Amazon River and its tributaries and describes their fluvial 
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origins. Morais et al. (2005) demonstrate that in the Araguaia River floodplain, the 

morphometric response of lakes to flooding can be explained in part by their 

geomorphologic classification based on the process of formation, and this influences 

environments for aquatic organisms.  

The Araguaia River displays a flooding behavior yet to be documented in other 

large tropical rivers with similar climates and geomorphologic characteristics, in that 

peak discharge reduces downstream despite large increases in drainage area and the 

contribution of tributaries (Aquino et al. 2008). Floodplain storage, which is the transfer 

and storage of river discharge during flooding and has been investigated in many tropical 

systems (e.g., Richey et al. 1989; Alsdorf et al. 2010; Frappart et al. 2005), can occur 

without net reductions of channel discharge downstream. Channel losses of discharge, or 

transmission losses, are commonly observed in rivers in arid climates over long periods 

of time (i.e., years) (Knighton and Nanson 1994; Lange 2005).  For example, in the upper 

Niger River basin in West Africa, which is located in the tropics, river discharge 

decreases when the river enters an inland delta (Zwarts et al. 2005). There is high rainfall 

during the wet season upstream, but as the river flows into the inland delta, the climate 

shifts to semi-arid and river discharge is lost over the long term due in part to evaporation 

(Zwarts et al. 2005). However, the Araguaia River does not flow through an arid region 

when the discharge is reduced downstream.  

The reduction in peak discharge previously documented in the middle Araguaia 

River will be characterized as a short-term channel loss in this thesis, in part because 

floodplain storage could be occurring in the middle Araguaia River without a net 

reduction of channel discharge downstream. However, this short-term loss may be re-

gained by the channel as the flood wave passes. One objective of Chapter 3 is to 

determine whether channel losses occur over the entire flooding period (November to 
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May) or only during peak discharges. In the Upper Paraguay River basin, which is 

located in a wet-dry seasonal climate similar to the Araguaia River basin, the Paraguay 

River decreases in peak discharge when it enters the Pantanal wetland because the river 

develops into a depositional mega-fan system (Assine and Silva 2009; Paz et al. 2010). 

The middle Araguaia River-floodplain system is not a depositional fan system. Although 

the Paraguay River is an example of peak discharge reduction during flood waves in a 

large tropical wet-dry system, its geomorphologic setting differs from the middle 

Araguaia River.  

 

CONTRIBUTION TO EXISTING KNOWLEDGE OF THE ARAGUAIA RIVER SYSTEM   

Previous research has been conducted on the geomorphology and hydrology of 

the middle Araguaia River, and the analyses presented in this thesis adds to this existing 

body of work. The different geomorphic units of the floodplain and geomorphologic 

processes over time have been explained, hydrologic connectivity and morphometry of 

some of the types of floodplains lakes has been explored, the influences of geomorphic 

processes on vegetation assemblages have been described, and there has been a general 

characterization of the flow regime along the river itself (Morais et al. 2008; Latrubesse 

et al. 2009; Aquino et al. 2009; Aquino et al. 2008). This thesis adds to these efforts by 

providing a more detailed assessment of the middle Araguaia flooding patterns, 

estimating the volume of discharge reductions during flooding peaks, giving estimates of 

changes in open water area for different geomorphic units of the floodplain and for 

floodplain lakes, and describing spatial patterns of floodplain inundation pathways.  

Previous analyses of flood transmission patterns on the middle Araguaia River 

used the maximum discharge measurements for each year at different locations along the 
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river, establishing that the middle Araguaia River can decrease in peak discharge 

downstream despite large increases in drainage area and tributary inputs, with large 

amounts of water presumed to be transferred to the floodplain (Aquino et al. 2008). The 

analyses in Chapter 3 differ from these previous efforts in that 1) average daily discharge 

measurements are utilized to characterize peak discharge reduction and flooding patterns, 

2) short-term channel losses are estimated, and 3) whether short-term losses that occur 

during peak discharges can been seen over the six month flooding season is determined. 

Previous studies have estimated the change in the area and perimeter of some of 

the types of floodplain lakes and their surface water connectivity with the main river 

channel in the study are for this thesis (Morais et al. 2005), and the area of inundation in 

the wider region (beyond the geomorphologic floodplain) due to flooding (Hamilton et al. 

2002). However, there are currently no estimates of open water areas during large floods 

over the geomorphologic floodplain of the river. Analyzing the differences in open water 

area between the three geomorphologically-distinct floodplain units, which are fully 

described in Chapter 2 and mentioned previously, provides insights into the role 

floodplain geomorphology plays in spatial patterns of inundation. It is possible to 

determine if certain units are more or less susceptible to becoming open water due to 

their geomorphologic characteristics. In addition, some of the floodplain lake types (e.g., 

oxbow lakes, lakes formed by lateral accretion, meander scroll lakes, and others) and 

their morphometric changes between the wet and dry season have not been explored 

previously. In Chapter 4, open water area changes in different geomorphologic units of 

the floodplain and in floodplain lakes from the dry season (1987) to the wet season 

(1988) are assessed and surface water pathways of flooding are explored. In addition, the 

influence of the geomorphology of floodplain lakes and the floodplain are discussed. The 

analyses of flooding hydrology in Chapter 3 are related to the assessment of floodplain 
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lakes and the morphology of the floodplain, demonstrating the controls that floodplain 

geomorphology and fluvial processes have on channel-floodplain connectivity.  

Finally, there are no current estimates of floodplain sedimentation rates in the 

system. The Appendix describes fieldwork that was completed in 2012 that will lead to 

insights into how much, at what rate, and what type of sediment is deposited on the 

middle Araguaia River floodplain.   

 

CONTRIBUTION TO RESEARCH ON TROPICAL RIVER-FLOODPLAIN SYSTEMS 

In the past 30 years, there has been an increase in studies analyzing channel-

floodplain interactions and flooding patterns in tropical river systems. Different 

approaches have been taken in tropical river systems, including using remote sensing 

technologies to determine areas of inundation and to estimate the volume of water on the 

floodplain (e.g., Alsdorf et al. 2010; Hamilton et al. 2002; Frappart et al. 2005; Frappart 

et al. 2006). Flood routing and water balance approaches have also been used to model 

and estimate the fluxes of water between the channel and floodplain (e.g., Richey et al. 

1989; Paz et al. 2011; Trigg et al. 2009).  

Bonnet et al. (2008) analyzed one segment within the Amazon River floodplain, 

using synthetic aperture radar from the JERS-1 satellite, observational measurements, and 

modeling. They determined the fluxes between the Amazon River and a floodplain lake, 

the Lago Grande de Curuai, over a six-year period. Richey et al. (1989) completed a 

water budget and used a flood routing model along a 2,000-km stretch of the Amazon 

River, finding that a large percentage of the river discharge (30%) was temporarily stored 

on the floodplain during flooding. However, the authors did not include a discussion of 

the geomorphology of the floodplain and its role in floodplain water storage. Subsequent 
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studies investigated the patterns of flooding in geomorphically-distinct regions of the 

river and related geomorphology to the spatial patterns of flooding. For example, Mertes 

et al. (1995) described the diverse way in which floodplain inundation occurs along 

geomorphologically different reaches, highlighting the roles of water table rise, local 

tributary inputs, floodplain drainage channels, and overbank flooding in the Amazon 

River floodplain.  

Floodplain inundation in the Amazon River floodplain has also been estimated 

using gravity measurements to determine changes in water mass (with data from GRACE 

satellites, the Gravity Recovery and Climate Experiment) and other satellite data, and the 

results indicate that water storage on the floodplain as a percentage of river discharge 

may be less than previous estimates (e.g., Alsdorf et al. 2010). GRACE data has been 

used to measure water storage in the entire Amazon Basin, detecting changes in flooding 

from 2002 to 2009 (Chen et al. 2010) and to determine changes in water storage in the 

Congo River and its surrounding wetlands along with additional satellite data (Lee et al. 

2011).  The inundated area of seasonal wetlands associated with six large rivers in South 

America, including the seasonal wetlands of the Araguaia River, the Amazon River, the 

Orinoco River, the Paraguay River, the Madeira River, and the Branco River (a tributary 

to the Negro River), has been estimated with passive microwave remote sensing data 

(Hamilton et al. 2002), but Hamilton et al. did not differentiate between the 

geomorphologic floodplains of these rivers and the larger regions. Modeling approaches 

for the Upper Paraguay River basin  have been used to determine the extent of inundation 

in the region (Paz et al. 2011) and to model the flood wave as it moves downstream (Paz 

et al. 2011; Bravo et al. 2012; Paz et al. 2010). Trigg et al. (2012) assess floodplain 

drainage networks in the Amazon River floodplain, describing the various surface 

pathways for water movement between the main channel and the floodplain and 
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classifying different areas with distinct hydro-geomorphologic characteristics. Similarly, 

surface pathways for water movement between the river and the floodplain in the middle 

Araguaia River are described in Chapter 4.  

The research presented here adds to the research on tropical river-floodplains by 

characterizing different types of flood wave transmission and the changes in open water 

areas and floodplain lakes on a river-floodplain system in a tropical wet-dry climate.  
 

BROADER IMPACTS 

The increase in hydro-electric dams in Brazil gives urgency to understanding the 

middle Araguaia River and its flooding patterns. The Brazilian government has 

investigated placing a dam on the river, although this has not yet occurred (Latrubesse et 

al. 2005). The Tocantins River has been dammed just downstream of the Araguaia-

Tocantins confluence, causing changes in flow regimes, reduction of suspended sediment 

load downstream of the dam, lower numbers of fishes caught by fishermen, and loss of 

species (Manyari and Carvalho Jr. 2007; Merona 1986).  Hydro-electric development can 

reduce connectivity between rivers and their floodplains, limiting the geomorphologic 

pathways for the exchange of nutrients between the channel and diverse floodplain 

environments (Thoms et al. 2005). Relative to other large tropical rivers, the Araguaia 

River transports a high percentage of its sediment load as sand and a smaller percentage 

of finer silt and clay (Aquino et al. 2009), to which nutrients more readily attach 

(Tockner et al. 2000). Any future impoundment resulting in flow regulation and a 

decrease in large floods could impede the delivery to the floodplain of the relatively small 

amount of fine sediment that is carried by the river channel. The spatial heterogeneity of 

river-floodplain systems provides a variety of ecological habitats for a diverse set of 

species, and the geomorphology of these systems impacts the hydrology and ecology of 
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the river-floodplain system (Montero and Latrubesse 2013; Mertes et al. 1995; Amoros 

and Bornette 2002). Anthropogenic climate change is predicted to intensify the 

hydrological processes in the tropics more than in the temperate zones, highlighting the 

need to better characterize and understand rivers systems in the tropics (Wohl et al. 

2012). Climate change will also likely alter river hydrology, change thermal patterns 

within rivers and floodplains, and affect biogeochemical processes (Hamilton 2010), also 

indicating the need to monitor and understand river-floodplain systems. 

The Araguaia River is now the last large river in central and southern Brazil that 

has not been dammed or engineered in any way, although rapid land clearing of the 

watershed has impacted the geomorphology of the river through increasing sedimentation 

within the system (Latrubesse et al. 2009). Enhancing knowledge of the role of 

geomorphology in flood transmission, floodplain lake environments, and open water 

areas is an opportunity to inform future management decisions and gain a better 

understanding of this important river-floodplain ecosystem.   
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Chapter 2: The Araguaia River: overview and human impacts 

This chapter provides an overview of the Araguaia River, focusing on the middle 

Araguaia River. A review of the land use changes caused by soy bean and cattle 

expansion in the Brazilian Cerrado is also included, with a discussion of land clearing in 

the Araguaia watershed and its effects on the river’s hydrology and geomorphology.   

 

STUDY AREA 

The Araguaia River watershed (Figure 2.1) is approximately 377,000 km2 in 

drainage area, and the river’s mean annual discharge is about 6,420 m3s-1 (Latrubesse and 

Stevaux 2002). The Araguaia River flows into the Tocantins River, and the Araguaia-

Tocantins system is the 13th largest tropical river system, with the Araguaia River by 

itself being the 28th largest tropical river (Latrubesse et al. 2005). Situated in Brazil’s 

central highlands, the geology of the Araguaia River watershed includes Quaternary 

fluvial deposits and Precambrian, Paleozoic, and Mesozoic rock units (Latrubesse and 

Stevaux 2002). Latrubesse and Stevaux (2002) divide the Araguaia River into three main 

units: upper, middle, and lower (Figure 2.1). The 450 km upper section of the river, from 

the headwaters to Registro do Araguaia, is geologically-controlled, flowing in a V-shaped 

valley without a floodplain over Paleozoic and Mesozoic sedimentary and basaltic rocks. 

The 500 km lower section of the river extends from Conceição do Araguaia until the river 

flows into the Tocantins, and also lacks an alluvial floodplain, flowing over crystalline 

Precambrian rocks. Both the upper and lower courses of the river lack well-developed 

floodplains. In contrast, the 1,160 km middle Araguaia River (representing about 55% of 

the river’s total length), from Registro do Araguaia to Conceição do Araguaia, has a well-

developed floodplain and flows on alluvial sediments (Latrubesse and Stevaux 2002).  
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Figure 2.1. The Araguaia watershed in central Brazil. The upper section of the river is 
from the headwaters to Registro do Araguaia, the middle section is from 
Registro do Araguaia to Conceição do Araguaia, and the lower section is 
from Conceição do Araguaia to the confluence with the Tocantins River.  
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Hydrology and Climate 

The region has a tropical wet-dry seasonal climate, which controls the patterns of 

flooding on the Araguaia River. The dry season occurs from approximately May to 

September and the rainy season occurs from October to April (Figure 2.2). Annual 

precipitation in the region ranges from 1,300 to 2,000 mm across the basin, with large 

seasonal variations in precipitation. On average, 95% of the annual rainfall occurs 

between October and April (Agencia Nacional de Aguas). Mean annual temperature 

ranges from 22° to 26° C (Valente and Latrubesse 2012). Peak flooding can lag slightly 

behind the onset of the rainy season, usually occurring during the months of November to 

May (Latrubesse and Stevaux 2002). The general pattern of river discharge is the same as 

in other tropical wet-dry rivers, with flooding occurring during the wet season and a 

pronounced difference between wet and dry season discharge (Latrubesse et al. 2005). 

The middle Araguaia River is seasonally flooded by rainwater, groundwater saturation, 

and river discharge. The geomorphologic characteristics of the three sections of the 

Araguaia River influence the hydrological regimes, with greater difference between high 

and low flows in the upper and lower courses compared to the middle course (see 

Chapter 3) (Aquino et al. 2008). At Barra do Garças, at the downstream end of the upper 

Araguaia River section, the peak annual flows are on average 16 times higher than the 

lowest annual flows (Aquino et al. 2008). From Aruanã to São Félix do Araguaia, the 

peak flows are 13 to 9 times the low flows, reflecting relatively lower peak flows and 

higher low flows along the middle section. At Conceição do Araguaia, the peaks are on 

average 17 times the low flows. 
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Figure 2.2. Average monthly precipitation from 1970 to 2004 at Aruanã (mm). The 
pattern of precipitation demonstrates the large variation between the wet 
season (October to April) and the dry season (May to September). Data from 
Agencia Nacional de Aguas. 

Figure 2.3 displays the discharge records (1975 to 2007) for three gauging 

stations (Aruanã, Luís Alves, and Bandeirantes) in the middle Araguaia River that are 

used for analysis in Chapter 3 (Agencia Nacional de Aguas; discharge records were 

previously published by Aquino et al. 2008). The mean annual discharge, mean 

maximum discharge, and the bankfull discharge for each gauging station are included in 

each graph. The mean annual discharge and mean maximum discharge are computed for 

the period of record, from 1975 to 2007. Bankfull discharge data are from field data from 

Latrubesse (2008) for Aruanã and Luís Alves and from estimating the 1.5-year return 

flood using an EVI distribution at Bandeirantes (done by the author), which is one way to 
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estimate bankfull discharge (Dunne and Leopold 1978). Figure 2.4 shows discharge at the 

three gauging stations normalized by the mean annual discharge at that station. 

Normalized peak discharge decreases downstream from Aruanã to Luís Alves, showing 

that the peaks are generally reduced relative to the mean annual discharge at Bandeirantes 

and Luís Alves compared to Aruanã. The normalized peak discharge is particularly low at 

Luís Alves, as previously noted by Aquino et al. (2008).  
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Figure 2.3. Discharge records from three gauging stations along the middle Araguaia 
River. The mean annual discharge, mean maximum discharge, and the 
bankfull discharge are included for each station. Data from Agencia 
Nacional de Aguas; Latrubesse (2008); these discharge data were previously 
published by Aquino et al. (2008). 
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Figure 2.4. Discharges at three gaging stations normalized by the stations mean annual 
discharge. Data from Agencia Nacional de Aguas; these discharge data were 
previously published by Aquino et al. (2008). 

 

Geomorphology of the middle Araguaia River 

The middle Araguaia River is an anabranching river with a tendency to braid 

(Latrubesse 2008). The anabranching pattern of the middle section is typical of large, 

mega-rivers (Latrubesse 2008). These mega-rivers are unique because the anabranching 

pattern cannot be explained using geomorphologic channel characteristics developed with 
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data from smaller systems (Latrubesse 2008). The river transports a high proportion of 

sandy load (around 57%) compared to fine grain suspended sediment, which is unusual 

when compared to other large tropical systems (Aquino et al. 2009). A large proportion 

of the sandy load carried by the river travels in intermediate suspension (Latrubesse et al. 

2009). Total annual loads have been estimated using field measurements and sediment 

transport equations to be between 6 and 8 Mtyr-1 at Aruanã (Aquino et al. 2009; 

Latrubesse et al. 2009).  

The middle Araguaia River floodplain, with a width ranging between 2 and 10 

km, consists of three main geomorphologic units, classified by Latrubesse and Stevaux 

(2002) using elevation data, satellite imagery, fieldwork, and additional geographic data. 

The units include:  

-unit I, a lower elevation backwater area containing oxbow and paleochannel 

lakes (the “impeded” floodplain, which is the oldest unit);  

-unit II, a unit of paleomeanders and oxbow lakes; and  

-unit III, a complex of accreted bars and islands that exists close to the active river 

channel (Latrubesse and Stevaux 2002).  

Unit I, usually the furthest from the river channel, can be as much as 2 meters 

lower in elevation compared to unit II (Bayer 2002).  The impeded floodplain has less 

surface water connectivity with the river channel, except in high flood periods, and is 

similar to lower elevation backwater areas in other tropical systems, such as the Amazon 

(Latrubesse and Franzinelli 2002). Unit I is made up mainly of fine sediments, reflecting 

the process of low-energy sedimentation occurring in this unit (Bayer 2002). This process 

occurs relatively slowly and has resulted in a marshy environment in unit I compared 

with unit II. Sediment deposits in unit II reflect its transitional location between 

deposition of sandy sediments of the channel and the deposition of fine suspended 



 21 

sediments. The deposits in unit II are usually coarse to medium sands at the base, 

indicating the past influence of the active channel environment, while upper deposits in 

unit II can be characterized as a thin layers of sand interspersed with low-energy 

sediments (clay and silt) (Bayer 2002). In unit III, the sediments are mainly medium and 

fine sands, reflecting deposition from the high-energy channel, with interspersed layers of 

finer materials. Pioneer vegetation many times colonizes this unit, and deposition of finer 

sediments and the accumulation of organic matter in depressions between large sandy 

deposits near the channel bank and the floodplain facilitates colonization by providing a 

better substrate for vegetation (Bayer 2002). 

Figure 2.5 shows the classified geomorphologic units of the middle Araguaia 

River floodplain near Aruanã, including a unit IV, designating the floodplains of the 

Araguaia tributaries (Latrubesse and Carvalho 2006). The floodplain contains many types 

of lakes created by fluvial processes, including abandoned channel lakes, linked 

abandoned channels, oxbow lakes, filled oxbow lakes, composite oxbow lakes, meander 

scroll lakes, composite meander scroll lakes, lakes formed by lateral accretion, blocked 

valley lakes, and levee lakes (Morais et al. 2005). These lakes are more fully described in 

Chapter 4. 
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Figure 2.5. Geomorphologic units of the Araguaia Floodplain. I-Impeded floodplain; II-
Paleomeander; III-Accreted islands and banks; IV-Tribuary river floodplain 
(Latrubesse and Stevaux 2002). Background image is Landsat 5, Bands 5-4-
3, 20 June 2011. 
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Vegetation and Ecology 

Most of the Araguaia River watershed is Cerrado, the Brazilian savanna, although 

a small portion of the lower watershed is Amazonian rainforest. The Cerrado has been 

identified as a biodiversity hotspot, indicating that it is greatly threatened and has high 

biodiversity (Myers et al. 2000). The natural vegetation of the Cerrado includes 

forestlands, shrublands, grasslands, and wetland vegetation (Sano et al. 2010). Almost 

half of the plant species of the Cerrado are endemic to the region (Klink and Machado 

2005). The Araguaia River and a previously abandoned belt, which is the under-fit Javaés 

River (Figure 2.1), forms a large fluvial island called the Bananal Island (Valente et al. 

2013). The northern portion of this island is protected as a national park and recognized 

as a wetland of international importance (The Ramsar Convention on Wetlands 1997). 

The region is also an important area for birds, amphibians, fish, and reptiles (Klink and 

Machado 2005; The Ramsar Convention on Wetlands 1997). 

The vegetation assemblages that make up the riparian floodplain vegetation of the 

middle Araguaia River are linked to the geomorphologic units, as fluvial processes exert 

a control on the types of vegetation (Morais et al. 2008; Latrubesse and Stevaux 2006). 

The vegetation of the floodplain can be characterized into four types: (1) herbaceous 

vegetation associated with pioneer colonization of river bars and islands; (2) a mixture of 

shrubs and trees associated with areas such as older, more stable islands; (3) woody 

vegetation and higher plant diversity in older floodplain areas (i.e., the impeded 

flooplain) with large trees and less channel influence; and (4) human-created pasture or 

cropland in the floodplain (Morais et al. 2008).  Herbaceous pioneer vegetation occurs in 

areas more directly disturbed by flooding and deposition of sediment in bars and islands. 

In addition to older islands, the shrub and tree unit can be in areas of paleomeander lakes, 



 24 

with varying topography, and along the banks of the river itself (Latrubesse and Stevaux 

2006).  

The few studies of fauna associated with the Araguaia floodplain indicate that the 

hydrologic patterns of annual flooding and the floodplain geomorphology greatly impact 

these communities. It has been established that the annual flooding cycle, floodplain 

inundation, and the rise and fall of floodplain lake levels control the characteristics of 

phytoplankton communities and the nutrient levels in the floodplain lakes (Nabout et al. 

2006). During the dry season, the lakes have nutrient concentrations, while in the wet 

season the entrance of river water into the lakes dilutes the nutrients in the lakes (Nabout 

et al. 2006). The dominant species of phytoplankton is different in the wet and the dry 

season as well (Nabout et al. 2006). The exposure of sandy bars during the dry season are 

also integral for nesting habitat for the giant Amazon River turtle, Podocnemis expansa 

(Ferreira Jr. and Castro 2005). The rise and fall of lake levels in the Araguaia floodplain 

also impacts fish community structure and the water transparency of the lakes, and 

inundation of the floodplain and Bananal island region supports an extremely diverse bird 

community (Tejerina-Garro et al. 1998; Pinheiro 2007).  

 

LAND-USE CHANGES AND IMPACTS IN THE ARAGUAIA RIVER WATERSHED 

Since the 1970s, some estimate that approximately 55% of the land area has been 

converted into cash crop agriculture, pastureland, or other human uses in the Brazilian 

Cerrado as a whole (Klink and Machado 2005). Other estimates assert that about 40% of 

the biome has been cleared of natural Cerrado vegetation (Sano et al. 2010). Much of the 

state of Goiás, which contains most of the upper watershed of the Araguaia River, is used 

for pasturelands. There is also a substantial area used for soybean, corn, and sugarcane 
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production (Sano et al. 2010). This rapid clearing of natural vegetation has impacts on the 

rivers and watersheds within the region.  

There are also estimates of land-use changes and clearing of natural vegetation 

within the Araguaia watershed specifically. Ferreira et al. (2008) use satellite imagery 

from the China Brazil Earth Resource Satellite (20-meter resolution) to determine land 

uses in the middle and upper Araguaia basin. They classify 2006 imagery into three 

classes: remnant vegetation, converted areas, and water bodies. Their results show that 

only 38.5% of the study area is still natural vegetation, while the remaining 62.5% has 

been impacted by humans in some way. They also analyzed a riparian buffer along the 

Araguaia River, noting that 44% of this buffer area is impacted by humans (Ferreira et al. 

2008). Additional estimates indicate that as of 2002, about 54% of the natural Cerrado 

vegetation upstream of Aruanã was cleared or degraded by human land use (Sano et al. 

2010; Coe et al. 2011).  

Studies in the upper Araguaia River basin have concluded that land use changes 

have accelerated erosion of the land surface. Marinho et al. (2006) analyze the increase in 

the number of gullies in the upper Araguaia River watershed since the beginning of large-

scale conversion of natural vegetation for pasture and croplands (mainly soy beans) in the 

1970s. Large- and medium-scale gullies increased in number from 12 to 91 from the 

1960s to 1999 in an area of 1,516 km2 in the upper Araguaia watershed. Human 

activities, such as raising cattle and clearing vegetation for soybeans have accelerated the 

natural process of erosion in the sandy soils of the upper watershed (Castro and Queiroz 

Neto 2010; Marinho et al. 2006). The largest gullies are directly connected to the 

Araguaia River, while smaller gullies are connected to tributaries of the Araguaia 

(Marinho et al. 2006). Castro and Queiroz Neto (2010) discuss the histories of coffee and 

soy bean production in Brazil and provide evidence that soy bean production results in 
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greater soil erosion due to the need for crop rotation for soy bean production (Castro and 

Queiroz Neto 2010).   

Studies have also linked the land use change and subsequent erosion in the upper 

watershed with geomorphologic change. Latrubesse et al. (2009) use remote sensing 

imagery, aerial photography, and fieldwork to document morphological changes in 10 

segments of the middle Araguaia River from 1965 to 1998, from Barra do Garças to the 

entrance of the Cristalino River. The authors classify geomorphologic features and the 

depositional and erosional processes that occur over the period of study. They do not find 

large geomorphologic changes between 1965 and 1975; however, there are substantial 

geomorphologic changes from 1975 to 1998. For example, secondary channel infilling 

and accretion processes resulted in fewer islands by 1998, middle channel bars greatly 

increased in number, and the amount of lateral bars increased slightly. The authors map 

depositional and erosional processes and create a sediment budget using the areas and 

estimated thicknesses of the geomorphologic features to determine the net sedimentation 

between 1965 and 1998. They find that 232 million tons of sediment were deposited over 

the study area. The authors also estimate bed load transport by estimating dune transport 

and height at Aruanã at a given discharge level and applying those measurements to an 

empirical equation to determine bedload transport. Discharge records from Aruanã from 

1971 to 1998 were used to compute annual bedload transport, finding an increase of 31% 

in sand transport since the 1970s. The increased sedimentation and sandy load transport 

are correlated with increased land clearing.  

Coe et al. (2011) use ecological and hydrological models to attribute two-thirds of 

an observed increase of river discharge from the 1970s to the 1990s to land clearing 

activities in the watershed above Aruanã. Mean discharge rate in the decade of the 1970s 

was 25% less than the mean discharge rate in the decade of the 1990s at Aruanã, while 
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precipitation only increased by about 2.5% from the 1970s to the 1990s. Modeled river 

discharge, using precipitation datasets and changes in land cover within the watershed, 

was compared to observed river discharge. The model allowed for assessing the influence 

of changes in precipitation versus land cover on the observed increase in river discharge. 

The conclusion that two-thirds of the observed increase in river discharge at Aruanã can 

be attributed to deforestation and land clearing thus also supports Latrubesse et al. (2009) 

in their assertion that increased sedimentation resulted from land use changes, as the 

hydrologic cycle and sedimentation within rivers are linked.  

Costa et al. (2003) utilize long-term data on river discharge and precipitation in 

the Tocantins watershed, which is adjacent to the Araguaia watershed (Figure 2.1),  to 

compare two periods of time with significant differences in land use, 1949-1968 and 

1979-1998. They find a similar response to land use change as Coe et al. (2011) discover 

in the Araguaia. They use agricultural census data to estimate that agricultural land 

increase from 30% to 50% between the time periods. Discharge in the Tocantins River 

increased by 24% between the two time periods, while precipitation did not significantly 

change. Flood season discharge also increased between the two periods (Costa et al. 

2003).  

The assessments of increased gully development in the upper watershed, 

increased river sedimentation, and increased water yield due to land use change are 

strong indications that land clearing has greatly impacted the watershed. However, more 

work should be done to analyze these changes and attribute land use changes to changes 

observed in hydrology and sedimentation. Assessing rates of floodplain sedimentation 

before the start of significant land clearing and after land clearing had begun would help 

determine whether land use change has increased floodplain sedimentation rates. 
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Research that will be done in the future to assess floodplain sedimentation rates is 

described in the Appendix of this thesis.  
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Chapter 3: Flood transmission patterns, peak discharge reduction, and 
estimates of channel loss in two reaches of the middle Araguaia River 

 

As a flood wave travels downstream, the flood wave can become attenuated due 

to storage of water within the channel and in the floodplain (Dunne and Leopold). The 

geomorphologic characteristics of channels and floodplains, including floodplain lakes 

and floodplain channels providing storage areas, floodplain substrate, and channel slope, 

can cause this attenuation (Dunne and Leopold 1978; Richey et al. 1989; Woltemade and 

Potter 1994). Floodplain vegetation also influences this process by increasing roughness 

and slowing down the flood wave as it moves through the system, temporarily storing 

flood waters (Anderson et al. 2006). Figure 3.1 demonstrates the process of flood wave 

attenuation, or the smoothing and slowing of the flood wave, for a small drainage area in 

respond to a short-term flooding event along a river in Vermont (Dunne and Leopold 

1978). It is clear in Figure 3.1 that the peaks in the flood wave at the upstream location 

are in response to individual precipitation pulses, and these peaks become one peak at the 

downstream locations (i.e., the flood wave is smoothed). The discharge per unit drainage 

area (the left y-axis in Figure 3.1) of the peaks decreases downstream, but the total 

discharge in the channel (the right y-axis in Figure 3.1) increases as the drainage area 

increases. Flood wave attenuation can occur without net losses in river discharge, as seen 

in Figure 3.1.  
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Figure 3.1. Figure 10-3 in Dunne and Leopold (1978), showing flood wave attenuation 
with the smoothing of the peak discharge and the reduction in discharge per 
unit drainage area (left y-axis), while total discharge increases with 
increasing drainage area.  

In addition to flood wave attenuation, in the middle Araguaia River the total peak 

discharge can be reduced by as much as 30% as the flood wave travels downstream, 

indicating that the river goes through short periods of reduced channel discharge during 

the flooding peak despite large increases in drainage area and the input of tributary river 
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discharge (Aquino et al. 2008). This discharge reduction does not occur during every 

year, and one of the goals of this chapter is to characterize different flood years into 

typical flooding types. It appears that the reduction in peak discharge in the middle 

Araguaia River despite tributary inputs and increasing drainage area has not been 

documented yet in other large tropical systems with similar geomorphologic and climatic 

characteristics. Floodplain storage, floodplain inundation, and the smoothing and slowing 

of the flood wave (flood wave attenuation) have been demonstrated in the Amazon River, 

the Negro River, the Mekong River, and the Congo River (Richey et al. 1989; Alsdorf et 

al. 2010; Frappart et al. 2005; Lee et al. 2011). However, these studies do not document 

net channel reduction of discharge during flooding peaks, as discharge usually increases 

with increasing drainage area and tributary inputs, even if discharge normalized by 

drainage area decreases downstream, as seen in the left y-axis in Figure 3.1 (Dunne and 

Leopold 1978).   

The Niger River is an example of a large river system displaying channel loss, but 

over the long term (for example, throughout the year), due to the river flowing through an 

inland delta in a semi-arid climate (Zwarts et al. 2005). However, the Araguaia River 

does not flow into an arid climate. The Paraguay River can reduce in discharge by 50% 

due to its entrance into the Pantanal wetland and the river becoming distributary, creating 

a depositional mega-fan (Assine and Silva 2009), but the geomorphologic characteristics 

of the middle Araguaia River floodplain are different than what is observed in the Upper 

Paraguay River Basin. Peak reduction of flood waves have also been modeled on a small 

reach scale (e.g., around 1 km of river channel) with flood waves lasting a period of 

hours  and without tributary inputs (Sholtes and Doyle 2011). In another example, flood 

waves were modeled in part of the Grant River watershed, with a drainage area of 690 

km2, much smaller than the Araguaia River watershed (Woltemade and Potter 1994). 
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Peak discharges along the river were compared without tributary inputs in order to show 

absolute peak reduction for a flood wave occurring over a period of up to 50 hours 

(Woltemade and Potter 1994). As described in Chapter 1, the seasonal flood wave in the 

Araguaia River occurs over a period of time much longer than those modeled in the 

examples above, up to a period of 6 months instead of hours, and the Araguaia River 

watershed is much larger than many modeling studies investigating peak reduction.  

One of the goals of this chapter is to determine the volume of the downstream 

reduction of discharge over the flood wave crest, which is the region of the flood wave 

hydrograph prior to and following the peak discharge. This volumetric reduction in 

discharge is different than the volume of floodplain storage during flooding, as described 

previously, because storage on the floodplain of river discharge during flooding can 

occur without reductions in discharge downstream. Thus, although peak reduction over 

the flood wave crest in the middle Araguaia is not the same as channel losses of discharge 

over the long-term, as has been observed in arid river systems (e.g., Lange 2005; Gu and 

Deutschman 2001; Knighton and Nanson 1994), the volume reduction in discharge 

during flooding peaks will be termed “channel losses over the flood wave crest”. The 

channel losses over the flood wave crest are presumed to be short-term losses, but 

another goal of this chapter is to determine whether the channel losses over the flood 

wave crest result in channel losses over the flooding season, from November to May. 

This will assess whether channel losses over the flood wave crest are re-gained by the 

channel by the end of the flooding season. The net decrease in peak discharge with 

increasing drainage area along the middle portion of the Araguaia River previously has 

been attributed to the complex, flat floodplain and the floodplain lakes that the river has 

created over time (Aquino et al. 2008), and a fuller discussion of the potential 
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mechanisms for the estimated channel losses is discussed throughout this Chapter and in 

Chapter 4.  

Studies of channel losses and floodplain storage many times use flow routing 

models, water budget approaches, and satellite imagery and other remote sensing data (Li 

et al. 2011; Lange 2005; Knighton and Nanson 1994; Richey et al. 1989; Alsdorf et al. 

2010; Paz et al. 2011; Frappart et al. 2005). The approach taken in this chapter is to 

analyze peak discharge change as a percent of peak upstream discharge and as absolute 

change in the peak discharge rate along two reaches of the middle Araguaia River. 

Average daily discharge measurements from 1975-2007 are used to follow the peak 

discharge as it moves downstream. The peak discharge changes are used to characterize 

typical patterns of flood transmission and compare them to previously described models 

of flood transmission that were developed using yearly maximum discharges (Aquino et 

al. 2008). Volumetric channel losses over the flood wave crest for years in which peak 

discharge reduction occur are estimated using a water budget approach and are compared 

between two reaches of the middle Araguaia River. Volumetric channel loss over the 

flood wave crest, while not a measure of total floodplain storage during flooding, gives 

an estimate of the amount of water that could be transferred to the floodplain during the 

flood wave peak. This adds to knowledge of channel-floodplain connectivity on the 

middle Araguaia River. Estimates of volumetric channel loss over the flooding period are 

also made to determine whether channel losses occur over the entire flooding period or 

only during the flood wave crest. These methods of estimating channel losses, peak 

discharge reduction, and potential losses of discharge to the floodplain have been used 

instead of flood routing models due to a lack of tributary discharge data at the confluence 

of the tributaries with the middle Araguaia River and a lack of adequate elevation data for 

the Araguaia River floodplain. 
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STUDY AREA  

The analysis presented in this chapter focuses on two reaches of the middle 

Araguaia River: a 170 km stretch between Aruanã and Bandeirantes (reach 1), and a 64 

km stretch between Bandeirantes and Luís Alves (reach 2) (Figure 3.2). Gauging stations 

are present at Aruanã, Bandeirantes, and Luís Alves.  
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Figure 3.2. Study reaches of the Araguaia River and the location of river gauging stations 
at Aruanã, Bandeirantes, and Luís Alves. 
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Table 3.1 gives the drainage area, mean annual discharge for the period of record 

(1975 to 2007), bankfull discharge, and mean maximum discharge for the period of 

record for each gauging station, and Figure 3.3 plots these data versus drainage area for 

each station (Agencia Nacional de Aguas; Latrubesse 2008). The mean annual discharge 

increases along with increasing drainage area, but the bankfull discharge and the mean 

maximum discharge decreases from Bandeirantes to Luís Alves, although the bankfull 

discharge for Bandeirantes has been estimated using a different method than for Aruanã 

and Luís Alves (see Table 3.1 for description). Table 3.2 shows the mean annual 

discharge, bankfull discharge, and mean maximum discharge normalized by drainage 

area in mm yr-1, showing a decrease in mean maximum discharge per unit drainage area 

from Aruanã to Luís Alves, which is a characteristic of flood wave attenuation (e.g., as 

seen in the left y-axis in Figure 3.1). There is also a slight decrease in mean annual 

discharge normalized by drainage area from Bandeirantes to Luís Alves.  

 

Table 3.1. Drainage areas, mean annual discharge, bankfull discharge, and mean 
maximum annual discharge for three stations along the middle Araguaia 
River (Agencia Nacional de Aguas; Latrubesse 2008). *Indicates that the 
estimate of bankfull discharge was made by the author using the EVI 
distribution with a recurrence interval of 1.5 years (Dunne and Leopold 
1978). All other estimates of bankfull discharge are from field data 
(Latrubesse 2008). 

Station name Drainage Area 
(km2) 

Mean annual 
discharge  (m3s-1) 

Bankfull 
discharge (m3s-1) 

Mean maximum 
discharge  (m3s-1) 

Aruanã 76,964 1156 3200 4167 
Bandeirantes 92,638 1424 3755* 4256 
Luís Alves 117,580 1673 3700 4165 
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Figure 3.3. Mean annual discharge, bankfull discharge, and mean maximum discharge for 
the three gauging stations. The y-axis scale is different for each graph.  
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Table 3.2. Mean annual discharge, bankfull discharge, and mean maximum annual 
discharge normalized by drainage area (in mm yr-1) for three stations along 
the middle Araguaia River (Agencia Nacional de Aguas; Latrubesse 2008). 
*Indicates that the estimate of bankfull discharge was made by the author 
using the EVI distribution with a recurrence interval of 1.5 years (Dunne 
and Leopold 1978). All other estimates of bankfull discharge are from field 
data (Latrubesse 2008). 

Station name Mean annual discharge  
(mm yr-1) 

Bankfull discharge 
(mm yr-1) 

Mean maximum discharge  
(mm yr-1) 

Aruanã 474 1311 1707 
Bandeirantes 485 1278* 1449 
Luís Alves 449 992 1117 

 

One tributary flows into the Araguaia River in each reach (Table 3.3), but neither 

tributary has a gauging station at their confluence with the Araguaia River. The Peixe 

River drainage area represents about 13% of the total drainage area at Bandeirantes 

station, which is downstream of the confluence. The Crixas-Açu River drainage area 

represents about 20% of the total drainage area at the Luís Alves gauging station, 

downstream of the river’s entrance to the Araguaia. There is a gauging station Jusanto 

Rio Pintado on the Crixas-Açu River upstream of the confluence with the Araguaia, with 

a drainage area of 18,600 km2  (representing about 78% of the drainage area of the 

Crixas-Açu watershed), but there is no gauging station on the Peixe River. Both 

tributaries flow into the middle Araguaia River from the right bank and drain areas 

dominated by Pre-Cambrian rock units. They begin in hilly regions and then become 

meandering rivers with floodplains before entering into the Araguaia River. Table 3.4 

shows the increase in drainage area along each reach, and the percentage of that drainage 

area increase that results from the tributary input. The tributaries provide almost all of the 

increase in drainage area along both reaches. 
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Table 3.3. Drainage areas and mean annual discharge for the tributaries in the study 
reaches. The mean annual discharge was estimated using a drainage area 
curve by Aquino et al. (2009). 

Tributary Reach Drainage area (km2) Mean annual discharge  (m3s-1) 
Peixe River Reach 1 12,439 186 

Crixas-Açu River Reach 2 23,682 348 

 

Table 3.4. Drainage area increases and the percentage of the drainage area increase that is 
due to the tributary along the study reaches.  

Reach Drainage area increase along reach 
(km2) 

Percent of drainage area increase along 
reach resulting from tributary input (%) 

Reach 1 15,674 79.4 
Reach 2 24,942 95.0 

 

The three main floodplain geomorphologic units of the middle Araguaia River, 

unit I (the older, impeded floodplain), unit II (unit dominated by paleomeanders), and 

unit III (area of accreted banks and islands), are present in both reaches, making up 

varying areas of the floodplains in the reaches (Table 3.5). 

 

Table 3.5. The total areas and percentages of the floodplain area in reach 1 and reach 2 by 
geomorphologic unit. Areas and percentages were found using ArcGIS and 
shapefiles of the geomorphologic units obtained from Latrubesse and 
Carvalho (2006) and defined by Latrubesse and Stevaux (2002).  

Reach Unit I (km2) Unit II (km2) Unit III (km2) Total floodplain (km2) 

Reach 1 424 277 52 753 
Reach 2 87 260 12 358 

Reach Unit I (%) Unit II (%) Unit III (%) Total floodplain (%) 

Reach 1 56.3 36.8 6.9 67.8 
Reach 2 24.2 72.5 3.3 32.2 
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DRAINAGE-AREA DISCHARGE RELATIONSHIPS AND MIDDLE ARAGUAIA RIVER FLOOD 
TRANSMISSION MODELS 

The relationship between river discharge and drainage area along a river within a 

watershed can be fit with the following empirically-derived power function  

 

𝑄 = 𝑐 ∗ 𝐷!!          (1) 

 

where Q is discharge of a given level, c is a constant that depends on the type of 

discharge analyzed (e.g., bankfull discharge, mean annual discharge, mean maximum 

annual discharge) and the specific characteristics of the watershed (e.g., climate, 

geology), 𝐷! is drainage area, and n is an exponent that determines the scaling 

relationship between the  discharge and drainage area (Dunne and Leopold 1978). Mean 

annual discharge along most rivers increases at about the same rate as drainage area 

increases, resulting in an n exponent of approximately 1 (Dunne and Leopold 1978). The 

relationship between mean maximum annual discharge (the mean annual flood) and 

drainage area in a watershed can be characterized by the power function as well, but the n 

exponent is usually less than 1 due to flood wave attenuation and water storage within the 

system (Dunne and Leopold 1978).  

In the Araguaia River (including the upper, middle, and lower sections), the mean 

annual discharge follows this predictable pattern, with the mean annual discharge 

increasing at approximately the same rate as drainage area and a scaling exponent n of 

0.98 (see Figure 4 in Aquino et al. 2008). The increase in mean annual discharge along 

with drainage area can be seen in Figure 3.3, in which the mean annual discharge 

downstream from Aruanã to Luís Alves. A similar relationship between mean maximum 

annual discharge and drainage area yields a n value of 0.82 for the entire Araguaia River 
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(see also Figure 5 in Aquino et al. 2008), but the measured mean maximum annual 

discharge from some of the gauging stations in the middle Araguaia River, including Luís 

Alves, deviate from the discharge-drainage area relationship, decreasing along certain 

reaches of the middle Araguaia (Aquino et al. 2008). This can be observed in Table 3.1 

and in Figure 3.3, showing that the absolute mean maximum discharge at Luís Alves is 

lower than at Bandeirantes and is almost the same as at Aruanã.  

Aquino et al. (2008) characterized three types of flooding that occur in the middle 

Araguaia River based on the magnitude peak discharge and the pattern of peak discharge 

reduction along the river downstream from Aruanã for 7 years. They used maximum 

discharge values to characterized percent reduction of peak discharge, while the present 

study will use average daily discharge measurements for each flood wave. In addition to 

the three gaging stations used for this analysis, Aquino et al. included a fourth station at 

Fazenda Telésforo, downstream of Luís Alves (Figure 3.2). Data from Fazenda Telésforo 

were not available for this analysis, as the gaging station was not maintained and the data 

were not available for the period of interest for the present analyses. This chapter does 

not analyze discharge at Fazenda Telésforo, thus in the discussion of flooding types the 

results from this chapter will be compared to the descriptions of floods between Aruanã, 

Bandeirantes, and Luís Alves. 

Type A floods have major flood peaks along the course of the middle Araguaia 

River (for example, 7139 m3s-1 at Aruanã) and peak discharge reductions of about 30% 

from Aruanã to Luís Alves and Aruanã to Fazenda Telésforo (example years are 1980 

and 1983). The authors stated that the reduction in peak discharge in type A floods likely 

occurs because floodplain lakes linked to the channel near Aruanã provide storage areas 

for river discharge. Type B floods do not have major flood peaks (Aquino et al. 

characterize these peaks as between 4,000 m3s-1 and 5,000 m3s-1) and have small increases 
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in peak discharge along the middle course of the river, with no peak discharge reduction 

(example years given are 1977, 1978, and 1979). Another characteristic of this flood type 

is the maintenance of a similar discharge or a small loss in discharge between Luís Alves 

and Fazenda Telésforo. The loss in discharge between these two stations is presumed to 

result from the Araguaia River flow spilling into the Javaés River, which is an abandoned 

belt of the Araguaia River. Type C floods do not display significant peaks at Aruanã 

(ranging between 4,500 and 5,500 m3s-1) and display slightly increasing or conservative 

flows (meaning that the peak discharge does not change significantly) from Aruanã to 

Bandeirantes, small peak decrease between Bandeirantes and Luís Alves, and can either 

be a slight reduction in peak discharge or maintain a similar magnitude of discharge 

between Luís Alves and Fazenda Telésforo due to the Javaés River (Aquino et al. 2008).  

Table 3.6 summarizes the models proposed by Aquino et al. and the pattern of peak 

discharge reduction from Aruanã to Luís Alves.  

 

Table 3.6. Description of flood transmission models from Aquino et al. (2008) between 
Aruanã and Luís Alves. 

Type Description between Aruanã and Luís Alves Example years used by 
Aquino et al. (2008) 

A Extreme peak floods (e.g., 7000 m3s-1), with discharge losses 
of about 30% between Aruanã and Luís Alves  

1980, 1983 

B No major flood peaks (4,000 to 5,000 m3s-1), small increases 
in flow from Aruanã up to Luís Alves 

1977, 1978, 1979 

C Medium peak discharge (4,500 to 5,500 m3s-1), small or no 
peak reduction discharge between Aruanã and Bandeirantes, 
and usually a slight loss of discharge between Bandeirantes 
and Luís Alves 

1982, 1985 

 

METHODS 

Average daily discharge data were downloaded from Brazil’s National Water 

Agency website (Agencia Nacional de Aguas) for three gaging stations along the middle 
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Araguaia River: Aruanã, Bandeirantes, and Luís Alves. Daily discharge measurements 

for all three stations are available from 1975 to 2007. The flooding period analyzed runs 

from November through May. Years are named for the year in which the flooding season 

ends in May. There are small periods of unavailable measurements within the record 

during the flooding period for 12 years, ranging from 15 days to about 2 months for at 

least one of the three stations. Average daily discharge measurements for the gauging 

station on the Crixas-Açu River, Jusante Rio Pintado, are available from 1980 to 2003, 

although the record is also not continuous with similar types of breaks during the 

flooding period (Agencia Nacional de Aguas).  

Lag times (k) in days for the flood wave peak to travel down each reach were 

determined individually for each flood wave analyzed by assessing the time between 

peaks at the upstream and downstream stations for each reach. In determining lag times 

and analyzing peak reduction, the analysis was performed using the highest recorded 

peak discharge at Aruanã as a starting point. This was done because at times the flood 

wave along the Araguaia River displays multiple peaks. Thus, if the peak discharge at a 

downstream station occurs before the peak discharge at an upstream station, it was treated 

as a separate flood wave and was not used to determine how the peak upstream discharge 

translated downstream.  

Flood wave hydrographs were analyzed for the absolute change and percent 

change in the peak (increase or reduction) for each flood wave between Aruanã and 

Bandeirantes (reach 1) and between Bandeirantes and Luís Alves (reach 2). Four years, 

1991, 1992, 1997, and 2006, were not analyzed for peak discharge change due the 

inability to determine the peak discharge of the flood wave because discharge 

measurements were not available and not provided by Brazil’s National Water Agency. 

Peak discharge change as a percent was computed using the following equation 
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∆𝑄!" % = !!",!,!!!!!!",!,!

!!",!
∗ 100       (2) 

 

where  

∆𝑄!" % = change in peak along the reach 

𝑄!",!,!= peak discharge of the flood wave (m3s-1) at the upstream station at time t 

𝑄!",!,!!!= peak discharge of the flood wave (m3s-1) at the downstream station at time t+k 

 

 A negative percent change indicates a decrease in peak discharge downstream, 

while a positive percent change indicates an increase in peak discharge downstream. The 

absolute peak discharge change (in m3s-1) was computed using the following equation 

 

∆𝑄!" = 𝑄!",!,!!! − 𝑄!",!,!        (3) 

 

The results for each year were then compared to previous flooding types 

described by Aquino et al. (2008).  

An estimate of channel loss during the flood wave crest was made using a 

simplified short-term water balance approach for the years in which peak discharge 

reduction occurred and the discharge measurements were available. The water budget 

was calculated over a period of days during the flood wave crest in which daily discharge 

upstream was more than daily discharge downstream (i.e., over the days in which 

discharge loss occurred over the flood wave crest). Water budget equations determine the 

change in water storage of a defined control volume by examining inputs and outputs 

(Dunne and Leopold 1978). The water budget equation can be generalized as  
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𝐼𝑛𝑝𝑢𝑡𝑠 − 𝑂𝑢𝑡𝑝𝑢𝑡𝑠 =  ∆𝑆𝑡𝑜𝑟𝑎𝑔𝑒       (4) 

 

For a full water budget analysis, all inputs and outputs to a storage compartment 

must be considered, including precipitation, runoff, evaporation, seepage to groundwater, 

and other aspects of the hydrological system (Dunne and Leopold 1978). For a defined 

river reach, a complete water balance equation is 

 

∆𝑆! = 𝑡𝑖𝑚𝑒 ∗ [ 𝑄! − 𝑄! + 𝑄!" − 𝐸 ± 𝐺𝑊 + 𝑃 ± 𝑄!"]    (5) 

 

where 

∆𝑆!= volumetric change in water storage within the reach 

𝑄!= river discharge rate from upstream of the reach 

𝑄!= river discharge rate at downstream end of the reach 

𝑄!" = tributary discharge rate 

𝐸= evaporation rate from the river surface 

𝐺𝑊= rate of groundwater fluxes to and from the channel reach 

𝑃= precipitation rate onto river 

𝑄!"= rate of water fluxes between the river channel and the floodplain 

 

Figure 3.4 shows a diagram of the inputs and outputs described in equation 5 

above. Many of the inputs and outputs for the complete water balance equation for the 

study reaches cannot currently be quantified. Groundwater fluxes, evaporation from the 

river surface, and precipitation onto the river surface have not been quantified (shown in 

red in Figure 3.4), although evaporation from the river surface and precipitation onto the 

river surface can be assumed to be negligible. There is no information on the flux rate 
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between the channel and the floodplain during floods (also shown in red in Figure 3.4). 

There are no measurements of the tributary discharges at the confluence with the 

Araguaia River. The Peixe River does not have a gauging station, while the Crixas-Açu 

River gauging station measures the discharge from 78% of the drainage area. Thus, for 

one of the study reaches, the tributary input can be partially quantified (shown in purple 

in Figure 3.4). Data is available for the blue inputs and outputs in Figure 3.4, which are 

the upstream and downstream discharges.  

 

 

Figure 3.4. Diagram of the inputs and outputs of a full water budget equation for a 
channel reach. Blue inputs/outputs are quantified, purple are partially 
quantified, and red are currently unknown, although direct precipitation and 
evaporation from the river channel surface are likely small.  
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One method of calculating short-term channel losses, the hydrograph method, 

uses only the upstream discharge as an input and the downstream discharge as an output 

to determine channel losses (Gu and Deutschman 2001). If the upstream minus the 

downstream discharge is positive, it indicates that the discharge rate is less downstream 

and channel losses have occurred. If the upstream minus the downstream is negative, the 

channel is gaining discharge along the reach, and no channel losses have occurred (Gu 

and Deutschman 2001). A similar approach to the hydrograph method was taken due to 

the lack of additional data to complete a full water budget analysis. Thus, using average 

daily upstream and downstream discharge rate (in m3s-1) and accounting for the lag time 

(k) of the peak discharge, the daily volume of channel loss can be determined using 

 

∆𝑆!" = 𝑡𝑖𝑚𝑒 ∗ [ 𝑄!,! − 𝑄!,!!!  ]       (6) 

 

where 

∆𝑆!"  = daily volumetric channel loss for the reach (m3) 

𝑄!,! = rate of upstream discharge (m3s-1) at time t 

𝑄!,!!!  = rate of downstream discharge (m3s-1) at time t+k 

 

The above equation was used for flood years in which peak discharge reduction 

occurred to calculate channel loss over the flood wave crest. Volumetric channel loss 

values for each day were summed over the period of discharge loss displayed in the 

hydrograph for the flood peak analyzed, in which discharge was less downstream 

compared to upstream, accounting for the lag time of the flood peak. This was done to 

determine the short-term channel loss that occurs over the flood wave crest. Figure 3.5 

graphically demonstrates the total volumetric channel loss over the flood wave crest. The 
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volumetric flux was converted to loss per unit length of each river reach by dividing the 

volumetric flux by the length of each reach. The total volumetric channel loss 

underestimates the loss of water from the channel, as the tributary inputs are not 

quantified, but it provides a way to compare channel loss over the flood wave peak 

between reach 1 and reach 2 and gives a starting point for the amount of water that is 

likely transferred to the floodplain during the flood wave crest. 
 

 

Figure 3.5. Example of the channel loss over the flood wave crest. Accounting for the 
lag, the volumetric difference in discharge is summed over the period of 
days in which downstream discharge is less than upstream discharge, 
represented by the gray shaded area in the right graph.   

 

Because discharge data are available for the Crixas-Açu River at almost 80% of 

the total drainage area of the tributary, these data were used to compute a channel loss for 

reach 2 including the tributary data, for the years in which the discharge measurements 

were available over the flood wave crest. This resulted in calculating channel loss with 

the tributary data in 11 of the 21 years in which peak discharge reduction occurred in 

reach 2. Because the Crixas-Açu River flows into the Araguaia River approximately 12.5 

km before Luís Alves, meaning that the tributary enters much closer to Luís Alves than 

Bandeirantes along the 64 km reach 2, the lag time used for the Crixas-Açu River was 
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taken to be the same lag time used for Luís Alves. Thus, the daily volumetric channel loss 

in reach 2 with the tributary data was found using the following equation 

 

∆𝑆!" = 𝑡𝑖𝑚𝑒 ∗ [ 𝑄!,! + 𝑄!"#$,!!! − 𝑄!,!!!  ]      (7) 

  

where 

𝑄!"#$,!!!= rate of discharge of Crixas-Açu River (m3s-1) gauging station at time t+k 

 

The daily volumetric channel loss for reach 2 with the tributary data was also 

summed over the period of days in which the inputs were greater than the output (i.e., 

channel loss was occurring) for the flood wave crest for the flood wave analyzed. These 

were compared to channel loss without the tributary data in reach 2, to gain a more 

accurate description of temporary channel loss and to provide an estimate of how much 

the tributary contributes to channel loss.  

In addition to estimating short-term channel loss over the flood wave crest, a 

water budget of the entire flooding period, from 1 November to 31 May, was completed 

for each year in which all of the average daily discharge measurements were available. 

This was used to determine whether peak discharge reduction resulted in channel losses 

over the flooding period or only during the crest of the flood wave. Average daily 

discharge measurements from 1 November to 31 May were converted to volumes and 

then summed. In some years, discharge data were available beginning 21 November 

(1983) or 1 December (1990), and in these cases this date was used as a starting date 

instead of 1 November. The channel loss for the flooding period was calculated as  
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∆𝑆!,!" = 𝑉!,!" − 𝑉!,!"        (8) 

 

where  

∆𝑆!,!"= volumetric channel loss for the flooding period (km3) 

𝑉!,!"= volume of the upstream gauging station for the flooding period (km3) 

𝑉!,!"= volume of the downstream gauging station for the flooding period (km3) 

 

Positive values of ∆𝑆!,!" indicate channel loss over the flooding period, while 

negative values of ∆𝑆!,!" indicate that channel losses did not occur and the reach is 

gaining discharge over the flooding period. The flooding period water budget for reach 2 

was also computed using the data from the Crixas-Açu River gauging station when 

available for the flooding period from November to May. The channel loss equation for 

the flooding period including the tributary is 

 

∆𝑆!,!" = 𝑉!,!" − 𝑉!,!" + 𝑉!,!"       (9) 

 

where 

𝑉!,!"= volume of the tributary for the flooding period (km3) 

 

RESULTS AND DISCUSSION  

Peak discharge reduction  

As expected, the average time for the peak discharge to travel downstream is 

longer for reach 1 compared to reach 2, as reach 1 is 170 km in length and reach 2 is 64 

km in length. Average lag time of the peak discharge as it moved downstream for reach 1 
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is 6.2 days, with an average velocity of 0.32 m s-1 or 1.14 km hr -1. Reach 2 average lag 

time is 1.8 days, resulting in an average velocity of 0.41 m s-1 or 1.48 km hr -1.  

Figure 3.6 shows the peak discharge reduction as a percentage plotted against the 

peak discharge measurement for the upstream station for each analyzed year. Also 

displayed in Figure 3.6 are the bankfull and mean maximum discharges for the upstream 

stations. The highest percentage of peak reduction for reach 1 occurs in 1980, when the 

peak discharge at Aruanã is reduced by 35.5% at Bandeirantes. There is less correlation 

between percent peak reduction and upstream discharge in reach 1 (Pearson’s correlation 

coefficient (r) = 0.68) compared to reach 2 (r = 0.86), although a trend seems to exist, 

especially at the higher discharge rates at Aruanã (Figure 3.6). In 1996, 22.8% peak 

reduction occurs between Aruanã and Bandeirantes, and the peak discharge recorded 

(3096 m3s-1) is below bankfull discharge (3200 m m3s-1). In eight of the analyzed years, 

including 1984, 1988, 1993, 1994, 1995, 1998, 2001, and 2007, peak discharge increases 

downstream and the peak upstream discharge is at or above bankfull discharge. In 1988, 

the peak discharge at Aruanã is 4914 m3s-1 and no peak reduction occurs between Aruanã 

and Bandeirantes (9.8% peak increase).  

The highest measured peak reduction for reach 2 occurs in 1983, when the 

discharge rate at Luís Alves is 27% less than at Bandeirantes. Reach 2 displays a more 

uniform pattern of peak reduction in relation upstream discharge compared with reach 1, 

with a high correlation between peak reduction and the measured peak discharge at the 

upstream station (r = 0.86). In reach 2, the propensity of loss of peak discharge increases 

at about bankfull discharge at Bandeirantes. There is only one year, 1990, in which the 

bankfull discharge at Bandeirantes is exceeded (with a peak discharge of 3896 m3s-1) and 

no peak reduction occurs. In this year, peak discharge increases by 21% along the reach. 

In 1995, the peak remains almost the same along reach and is above bankfull, while in 
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1995 the peak increases along reach 1. In reach 2, there is only one year, 1998, in which 

the bankfull discharge is not exceeded at Bandeirantes and a 4% peak reduction occurs.  
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Figure 3.6: Percent peak change for reach 1 (Aruanã to Bandeirantes) and reach 2 
(Bandeirantes to Luís Alves) plotted against the upstream peak discharge of 
the flood wave. Positive peak change indicates that the peak discharge is 
gaining downstream, while negative peak change indicates that the peak 
discharge is reduced downstream.  
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The absolute peak reduction (in m3s-1) in relation to upstream discharge (Figure 

3.7) displays similar patterns as the percent peak reduction, but with a stronger 

correlation between upstream peak discharge and absolute peak reduction in reach 1 (r = 

0.80). The percent peak change can overestimate the reduction in peak—if the peak is 

low, the percent change might be large while the absolute change in peak is not. For 

example, in reach 1 in 1996, the peak reduction as a percentage was 23%, the 2nd largest 

reduction after 1980. But, in terms of absolute discharge reduction, 1996 has the 5th 

largest peak reduction, after 1977, 1980, 1983, and 2004. Thus, it is important to 

characterize the absolute change as well as the percentage change in peak discharge.  

 

 



 55 

 

Figure 3.7. Absolute peak change for reach 1 (Aruanã to Bandeirantes) and reach 2 
(Bandeirantes to Luís Alves) in m3s-1 plotted against the upstream peak 
discharge of the flood wave. Positive peak change indicates that the peak 
discharge is gaining downstream, while negative peak change indicates that 
the peak discharge is reduced downstream. 
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Peak discharge reduction along the reach generally begins to occur when the 

upstream gauging station reaches bankfull discharge. However, the deviations from this 

trend, which are described above for different years, highlight the complexity of 

floodplain inundation. Even with an increase in peak discharge downstream, river 

discharge could still leaving the channel during the flood, particularly because the peak 

discharge reduction does not take into account the contribution of the tributaries and 

estimates of peak reduction are not the same as estimates of the floodplain storage during 

the passage of the flood wave. There are multiple ways in which river discharge can 

move out of the channel during flooding in addition to overbank flooding. For example, 

the many lakes in the middle Araguaia River, which in some cases are connected via 

surface water with the main river channel (see Chapter 4), provide a pathway for water to 

move into these lakes and the floodplain during the flood wave before the river discharge 

reaches bankfull discharge. In addition, the rising discharge in the river can increase the 

water table in the floodplain, which is a slower process relative to river discharge moving 

into floodplain lakes connected to the channel. These processes are characterized in 

equation 5 and Figure 3.4.  

The complexity of the movement of water out of the river channel and onto the 

floodplain during flooding in different stages and at discharge levels below bankfull has 

been described in other tropical systems, such as the Amazon River floodplain (Mertes et 

al. 1995; Lesack and Melack 1995). For example, the floodplain may begin to inundate 

well before overbank flooding occurs due to a rising water table and breaks in floodplain 

drainage channel levees or the expansion of floodplain lakes, highlighting the importance 

of the geomorphologic controls on floodplain inundation and floodplain storage (Mertes 

et al. 1995).  Chapter 4 describes the types of lakes in the middle Araguaia River and the 

pathways of surface water connection between the river and the floodplain, providing 
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more insight on the processes that result in peak discharge reduction and how it can occur 

below bankfull discharge.  

 

Flood type characterization 

Based on the analysis of peak discharge and peak discharge reduction along 

reaches 1 and 2, the years have been grouped and organized into types similar to Aquino 

et al. (Figure 3.8, Table 3.7). Type A floods demonstrate large peak discharges at Aruanã 

(greater than 5,000 m3s-1 but upwards of 8,000 m3s-1 with an average of 6,612 m3s-1) and 

large peak reductions along reaches 1 and 2, characterized by the years 1977, 1980, 1982, 

1983, and 2004 (Figure 3.8 and example hydrograph in Figure 3.9).  Type B floods have 

lower flood peaks, from below bankfull discharge up to about 4,000 m3s-1 at Aruanã (with 

an average of 3,042 m3s-1), and increase in the peak discharge along both reaches, as in 

the years 1976, 1986, 1989, 1995 (Figure 3.8 and example hydrograph in Figure 3.10). 

The downstream increase in peak discharge along both reaches is the main aspect that 

separates this flood type from others. Type C floods have medium flood peaks (mostly 

4,500 to 5,500 m3s-1 at Aruanã, with an average of 4,523 m3s-1) and little to no peak 

reduction for reach 1, with usually a small peak reduction along reach 2 (Figure 3.8 and 

example hydrograph in Figure 3.11). Type D can be characterized as reach 1 and reach 2 

displaying markedly different patterns of peak discharge reduction. The three other types 

of flood wave transmission (A, B, and C) display more similar patterns of peak reduction 

and peak discharge along reaches 1 and 2 (Figure 3.8 and example hydrographs in 

Figures 3.12 and 3.13). Type D1 floods have higher peak discharges at Aruanã (average 

of 4,003 m3s-1) compared with type D2 floods (average of 2929 m3s-1) and thus more 

absolute peak reduction. Type D2 floods have peak discharges below bankfull discharge, 
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indicating that the divergent patterns of reach 1 and reach 2 have smaller absolute 

changes in peak even though the percent change in peak may be high. 

 

  

Figure 3.8. Flooding types identified through analyzing percent peak reduction. Types A, 
B, and C were identified previously by Aquino et al. 2008.  
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Table 3.7. Results of the peak discharge change analysis for reaches 1 and 2, including 
peak discharges for the flood wave used for analysis and flood types (n=29). 
NA = unavailable discharge measurements.  

Year Peak change (%) Peak change (m3s-1) Peak of flood wave (m3s-1) Flood 
type 

 Reach 1 Reach 2 Reach 1 Reach 2 Aruanã Bandeirantes Luís Alves  

1975 -5.46 23.49 -129 525 2364 2235 2760 D2 

1976 19.94 9.41 491 278 2462 2953 3231 B 

1977 -20.77 -21.65 -1380 -1140 6645 5265 4125 A 

1978 -2.97 -8.89 -131 -380 4407 4276 3896 C 

1979 -2.28 -10.25 -102 -447 4465 4363 3916 C 

1980 -35.51 -12.20 -3002 -665 8453 5451 4786 A 

1981 -9.16 -2.21 -470 -103 5130 4660 4557 C 

1982 -8.25 -18.82 -419 -877 5079 4660 3783 A 

1983 -17.87 -26.78 -1276 -1570 7139 5863 4293 A 

1984 1.23 -3.87 53 -169 4314 4367 4198 C 

1985 -4.97 -10.03 -287 -551 5778 5491 4940 C 

1986 5.52 32.69 155 969 2809 2964 3933 B 

1987 -7.13 26.85 -206 720 2888 2682 3402 D2 

1988 9.79 -20.72 481 -1118 4914 5395 4277 D1 

1989 28.64 12.34 817 453 2853 3670 4123 B 

1990 -3.23 16.99 -130 662 4026 3896 4558 D1 

1991 NA NA NA NA 
    

1992 NA NA NA NA 
    

1993 29.84 -9.58 1104 -460 3700 4804 4344 D1 

1994 8.49 -3.26 348 -145 4097 4445 4300 C 

1995 8.36 0.48 338 21 4044 4382 4403 B 

1996 -22.80 55.27 -706 1321 3096 2390 3711 D2 

1997 NA NA NA NA 
    

1998 9.44 -4.02 309 -144 3275 3584 3440 C 

1999 -7.07 -6.71 -330 -291 4665 4335 4044 C 

2000 -5.41 -3.46 -243 -147 4493 4250 4103 C 

2001 20.31 -11.14 685 -452 3372 4057 3605 D1 

2002 -1.06 -7.11 -50 -332 4721 4671 4339 C 

2003 24.23 -4.22 753 -163 3108 3861 3698 D2 

2004 -19.39 -7.88 -1114 -365 5746 4632 4267 A 

2005 18.51 -1.56 590 -59 3188 3778 3719 D2 

2006 NA NA NA NA 
    

2007 6.81 -7.61 300 -358 4407 4707 4349 C 
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Figure 3.9. Flood wave analyzed for 1983, a type A flood.  

 

 

Figure 3.10. Flood wave of 1976, a type B flood. Discharge data from the Crixas-Açu 
River was not available for this year. 
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Figure 3.11. Flood wave of 1984, a type C flood.  

Since type D floods display very different patterns for reach 1 and reach 2, they 

may be best explained by variable tributary influences. For example, in 1988 (type D1), 

the peak discharge at Aruanã is 4914 m3s-1, increases to 5395 m3s-1at Bandeirantes, and 

decreases to 4277 m3s-1 at Luís Alves. Although the Peixe River’s estimated mean annual 

discharge is about half of the estimated mean annual discharge of the Crixas-Açu River 

(Table 3.3), it is possible that the Peixe River watershed contributed a relatively large 

amount of discharge compared to the Crixas-Açu River, potentially due to variable 

precipitation patterns, causing the pattern of peak discharge loss to be different between 

reach 1 and reach 2. However, further information on precipitation and Peixe River 

discharge would be needed to determine whether that scenario occurred. Figure 3.10 
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shows the 1988 hydrograph for the three stations and includes the gauging station on the 

Crixas-Açu River.  

 

 

Figure 3.10. Flood wave analyzed for the year 1988, a type D1 flood.  
   

The opposite pattern of peak reduction along the two reaches is demonstrated for 

another D1 flood in 1990, when the peak discharge at Aruanã is 4026 m3s-1, decreasing to 

3896 m3s-1 at Bandeirantes, and then increasing again to 4558 m3s-1 at Luís Alves. This 

might be explained by a relatively small contribution by the Peixe River into reach 1 and 

a larger contribution by the Crixas-Açu River in reach 2. Again, more information on 

precipitation and Peixe River discharge would be needed for this year to substantiate that 

idea. The flood hydrograph is shown in Figure 3.11 for this year. 
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Figure 3.11. Flood wave analyzed for the year 1990, a type D1 flood.  

While the types described above are in relatively good agreement with the types 

described in Table 3.5 by Aquino et al. (2008), the present analysis has slightly revised 

the flooding patterns previously described in the literature. The level of the peak 

discharge at Aruanã for each type has been revised to better reflect all of the years 

analyzed and to better group the pattern of peak discharge change along the reaches. A 

fourth type of flood, type D, has been added to the characteristic flooding patterns. 

Finally, some of the years classified by Aquino et al. (2008) have been reclassified by the 

present study. These differences are mainly caused by the present study using a peak 

values that represent the flood wave translation downstream instead of the maximum 

peak discharge recorded for the year at each station.  
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Estimation of volumetric channel loss  

Taking the lag time into account, the estimate of volumetric channel loss over the 

flood wave crest and over the flooding period for reach 1, reach 2, and reach 2 with 

discharge data from the Crixas-Açu River tributary during the period of discharge loss 

was calculated for each available year in which peak discharge reduction occurred. 

Figure 3.12 and Table 3.8 show the results from channel losses over the flood wave crest. 

The averages for all analyzed years are 0.27 km3 channel loss for reach 1 (n = 15 years), 

0.73 km3 channel loss for reach 2 (n = 21 years) and 1.94 km3 for reach 2 with the 

tributary (n=11). The average number of days over which downstream discharge 

reduction occurred and volumetric channel loss was summed over the flood wave is 8.9 

days for reach 1, 18.1 days for reach 2, and 32.1 days for reach 2 including the tributary. 

This indicates that reach 2 usually experiences more days of lower discharge compared to 

reach 1, whether or not the tributary estimate is included. The estimated losses per unit 

channel length of reach 1 and reach 2 (without the tributary) demonstrate that reach 2 

loses more discharge per unit channel length (Figure 3.13). Average losses over the flood 

wave crest per km of channel length for the years in which peak reduction occurs is 

~1,600,000 m3km-1 for reach 1 and ~11,500,000 m3km-1 for reach 2, indicating that loss 

per km of channel length is about 7 times greater in reach 2 compared to reach 1. 

The largest volumetric channel loss over the flood wave crest occurred in 1996 

for reach 1, when an estimated value of 0.83 km3 is lost over a span of 17 days. The year 

1996 is a type D2 flood, in which the peak discharge at Aruanã was low and the reaches 

displayed different patterns of peak reduction. Reach 1 displayed a 23% reduction in the 

peak discharge, but there was no peak reduction and no estimated channel loss for reach 2 

in 1996, highlighting the difference between the reaches. The 1996 channel loss occurred 

when the peak discharge at Aruanã (3096 m3s-1) was below bankfull discharge (3200 m3s-
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1), demonstrating again that channel loss over the flood peak can occur below bankfull 

discharge. Additional years have similar estimates of channel loss, for example in 1983 

and 1977, type A floods, when 0.41 km3 and 0.58 km3 were lost over the flood peak.  The 

smallest volumetric channel loss for reach 1 occurred in 1979 (0.016 km3), which is a 

type C flood year, in which there was small to no peak reduction in reach 1 followed by a 

peak reduction in reach 2. Reach 2 channel loss in 1979 was 2.34 km3. For reach 2 

without the tributary data, the largest volumetric channel loss occurred in 1983 (type A 

flood), when 3.7 km3 was lost over a span 59 days. The smallest channel loss was 0.013 

km3 in 2005, which is a type D2 flood, in which one reach increased in discharge (in this 

case, reach 1), and the other reach decreased in discharge (in this case, reach 2).  

The results for reach 2 with the tributary data highlight the importance of 

accounting for the tributary contributions. When the tributary influx is included, the 

amount of channel loss varies between years. However, when the tributary data are 

included, calculations suggest at least a doubling of the estimated channel loss for every 

year in which measurements were available and a loss occurred. With the estimates of 

channel loss for the flood wave crest and for the flooding period for reach 2 with the 

tributary, it is important to note again that the tributary data represents about 80% of the 

drainage area for the tributary. Thus, the values provided represent the potential change 

to the water budgets that could occur if tributary data were available at the confluence 

with the Araguaia River. Including the tributary at 80% of the drainage area provides a 

way to estimate the magnitude of difference that it makes in the calculation of channel 

losses.  
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Table 3.8. Results of volumetric channel loss over the flood wave crest and channel loss 
per unit channel length for reaches 1 and 2 and reach 2 with tributary data. 
NL = no discharge loss observed for the reach; NA = unavailable discharge 
measurements.  

Year Peak of flood wave (m3s-1) Channel loss over flood 
wave crest (km3) 

Channel loss per 
unit channel length 

(m3/km) 

Flood 
wave 
type 

  Aruanã Bandeirantes Luís 
Alves Reach 1 Reach 2 

Reach 2 
with 

tributary 
Reach 1 Reach 2   

1975 2364 2235 2760 0.03 NL NA 204311 NL D2 

1976 2462 2953 3231 NL NL NA NL NL B 

1977 6645 5265 4125 0.58 1.52 NA 3418899 23699250 A 

1978 4407 4276 3896 0.02 0.36 NA 114861 5624100 C 

1979 4465 4363 3916 0.02 2.34 NA 94532 36595800 C 

1980 8453 5451 4786 NA 2.58 NA NA 40279950 A 

1981 5130 4660 4557 0.16 0.07 NA 946842 1019250 C 

1982 5079 4660 3783 0.17 1.58 4.08 999699 24678180 A 

1983 7139 5863 4293 0.40 3.71 7.10 2379558 57927150 A 

1984 4314 4367 4198 NL 0.04 0.34 NL 657450 C 

1985 5778 5491 4940 0.10 0.44 1.88 613440 6914700 C 

1986 2809 2964 3933 NL NL NL NL NL B 
1987 2888 2682 3402 0.19 NL NL 1105920 NL D2 
1988 4914 5395 4277 NL 0.67 1.53 NL 10516500 D1 

1989 2853 3670 4123 NL NL NL NL NL B 

1990 4026 3896 4558 0.22 NL NL 1283294 NL D1 
1991    NA NA NA NA NA  
1992    NA NA NA NA NA  
1993 3700 4804 4344 NL 0.27 NA NL 4187700 D1 

1994 4097 4445 4300 NL 0.09 NA NL 1387800 C 

1995 4044 4382 4403 NL NL NL NL NL B 
1996 3096 2390 3711 0.83 NL NL 4857205 NL D2 
1997    NA NA NA NA NA  
1998 3275 3584 3440 NL 0.10 0.80 NL 1614600 C 

1999 4665 4335 4044 0.75 0.10 0.48 4426221 1572750 C 

2000 4493 4250 4103 0.16 0.36 1.42 943285 5668650 C 

2001 3372 4057 3605 NL 0.23 0.89 NL 3547800 D1 

2002 4721 4671 4339 0.02 0.44 2.36 100122 6921450 C 

2003 3108 3861 3698 NL 0.05 0.41 NL 761400 D2 

2004 5746 4632 4267 0.42 0.13 NA 2458334 2097900 A 

2005 3188 3778 3719 NL 0.01 NA NL 198450 D2 

2006    NA NL NA NA NL  
2007 4407 4707 4349 NL 0.33 NA NL 5081400 C 
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Figure 3.12. The volumetric channel loss over the flood wave crest (in km3) for reach 1, 
reach 2, and reach 2 including the tributary data.  

 

 

Figure 3.13. Volumetric channel loss over the flood wave crest per unit channel length 
(m3km-1) for reaches 1 and 2.  
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The channel losses over the flood wave crest can also be viewed as losses per day, 

with the loss normalized by the number of days over which losses occur in the flood 

wave crest. Figure 3.14 shows the volumetric channel loss over the flood wave crest per 

day, and it is clear that reach 1, reach 2, and reach 2 with the tributary have similar values 

of loss/day over the flood wave when normalized by the number of days of discharge 

loss. The average over all available years for is the same for both reaches without the 

tributary data (0.027 km3/day). The reach 2 with the tributary is slightly higher, at 0.051 

km3/day. This indicates that although the absolute channel loss during the flood peak is 

higher in reach 2 relative to reach 1, reach 1 displays relatively the same amount of loss 

per day during the flood wave as reach 2, just for a shorter period of time.  
 

 

 

Figure 3.14. Volumetric loss per day over the flood wave crest (km3/day) for reaches 1 
and 2 and reach 2 including the tributary data.  

The volumetric channel losses over the flooding period, from November to May, 

demonstrate that the channel losses over the flood wave crest in most cases do not result 

in channel loss over the entire flooding season (Figure 3.15 and Table 3.9). In Figure 
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3.15, negative channel loss indicates channel gains over the flood season, and positive 

channel loss means that channel loss occurred. Table 3.9 indicates the years analyzed and 

the years in which unavailable discharge measurements impeded the analysis of channel 

loss over the flooding period. In all years analyzed, reach 1 does not show a channel loss 

over the flooding period, although the Peixe River tributary is not included in this 

estimate. Thus, it is possible that channel loss over the flooding season could occur if 

Peixe River data were available. In reach 2 without the tributary, channel loss is evident 

in two years, 1982 and 2007, which are both type C floods. In reach 2 with the tributary 

data, channel loss occurs in 5 years, 1982, 1983, 1985, 2000, 2001, and 2002. The flood 

years of 1982 and 1983 (both type A floods) have the largest channel loss over the 

flooding period, with 7.5 km3 and 5.4 km3, respectively. Smaller losses of less than 2 km3 

occur in reach 2 with the tributary in 3 years, which are all type C floods. In 2001, there 

is a slight channel loss (0.03 km3), which is a type D1 flood, in which reach 1 and 2 

display different patterns of peak reduction. Thus, in reach 2 large channel losses over the 

entire flooding period only occur during type A floods with very high peak discharge, 

and smaller losses occur with type C floods, with medium peak discharges and peak 

discharge reduction in reach 2. The channel losses for the entire flooding season are 

likely stored in floodplain lakes over the dry season, lost to evaporation, or lost to 

groundwater beneath the floodplain. 
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Table 3.9. Channel loss over the flooding period, from November to May for each year in 
which average daily discharge measurements are available. NA = 
unavailable discharge measurements. 

Year Channel loss over the flooding period (km3) Flood wave type 
  Reach 1 Reach 2  Reach 2 with tributary    

1975 -2.44 -5.64 NA D2 

1976 -4.48 -3.03 NA B 

1977 -5.37 -4.19 NA A 

1978 -6.43 -7.65 NA C 

1979 -1.01 -1.75 NA C 

1980 NA -0.90 NA A 

1981 -7.96 NA NA C 

1982 -6.84 0.22 7.50 A 

1983 -5.53 -0.30 5.40 A 

1984 -3.24 -6.54 -1.92 C 

1985 -5.26 -4.91 0.77 C 

1986 -6.68 -10.75 -4.05 B 

1987 -3.67 -8.00 -4.33 D2 

1988 -5.74 -7.26 -2.87 D1 

1989 -7.01 -11.45 NA B 

1990 -9.82 -9.35 NA D1 

1991 NA NA NA  
1992 NA NA NA  
1993 NA NA NA D1 

1994 -10.13 -7.90 NA C 

1995 NA NA NA B 

1996 -0.67 -10.79 -7.29 D2 

1997 NA NA NA  
1998 NA NA NA C 

1999 NA NA NA C 

2000 -4.81 -5.58 1.45 C 

2001 -4.54 -4.70 0.03 D1 

2002 -7.31 -4.38 1.92 C 

2003 -7.07 NA NA D2 

2004 -5.62 NA NA A 

2005 NA -5.24 NA D2 

2006 NA NA NA  
2007 -13.39 2.31 NA C 
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Figure 3.15. Channel loss (positive values) and channel gain (negative values) over the 
flooding period, from November to May, for all available years and reaches, 
including reach 1, reach 2, and reach 2 including tributary data.  

 

Table 3.10 shows the years in which channel loss occurred over the entire 

flooding season as a percentage of the total volume of inputs (the volume of upstream 

discharge for reach 2; the volume of upstream discharge and tributary discharge for reach 

2 with the tributary). When incorporating the tributary data, the highest loss for reach 2 is 

about 10% and 12% of the total discharge input, for 1982 and 1983 (type A floods), 

respectively. The volume of discharge that is lost as a percentage of total inputs is much 

smaller in the other years, which are classified as type C or type D1 floods. 
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Table 3.10. The loss over the flooding season for reach 2 and reach 2 with the tributary 
input as a percentage of the total discharge input to the reach. NL= No loss 
was observed; NA= discharge data were unavailable. 

Year Reach 2 channel loss as a percent 
of input volume (%) 

Reach 2 with tributary channel loss as a 
percent of input volume (%) 

1982 0.40 12.16 

1983 NL 10.32 

1985 NL 1.52 

2000 NL 3.22 

2001 NL 0.08 

2002 NL 3.89 

2007 5.51 NA 

 

In the years in which both types of losses occur (over the flood wave crest and 

over the flooding period), channel loss over the flood wave crest exceeds channel loss for 

the flooding period in four out of six years (Table 3.11). In these years (1983, 1985, 

2001, 2002), larger channel losses occur during the flood wave peaks, with the channel 

regaining some of this loss by the end of the flooding period. In 1982 (type A) and in 

2000 (type D1), channel loss over the flood wave crest is less than channel loss over the 

flooding period, although in 2000 the values are very similar. In these years, it appears 

that losses were not exclusive to periods when upstream discharge rates exceeded 

downstream rates over the flood wave crest.  
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Table 3.11. Reach 2 with tributary channel loss over the flood wave crest compared to 
channel loss for the flooding period from November to May, for years in 
which losses occurred over the flooding period. NL= no losses observed; 
NA=unavailable discharge measurements. 

Year Channel loss over flood wave crest (km3) for 
reach 2 with tributary 

Channel loss over flooding period 
(km3) for reach 2 with tributary 

1982 4.08 7.5 

1983 7.1 5.4 

1985 1.88 0.77 

2000 1.42 1.45 

2001 0.89 0.03 

2002 2.36 1.92 

 

The average channel losses for each flooding type over the flood wave crest and 

over the flooding period are displayed in Table 3.12. The averages for the type D1 and 

D2 floods are not representative of the divergent patterns between reach 1 and reach 2, as 

in some D1 and D2 years, one reach does not have channel loss and the other reach does. 

Type B floods do not have measurable channel losses in any of the years. The average 

channel losses over the flood wave crest for types A and C reflect the peak reduction for 

those types of floods. For type C, there are small losses in reach 1 and a larger loss in 

reach 2. For type A, there are losses in reaches 1 and 2, and both reach 1 and reach 2 

average losses are the highest compared to all of the types.  
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Table 3.12. Average channel losses for each flooding type, over the flood wave crest and 
over the flooding period. The first numbers in parentheses indicates the 
number of years in which channel losses occurred for each flood type (the 
number of years in which the average was calculated). The second number 
in parentheses indicates the number of years in which no channel losses 
were observed for each flood type. These numbers do not include years in 
which discharge measurements were unavailable. NL=no losses observed 
for all available years. 

Flood 
type 

Average loss over the flood wave crest 
(km3) 

Average loss over the flooding period 
(km3) 

  Reach 1 Reach 2 Reach 2 with 
tributary Reach 1 Reach 2 Reach 2 with 

tributary 
A 0.39 (4,0) 1.90 (5,0) 5.59 (2,0) NL 0.22 (1,3) 6.45 (2,0) 

B NL NL NL NL NL NL 

C 0.18 (7,4) 0.43 (11,0) 1.21 (6,0) NL 2.31 (1,7) 1.38 (3,1) 

D1 0.22 (1,3) 0.39 (3,1) 1.21 (2,1) NL NL 0.03 (1,1) 

D2 0.35 (3,2) 0.03 (2,3) 0.41 (1,2) NL NL NL 

 

If the channel losses in reaches 1 and 2 are lost only to the geomorphologic 

floodplain, it is possible to get an estimate of the losses per area and assess whether this is 

a reasonable amount. For example, the 1983 (type A) channel loss over the flooding 

period for reach 2 with tributary data resulted in a 5.4 km3 channel loss. If this volume 

was distributed only over the geomorphologic floodplain for reach 2, which is 350 km2, a 

water height of 15 m would need to be stored within and across the floodplain over the 

entire flooding period. However, the floodplain contains many lakes formed by fluvial 

processes, which expand in depth and area during the flooding season (Morais et al. 

2005; Chapter 4). In addition, the 1983 flood was an extreme flood, in which floodwaters 

likely were distributed outside of the geomorphologic floodplain (e.g., beyond the 

geomorphologic floodplain or in areas adjacent that area not usually flooded and are not 

classified as the geomorphologic floodplain) or in the Crixas-Acu River tributary 

floodplain prior to the confluence with the Araguaia River. These processes might also 
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have occurred in the type A flood of 1982. With a more moderate channel loss, such as 

one that occurred over the flooding period in 2000, when 1.45 km3 of water was lost over 

the flooding period for reach 2 including the tributary, the height of water across the 

floodplain that it would need to absorb to cause the channel loss would be approximately 

4 meters.   

Figure 3.16 shows the discharge for each station normalized by the mean annual 

discharge for each station, with the color indicating the type of flood that occurred in that 

year (type A is red, type B is green, type C is blue, type D1 is purple, and type D2 is 

black). Table 3.13 shows the averages of the normalized discharge for each flood type at 

each station. In the figure and the table, it is clear that the high magnitude floods 

(particularly type A floods) result in a greater decrease in normalized peak discharge 

along reach 1 and reach 2. For type A floods, on average there is approximately a 56% 

decrease in normalized peak discharge from Aruanã to Luís Alves. For type C floods, in 

which flood peaks are medium high, on average there is a 36% decrease in normalized 

peak discharge from Aruanã to Luís Alves. The normalized peak discharge decreases 

only slightly for type B floods along reaches 1 and 2 (11% total), which have lower 

magnitudes and no estimated channel losses over the flood wave crest. Types D1 and D2 

floods are difficult to characterize due to the variable reductions in peak discharge along 

reaches 1 and 2, but it is clear that type D2 floods have lower normalized peak discharges 

compared to type D2.  
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Figure 3.16. Discharges for the three gauging stations normalized by mean annual 
discharge. The different flood types are distinguished by color--type A is 
red, type B is green, type C is blue, type D1 is purple, and type D2 is black. 
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Table 3.13. The average peak discharge normalized by the mean annual discharge for 
each station and for each flood type.  

Type Average peak discharge normalized by mean annual discharge for each flood type 

  Aruanã Bandeirantes Luís Alves 

A 5.72 3.63 2.54 
B 2.63 2.45 2.34 
C 3.91 3.14 2.50 

D1 3.46 3.19 2.51 
D2 2.53 2.10 2.07 

 

As stated previously, it is necessary to distinguish the difference between channel 

losses and measurements of floodplain storage. The transfer of water to and from the 

floodplain during flooding occurs in many river-floodplain systems, even without an 

observed channel loss during peaks or during the flooding season. For example, Richey et 

al. (1989) estimate that a maximum of 30% of the flow in the Amazon River channel has 

been routed through the floodplain during the flooding season using a flood routing 

model, although Alsdorf et al. (2010) estimate this quantity to be about 10% using coarse 

resolution gravimetric data and other remotely sensed imagery over a similar study area. 

However, net reductions of discharge downstream are not observed (Alsdorf et al. 2010; 

Richey et al. 1989). In the Araguaia, movement of water onto the floodplain and back 

into the channel can occur without an absolute reduction of discharge downstream. The 

total volumetric channel loss over the flooding season can be up to 12% of the total 

volume of discharge inputs in reach 2 (Table 3.10), but estimates of the fluxes of water to 

and from the floodplain during the flooding season in the middle Araguaia River would 

likely be greater than the estimates of channel losses. This is because floodplain storage 

can occur without a net reduction of discharge rate downstream. Thus, it is difficult to 
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compare these channel losses to other similar systems in which floodplain fluxes have 

been estimated. Downstream reduction in discharge in the Upper Paraguay River as it 

enters the Pantanal wetland and creates a depositional fan can be as much as 50% (Assine 

and Silva 2009). Although this system is different than the middle Araguaia River, as 

described previously, peak discharge reduction in the Araguaia River can be as high as 

35%, as in the 1980 type A flood.  

 

Patterns of flooding, channel loss, and geomorphology 

When comparing reach 1 and reach 2 without the tributary data, reach 1 

experiences less channel loss over the flood wave crest compared to reach 2 (Figure 

3.12). This could be the result of the differences in the geomorphology of the floodplain, 

including differences in the floodplain lakes that are connected to the main river channel. 

The number of floodplain lakes connected to the channel and the morphology of the 

floodplain likely play a strong role in channel losses over the flood wave crest by 

providing storage areas for the channel discharge and more opportunities for channel 

discharge to enter the floodplain. These aspects are further discussed in Chapter 4, which 

analyzes changes in floodplain lake morphometry and the changes in open water areas 

along the river.  

Figure 3.17 summarizes the flood types and the channel losses that occur over the 

flood wave crest, along with the geomorphologic floodplain outlined in white on the 

satellite image. In reach 1, just over half of the floodplain is unit I (56%) compared to 

reach 2, with 24% as unit I (Table 3.4). In unit I, it is rare that the river directly 

contributes water to the floodplain during periods of high discharge, and is mostly 

inundated through the rising of the water table and smaller tributaries (Latrubesse and 
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Stevaux 2002). Much of the floodplain in reach 2 is unit II (73%), while only about 37% 

of reach 1 is unit II. In general, unit II receives more overbank flow and has more varied 

topography due to scroll landforms, which are created by point bar deposition as the 

channel migrates (Bayer 2002; Latrubesse and Stevaux 2002). This characteristic of unit 

II potentially provides more storage areas for river discharge. In addition, the 

characteristics of the sedimentary deposits differ between units I and II (see Chapter 2), 

with unit II having sandier sedimentary structure compared with unit I, as it is the 

transition zone between the high energy sandy sedimentation influenced by the channel 

and the low-energy fine sediment that is causing vertical accretion in unit I. It is possible 

that unit II is more porous due to the characteristics of its sediments, which could lead to 

a larger volume of water stored within the floodplain sediments and larger groundwater 

losses from the channel. However, more data on porosity, the average characteristics of 

the units in reaches 1 and 2, and groundwater characteristics would be needed to 

determine if this is a factor in channel loss. Further differences between units I and II and 

the differences between reaches are discussed in Chapter 4. 
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Figure 3.17. Reaches 1 and 2, showing average channel losses over the flood wave crest 
and average peak discharge at Aruanã. Arrow widths are proportional to the 
amount of channel loss or peak discharge. The geomorphologic floodplain is 
outlined in white in the satellite image (Landsat 5 TM, bands 5-4-3), with 
Roman numerals indicating units I, II, and III.  
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To speculate, the channel loss during peak discharge is likely due to a 

combination of factors. The many floodplain lakes connected to the channel provide 

storage areas for the river discharge (see Chapter 4), but other tropical systems have 

floodplains with floodplain lakes and drainage channels and do not display a reduction in 

downstream discharge. It could be that floodplain lakes are more frequent and more 

connected via surface water to the channel in the Araguaia River compared to other 

systems, but more research would need to be done to determine this. In addition, 

Woltemade and Potter (1994) showed that the intensity of the flood wave, meaning how 

high the peak discharge is relative to the total volume of runoff, influenced the amount of 

peak reduction that occurred. If the flood wave intensity was high, with a sharp peak 

relative to the total volume, more peak reduction downstream occurred. Although the 

watershed modeled by Woltemade and Potter is much smaller than the Araguaia 

watershed system and the flood waves modeled occur over a period of hours instead of a 

period of months, the processes might help explain the patterns of peak reduction and 

channel losses in the Araguaia River. Since the Araguaia River is located in the wet-dry 

tropics, with a seasonal signal of rainfall, in years with large floods (e.g, types A and C), 

the rise to peak discharge in hydrograph could be steeper and thus the flood over the 

period of months could be more intense than in other systems.  

The peak discharge reduction could also be a result of the changing 

geomorphologic characteristics of the river system as the flood moves from the upper 

Araguaia River to the middle Araguaia River. Because the upper Araguaia River is 

constrained by bedrock in a V-shaped valley and does not have a well-developed 

floodplain (Latrubesse and Stevaux 2002), floods coming into the middle Araguaia River 

are likely more intense compared to other tropical wet-dry systems. For example, at Barra 

do Garças, which is at the downstream end of the upper Araguaia (see Figure 2.1), peak 
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flows are 16 times the minimum flows (Aquino et al. 2008). This ratio decreases to 13 at 

Aruanã and decreases further to 10 at Luís Alves (Aquino et al. 2008), demonstrating that 

peak flows are intense relative to low flows as the floods move into the middle Araguaia 

River. Discharges normalized by mean annual discharge decrease from Aruanã to Luís 

Alves (Figure 3.16), particularly during large peak discharges, showing that upstream 

peaks are higher relative to the mean annual discharge compared to downstream. Finally, 

along each reach there is only one tributary that flows into the Araguaia. This aspect of 

the river system may also play a role in causing net discharge reduction downstream if 

the tributaries are not contributing as much river discharge relative to what can be 

transferred to the floodplain during peak flooding. It may be that other large systems in a 

tropical wet-dry climate with similar geomorphologic characteristics display peak 

discharge reduction during flooding, but further investigation would be needed to 

determine this. 

Understanding the flooding patterns and peak discharges on the Araguaia River 

are important for determining how peak discharges change downstream, as peak 

discharges at and above bankfull impact the geomorphology of channels and their 

floodplains by increasing sediment transport within the channel and delivering sediment 

to the floodplain. The reduction in downstream discharge would influence estimates of 

sediment transport within the river channel and sedimentation on the floodplain. The 

floods on the Araguaia River are also important for the lateral exchanges of nutrients and 

organisms that occur during floods and sustain the floodplain ecosystem.    
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Chapter 4: Changes in floodplain lakes and in the area of open water in 
the middle Araguaia River floodplain between the 1987 dry season and 

the 1988 wet season 

 

The middle Araguaia River floodplain contains many lakes formed by fluvial 

processes. These lakes play an integral role in the floodplain ecosystem, providing 

important habitat for fish communities and phytoplankton (Nabout et al. 2006; Tejerina-

Garro et al. 1998). The floodplain lakes also provide storage areas that contribute to peak 

river discharge reductions and temporary channel transmission losses in the middle 

Araguaia River. This chapter determines the change in open water area between the dry 

season in 1987 and the wet season in 1988 in floodplain lakes and in the middle Araguaia 

River floodplain along geomorphologically different channel-floodplain reaches. 

Determining the change in open water area provides insight into changing lake areas and 

which areas of the floodplain contain temporary lakes during floods in a geomorphologic 

context. It also allows for interpreting the connections between the floodplain and 

floodplain water bodies while describing the geomorphologic aspects of the floodplain 

that makes those connections and flow pathways possible.  

Morais et al. (2005) classified the 293 lakes based on their geomorphologic 

formation into 10 different types between Aruanã and Luís Alves along the middle 

Araguaia River and found the percentages of each type based on their number: 

abandoned channels (4.1%), chained abandoned channels (25.6%), oxbows (4.2%), filled 

oxbows (5.1%), composite oxbows (6.8%), meander scroll lakes (17.8%), composite 

meander scroll lakes (0.7%), lakes formed by lateral accretion (12.0%), blocked valley 

lakes (6.1%), and levee lakes (15.7%). The authors used a dry season LandSat 5 TM 

image from July 1997 and a wet season LandSat 7 ETM+ image from May 2000 to 
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digitize the lakes, providing the area, perimeter, and other morphometric parameters for 

20 lakes in the floodplain for each season. These 20 lakes were investigated because the 

authors also had information on their depths in the dry season and the wet season due 

through fieldwork. They determined whether the lakes were disconnected or connected 

via surface water to the river channel in each satellite image, enhancing knowledge of 

hydrologic connectivity between the lakes and the main river channel. The results 

presented in this chapter expand on the analysis by Morais et al. by analyzing changes in 

the same 20 lakes using different dry season/wet season imagery at a time in which the 

river discharge is higher than the wet season images in Morais et al. In addition, lake 

types that Morais et al. did not include in their previous analysis are also assessed. 

Investigating the changes in morphometry and connectivity in these lakes provides 

insights into floodplain storage and the geomorphologic controls on surface water 

movement, as well as being important for characterizing the diversity of habitats for 

aquatic organisms.  

The floodplain lakes of the middle Araguaia River are similar in form and genesis 

to floodplain lakes in other tropical systems, such as the Amazon River and its many 

tributaries (Latrubesse 2012; Silva França 2002). Abandoned channel lakes are formed by 

channel avulsions or when secondary channels around islands become filled at the 

channel bifurcation. Chained abandoned channels are linked elongated lakes that have 

resulted from similar processes. Oxbow lakes develop through meander cut-offs, when 

the meander increases in sinuosity to the point where the channel cuts off the meander 

and an oxbow lake is created. Composite oxbows are similar in form, but are connected 

and resulted from multiple abandoned meanders. Filled oxbow lakes are more irregularly 

shaped compared to oxbow lakes because they have been subjected to sedimentation over 

time. Meander scroll lakes (and composite meander scroll lakes) are created by point bar 
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deposition as the meanders migrate downstream, leaving ridges and depressions that 

become filled. Levee lakes are formed by water trapped behind levees of either the main 

channel or abandoned channels. Lakes formed by lateral accretion occur when bars and 

islands accrete to the floodplain, leaving lower elevation areas between the accreted bar 

and the main floodplain that can be filled (Latrubesse 2012; Silva França 2002).   

The present study provides estimates of the change in floodplain lakes and open 

water areas between the three distinct geomorphologic units of the middle Araguaia River 

floodplain through the use of an open water index (Xu 2006). It also identifies pathways 

for river discharge water movement onto the floodplain at a time of peak discharge along 

portions of the floodplain, as floodplain inundation occurs through various pathways, 

including through establishing surface connectivity with floodplain water bodies and 

floodplain drainage channels. Identifying different floodplain pathways has implications 

for the sources of water on the floodplain and the connectivity of the floodplain 

ecosystem, and the geomorphology of the floodplain exerts control on these processes 

(Mertes 1997).  

As described in Chapter 2, the Araguaia River floodplain has different vegetation 

assemblages that correspond with the geomorphic units. In particular, unit I contains 

more continuous woody vegetation with a canopy, and this vegetation type is also present 

in unit II (Morais et al. 2008). This results in areas that are likely inundated beneath the 

canopy that the open water index does not detect if the river is above bankfull discharge. 

Thus, the change in open water area in this analysis reflects the changes in floodplain 

lake area and temporary areas of open water between different geomorphologic units on 

the floodplain, and does not represent the total area of inundation on the floodplain. This 

approach was taken in part due to a lack of accurate elevation data or bathymetry data for 

the floodplain, which impedes other methods of analysis, such as one or two dimensional 
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flood routing models. Elevation data from the Shuttle Radar Topography Mission 

(SRTM) does not reflect the ground surface and represents vegetation heights and 

floodplain lake water levels (Jet Propulsion Laboratory 2005). It has been shown that the 

SRTM resolution of 90 meters does not adequately account for smaller drainage channels 

and pathways of flooding in systems such as the Amazon floodplain, which is a much 

larger system compared to the Araguaia floodplain (Trigg et al. 2012).  

 

STUDY AREA AND TIME PERIOD 

The study area specific to this chapter includes the geomorphologic floodplain 

along reaches 1 and 2 described in Chapter 3. The change in open water area is also 

described by segments, which have previously been defined by Latrubesse et al. (2009) 

(Figure 4.1).  
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Figure 4.1. Study area, with reaches 1 and 2. The overlapping segments 5 through 8 were 
previously defined by Latrubesse et al. (2009). The geomorphologic 
floodplain is outlined in white. The background Landsat TM image is from 
20 July 1987 (bands 5-4-3).  



 88 

The floodplain in the study area is divided into the three geomorphologic units 

(Latrubesse and Stevaux 2002). The reaches and segments used for analysis are 

comprised of different proportions of each unit, with reach 1 and segments 5 through 7 

having a majority of area that is classified as unit I, and reach 2 and segment 8 having a 

higher percentage of unit II floodplain compared to the other units (Table 4.1).  

 

Table 4.1. The areas of each unit for the study reaches and study segments in km2. The 
number in parentheses is the percentage of the area for each unit across the 
segments and reaches. Areas were found using ArcGIS and shapefiles from 
Latrubesse and Carvalho (2006). Areas of each unit were previously 
published by Morais (2006) but have been recalculated by the author. 

Segment Unit I (km2) Unit II (km2) Unit III (km2) Total floodplain area 
(km2) 

Segment 5 137 (47.9%) 115 (40.3%) 34 (11.8%) 286 (23.6%) 
Segment 6 168 (70.9%) 54 (22.7%) 15 (6.5%) 238 (19.6%) 
Segment 7 151 (49.9%) 135 (44.6%) 17 (5.5%) 302 (24.9%) 
Segment 8 97 (24.9%) 277 (71.6%) 13 (3.4%) 387 (31.9%) 

Reach Unit I (km2) Unit II (km2) Unit III (km2) Total floodplain area 
(km2) 

Reach 1 424 (56.3%) 277 (36.8%) 52 (6.9%) 753 (67.8%) 
Reach 2 89 (24.2%) 260 (72.5%) 12 (3.3%) 358 (32.2%) 

 

Time 1 used for the analyses is in the dry season, on 20 July 1987, and time 2 is in 

the wet season, on 1 April 1988. The wet season images were recorded just after the peak 

discharge occurred at Aruanã gauging station. These images were chosen because they 

are relatively cloud-free and the wet season images were taken at a time of high discharge 

recorded at the Bandeirantes and Luís Alves stations. Table 4.2 and Figure 4.2 show the 

discharge at the three gauging stations in the study area at the time of the satellite images. 

At time 2, at Aruanã the measured discharge is below the bankfull discharge of 3200 m3s-

1, but above bar-full discharge. Just before time 2, the peak discharge at Aruanã was 4914 
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m3s-1 on 17 March, 1988, 15 days before the recorded satellite image. Thus, the peak 

discharge that occurred 15 days before the image was above bankfull discharge. At time 

2 the measured discharge is above the bankfull discharge of 3755 m3s-1 at Bandeirantes 

and above the bankfull discharge of 3700 m3s-1 at Luís Alves. The peak discharge at 

Bandeirantes (5395 m3s-1) occurred 5 days before the image date on 27 March. The 

recorded peak discharge at Luís Alves for 1988 occurred on 1 April, the date of the wet 

season image.  

 

Table 4.2. Discharge measurements at the time of the images used for analysis. 

Image date Aruanã discharge 
(m3s-1) 

Bandeirantes 
discharge (m3s-1) 

Luís Alves discharge 
(m3s-1) 

Dry season: 
20 July 1987 378 398 556 

Wet season: 
1 April 1988 2145 3989 4511 

 
 

 

Figure 4.2. Hydrograph showing the discharge record along the dates of the images used 
for analysis. Black lines on the graph indicate the dates of the satellite 
images used for analysis.  
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During the flood wave of 1988, the peak discharge did not decrease between 

Aruanã and Bandeirantes (reach 1), increasing along the reach by 9.79%. Along reach 2, 

peak discharge decreased by 20.72% between Bandeirantes and Luís Alves (Chapter 3). 

This flood year is classified as a type D1 flood in Chapter 3, where peak discharge is 

above bankfull discharge and reaches 1 and 2 display divergent patterns of peak 

reduction.  

 

METHODS 

Landsat 5 Thematic Mapper images from two time periods were used (level L1T 

data, 30-meter resolution). Landsat imagery was chosen instead of MODIS imagery 

because most of the floodplain water bodies are narrow, and the resolution of MODIS 

data would not capture accurately the change in floodplain water bodies. The resolution 

of LandSat imagery is higher (30-meter), which allows for description of the water 

bodies, and it has been used in other studies of floodplain water bodies and flow 

pathways (Mertes et al. 1995; Trigg et al. 2012). The images used are Path/Row 223/70 

(used for reach 1 and segments 5 through 7) and 223/69 (used for reach 2 and segment 8), 

with a total of four images used. L1T images are terrain-corrected using ground control 

points and a Digital Elevation Model (U.S. Geological Survey 2013). The images were 

projected into WGS 1984 UTM Zone 22S. Because the approach was to determine 

change between two times (dry season vs. wet season) using a post-classification 

comparison of “water” and “not water” classes, it was not necessary to correct for 

differences in atmospheric conditions between the images before each image was 

classified (Jensen 2004).   
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In order to systematically discern “water” from “not water” in the satellite images 

(subsequently referred to as water and not water, without quotations), a version of the 

Normalized Difference Water Index (NDWI) was used. McFeeters (1996) developed the 

NDWI using the green and near infra-red (NIR) spectral bands of satellite imagery: 

 

𝑁𝐷𝑊𝐼 = !"##$!!"#
!"##$!!"#

         (10)  

 

This index gives each pixel a value between -1 and 1. A value must be chosen to 

determine the threshold between water and not water for each pixel. McFeeters (1996) 

uses a threshold of 0, with water pixels values greater than zero and not water pixels 

(vegetation, soil, or built-up areas) less than zero. However, Ji et al. (2009) demonstrate 

that the threshold values are dynamic. The threshold value is influenced by the sub-pixel 

composition of water, vegetation, and soil or sediment. For example, a pixel of clear 

water will have a higher NDWI index value than a pixel with water and vegetation, or 

water with woody debris or suspended sediment in it. Ji et al. (2009) suggest lowering the 

threshold value based upon the percentage of each pixel that is not pure water.   

Xu (2006) developed a variation on the NDWI, the Modified Normalized 

Difference Water Index (MNDWI), which better distinguished between built-up areas 

(e.g., cities or towns) and water features by using the middle infra-red (MIR) band 

instead of the NIR band. This method also has been shown to be less impacted by 

vegetation within each pixel of the image (Ji et al. 2009).   

 

𝑀𝑁𝐷𝑊𝐼 = !"##$!!"#
!"##$!!"#

         (11) 
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Pixels in the imagery on the edge of lakes and flooded areas are mixed with 

vegetation and soils. Thus, since the MNDWI has been shown to have less sensitivity to 

sub-pixel vegetation (Ji et al. 2009), it was chosen for this analysis. Eradas Imagine was 

used to compute the MNDWI for each of the four images, using band 5 (green) and band 

2 (MIR). Figure 4.3 shows the model used to compute the index.  

 

 

Figure 4.3. Model from Erdas Imagine used for calculating the MNDWI.  
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Thresholds for determining water and not water classes were determined by using 

a Jenks natural breaks classification with two classes. The Jenks natural breaks method 

minimizes the difference within classes and maximizes the difference between classes (de 

Smith et al. 2013). The thresholds (Table 4.3) were visually examined using the natural 

color satellite image to manually check that the threshold adequately distinguished 

between the classes. The thresholds for the images in the dry season are higher than the 

thresholds for the wet season images. This agrees with the concept that an index value for 

water without debris and sediment (dry season) will be higher than and index value for 

water with debris and sediment (wet season), as flood waters will likely contain more 

debris and sediment.  

 

Table 4.3. Thresholds determined from Jenks Natural Breaks classification. 

Image date Path/Row MNDWI threshold 
July 20, 1987 223/70 -0.07 
July 20, 1987 223/69 -0.02 
April 1, 1988 223/70 -0.19 
April 1, 1988 223/69 -0.13 

 

Using ArcGIS 10.1, pixels greater than the threshold value were classified as 

water while the pixels less than the threshold value were classified as not water. No 

accuracy assessment was made of the classifications, as there was no higher resolution 

image available for the study dates. However, visual analysis of the classifications was 

made using the natural color satellite images. A change raster image from time 1 to time 

2 was then created, with four classes: water to water, not water to water, water to not 

water, and not water to not water.  
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Clouds and cloud shadows, as well as a few areas of anomalies in the Landsat 

images, were digitized and extracted from the change rasters. Thus, the areas analyzed 

with change classification do not include the few areas of clouds, cloud shadows, and 

image anomalies. Since the water index investigates areas of open water, areas within the 

floodplain that have been cleared by humans have also been removed from the analysis. 

This results in open water areas within the natural floodplain, allowing for comparisons 

along the floodplain.  

Shapefiles of the geomorphologic units defined by Latrubesse and Stevaux (2002) 

are from Latrubesse and Carvalho (2006), re-projected, and edited to reflect the 1987 

river channel. The geomorphologic units for each reach and segment were related to the 

change rasters in ArcGIS, and area estimations and percentage change in area for each 

change class for each unit was identified. The 20 lakes analyzed previously by Morais et 

al. (2005) were analyzed for area and perimeter changes and surface water connectivity 

between the dry and wet seasons, and examples of the additional lake types that were not 

included in the Morais et al. study were also characterized in this way. Additional lakes 

types not included in the Morais et al. study were chosen because they are a good 

representation of lakes typical of each type. The number of surface water connections 

between floodplain lakes and the main channel (i.e., whether the floodplain lakes were 

connected via surface water or not) in the dry season and the wet season was recorded 

along the river channel. The average width of the floodplain for each segment was found 

by dividing the area of the floodplain by the length of the channel and was related to the 

area that became open water in the wet season. It should be noted again that the 

vegetation of the floodplain varies along with the geomorphologic unit. In particular, the 

gallery forests of the floodplain, most common in unit I but also present in unit II, likely 
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results in inundated areas beneath the canopy, particular at discharge levels that are above 

bankfull. 

 

RESULTS AND DISCUSSION 

The results of the change analysis over the entire study area is displayed in a 

from-to matrix in Table 4.4. The areas in the from-to change matrix do not include the 

clouds, cloud shadows, image anomalies, and cropland within the geomorphologic 

floodplain that were digitized and removed from the analysis. The total of the removed 

areas is 20.9 km2 out of the 1212.6 km2 of floodplain along segments 5 through 8. Thus, 

the area analyzed for changes between classes was 1191.7 km2, or 98.3% of the 

floodplain. In Table 4.4, the water to water class indicates that the area of lake or open 

water is present in the dry season and the wet season. The water to not water class 

represents a very small area, 0.22 km2, indicating that this transition occurs on a very 

small scale, as the precipitation and flooding in the wet season would probably expand 

the open water on the floodplain. However, this transition could occur through the 

infilling of floodplain lakes or the edges of floodplain lakes by sediment or vegetation. 

The not water to water class means that the area became open water in the wet season, 

which is likely caused by water table rise, precipitation onto the floodplain surface, or the 

distribution of river channel water due to overbank flows or surface water pathways and 

connections to floodplain lakes. Mechanisms for river discharge causing the not water to 

water transition are fully discussed below. Finally, the not water to not water class is the 

largest, and represents areas that remained non-water (e.g., soil, sediment, or vegetation) 

from the dry season to the wet season.  
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Table 4.4. From-to change matrix for the floodplain along segments 5 through 8, in km2. 

  1988-Wet season   
1987-Dry season Water  Not Water 1987 Total 

Water 52.16 0.22 52.38 

Not Water 148.06 991.30 1139.36 

 

Changes in the morphometry of floodplain lakes and surface water pathways of 
flooding 

Table 4.5 shows the areas and perimeters of the floodplain lakes between the wet 

and the dry seasons. Also shown in Table 4.5 are the data from the 20 lakes analyzed 

previously by Morais et al. (2005), including measurements of lake depth between the 

wet season and the dry season from fieldwork. The meander scroll and composite 

meander scroll lakes undergo a higher percent increase in area compared to the other lake 

types (Table 4.4). Formosa Lake, a composite meander scroll lake, which increased in 

area only by 55%, is an exception to this pattern, while the other composite meander 

scroll and meander scroll lakes increased in area by more the 400%. Most abandoned 

channel lakes and blocked valley lakes had a small percent increase in area between the 

wet and the dry seasons compared to meander scroll lakes in both studies, although larger 

expansions in abandoned channel lakes such as Fuzil Lake and Piedade Lake likely 

reflect areas of expansion through breaks in the levees of the abandoned channel (see 

figures and explanation of examples below). Depth data indicates that abandoned channel 

and blocked valley lakes can greatly increase in depth, by as much as 5 meters (Morais et 

al. 2005). Levee lakes did not increase in area as much as meander scroll lakes. The 

lateral accretion lakes are very small, and thus increases in the percentage of their area 
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are more influenced by their small size. Further differences and details about the lake 

types are presented below using examples.  

Table 4.5. Results from analyses of lake area and perimeter changes for 32 lakes along 
segments 5 through 8. Also included in the table are data from the study by 
Morais et al. (2005) on 20 of the lakes analyzed in the present study, 
including measurements of lake depth between the dry and wet season.  

 

 

Table 4.6 shows the surface water connectivity of the floodplain lakes in the wet 

season, and includes the connectivity of the Morais et al. study (Table 4.6). Almost all of 

the abandoned channel lakes were connected to the river channel via surface water in the 

wet season and the dry season. The oxbow, composite oxbow, and filled oxbow lakes 

were not connected to the river channel in the dry or the wet season, while at least one of 
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the examples of meander scroll, lateral accretion, chained abandoned channel, blocked 

valley, and levee lakes became connected to the river channel in the wet season.  

 

Table 4.6. Connections between the lakes and the main river channel for the 32 lakes 
used for analyses. Also included is the connectivity of 20 of the lakes 
analyzed by Morais et al. (2005).  
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In Figure 4.4, Fuzil Lake (#10), an abandoned channel lake, is connected to the 

river channel in the wet season and the dry season. This abandoned channel lake 

increased from 0.31 km2 to 1.22 km2 in area. The perimeter changed from 9.26 km to 

18.73 km. Depth measurements of this lake show that it can increase in depth by almost 4 

meters (Table 4.4). In Figure 4.4, Fuzil Lake has expanded into scroll topography in unit 

II, likely through breaks in the abandoned channel’s levees or lower elevation levee 

areas. Fuzil Lake has also connected to an abandoned channel lake to the southwest, 

providing a pathway of water from the main channel to another floodplain lake in unit II. 

Lakes 27, 28, and 29 are levee lakes, which expanded slightly in area between the wet 

season and the dry season (Table 4.4). These lakes are controlled by the levees that had 

formed on the sides of the channel that has now become Fuzil Lake. During the wet 

season, the levee lakes have become connected to Fuzil Lake, and thus the main river 

channel. This connection demonstrates that the levee lakes likely formed due to breaks or 

low areas in the abandoned channel levee. Landi Lake, #11 in Figure 4.4, is a small 

blocked valley lake that increased in area in the wet season from 0.02 to 0.06 km2 and has 

created a pathway for open water in unit I. This lake has also been shown to greatly 

increase in depth from the wet season to the dry season (0.95 to 4.45 m, Table 4.4).  Also 

noticeable in Figure 4.4 are the two areas of unit III on the right bank of the river, just 

south of Landi Lake.  Areas that became open water in these areas of unit III reflect the 

processes of lateral accretion and potentially the formation of lakes formed by lateral 

accretion. In both sections of unit III, its center did not become open water at this 

particular discharge level, but the lower elevation side that became accreted to the 

floodplain has filled with water. This process provides a pathway for surface water from 

the channel into unit I.  



 100 

 

Figure 4.4. Changes between the wet season and the dry season in multiple lakes, 
including abandoned channel #10 (Fuzil); blocked valley #11 (Landi); levee 
lakes #27, # 28, # 29.  Blue is water to water class, red is not water to water 
class, and yellow is water to not water class. Clouds and image anomalies 
and cropland within the floodplain are also indicated with gray and purple, 
respectively. Not water to not water class is shown with the background 
Landsat image from 20 July 1987 (bands 5-4-3). Geomorphologic units (I-
III) are outlined in gray and labeled with Roman numerals, and river flow is 
to the north.  
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In Figure 4.5, Formosa Lake (#5), a composite meander scroll lake, increased 

slightly in area from 0.54 to 0.84 km2 and slightly in perimeter from 19.9 to 21.8 km. The 

depth increase in this lake from the wet and the dry season is less than many abandoned 

channel lakes, increasing by about 1 m in the wet season (Table 4.4). Formosa Lake is 

not connected to the main river channel in the wet season or the dry season, and thus the 

slight increases in area of the lake could be due to water table rise or direct precipitation, 

or potentially by overbank flooding when the discharge is above bankfull, which it is not 

at this location on the river for the wet season image. The smaller increase in depth in the 

wet season in this lake could result from its lack of connection with the main river 

channel (Morais et al. 2005). The chained abandoned channel lakes in Figure 4.5, 

Campos (#2), Azul (#3), and Mata Coral (#4) all increased in area and perimeter. The 

lakes formed by lateral accretion (#25 and #26) are also shown in Figure 4.5. Lake #25, 

very small, thin, lake, is in unit III, and increased in area from 0.01 to 0.02 km2 and in 

perimeter from 0.66 to 1.56. It also became connected to the river channel in the wet 

season, although it was not connected in the dry season. Lake #26, also formed by lateral 

accretion, is further away from the river channel in unit II and is unconnected to the river 

channel in the dry and wet season. It displayed a smaller increase in area compared to 

Lake #25, which is adjacent to the main channel and in unit III.  

 



 102 

 

Figure 4.5.  Changes between the wet season and the dry season in multiple lakes, 
including chained abandoned channel lakes #2 (Campos), #3 (Azul), #4 
(Mata Coral); composite meander scroll #5 (Formosa Lake); and lateral 
accretion lakes #25, #26. Blue is water to water class, red is not water to 
water class, and yellow is water to not water class. Clouds and image 
anomalies and cropland within the floodplain are also indicated with gray 
and purple, respectively. Not water to not water class is shown with the 
background Landsat image from 20 July 1987 (bands 5-4-3). 
Geomorphologic units (I-III) are outlined in gray and labeled with Roman 
numerals, and river flow is to the north. 
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Figure 4.6 shows a meander scroll lake (#24) and the abandoned channel lake, 

Lake Cangas (#6). Lake Cangas increased in area from 0.41 to 0.62 km2 and in perimeter 

from 11.45 to 13.76 km. Lake Cangas is an abandoned channel lake, and measurements 

of its changing depth indicate that this also increases greatly in depth (from 2.55 to 7.5 m, 

Table 4.4) from the dry season to the wet season, but not in area. Lake 24 is a meander 

scroll lake, which greatly increased in area (0.02 to 0.29 km2) and perimeter (0.9 to 8.82 

km) relative to its dry season size. Also seen in Figure 4.6 is an accreted island on the left 

bank of the river, across from the connection of Lake Cangas to the main channel. The 

secondary channel that previously separated the island from the floodplain has been filled 

in and vegetated, but during the wet season image this area became open water, providing 

a pathway of flooding between the channel and the floodplain.  
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Figure 4.6.  Changes between the wet season and the dry season in multiple lakes, 
including abandoned channel #6 (Cangas); meander scroll #24. Blue is 
water to water class, red is not water to water class, and yellow is water to 
not water class. Clouds and image anomalies and cropland within the 
floodplain are also indicated with gray and purple, respectively. Not water to 
not water class is shown with the background Landsat image from 20 July 
1987 (bands 5-4-3). Geomorphologic units (I-III) are outlined in gray and 
labeled with Roman numerals, and river flow is to the north. 
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Figure 4.7 shows the abandoned channel Montaria Lake (#18) and Japones Lake, 

a blocked valley lake (#17). Montaria Lake has expanded from 1.30 to 6.22 km2 in area. 

Montaria Lake has expanded all along its abandoned channel form and has also expanded 

into scroll topography. In Japones Lake, a blocked valley lake, there is no distinct 

pathway between it and the river channel at the time of the wet season image, but the 

discharge is above bankfull at this point, so water traveling on the floodplain may be 

masked by vegetation. Japones Lake expanded very little in area and perimeter from the 

wet season to the dry season, but the depth of this lake can increase greatly (by just over 

5 meters (Morais et al. 2005)).  
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Figure 4.7.  Changes between the wet season and the dry season in multiple lakes, 
including blocked valley #17 Japones and abandoned channel #18 
(Montaria). Blue is water to water class, red is not water to water class, and 
yellow is water to not water class. Clouds and image anomalies and 
cropland within the floodplain are also indicated with gray and purple, 
respectively. Not water to not water class is shown with the background 
Landsat image from 20 July 1987 (bands 5-4-3). Geomorphologic units (I-
III) are outlined in gray and labeled with Roman numerals, and river flow is 
to the north. 
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The composite oxbow Lake 22 and the abandoned channel lakes Sao Jose dos 

Bandeirantes (#14) and Piedade (#15) are shown in Figure 4.8. A large area west of the 

composite oxbow lake (Lake #22) parallel to the river channel, in which a large portion 

has become open water, is likely an abandoned fluvial belt of the Araguaia River. The 

composite oxbow lake also represents an abandoned channel of the Araguaia River. The 

composite oxbow lake and the abandoned fluvial belt just to the west of the composite 

oxbow do not have a direct connection with the channel, thus the areas that became open 

water in the wet season likely results from water table rise or from direct precipitation 

onto the floodplain. Piedade Lake (15) has increased in area a great deal relative to its dry 

season size, from 0.05 to 0.28 km2. Similarly, Sao Jose dos Bandeirantes (14) increased 

in area from 0.69 to 2.34 km2. In the Sao Jose dos Bandeirantes Lake, open water areas 

are extending into the unit II floodplain in breaks in the abandoned channel levees.  
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Figure 4.8.  Changes between the wet season and the dry season in multiple lakes, 
including abandoned channels #14 (Sao Jose dos Bandeirantes), #15 
(Piedade); composite oxbow lake # 22. Blue is water to water class, red is 
not water to water class, and yellow is water to not water class. Clouds and 
image anomalies and cropland within the floodplain are also indicated with 
gray and purple, respectively. Not water to not water class is shown with the 
background Landsat image from 20 July 1987 (bands 5-4-3). 
Geomorphologic units (I-III) are outlined in gray and labeled with Roman 
numerals, and river flow is to the north. 
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The development of different types of floodplain lakes and the influence of 

vertical sedimentation on the floodplain can also be seen when comparing oxbow lakes to 

filled oxbow lakes. For example, in Figure 4.9, Lake 21 is an oxbow lake, while Lake 21 

is a filled oxbow lake. Lake 21 expanded in area from 0.33 to 0.48 km2 (a 46% increase) 

and in perimeter from 4.86 to 6.36 km, while Lake 23 expanded in area from 0.34 to 0.77 

km2 (a 129% increase) and in perimeter from 5.76 to 12.6 km from the dry season to the 

wet season. Filled oxbows are more irregularly shaped and are oxbow lakes that have 

been subjected to sedimentation processes and develop into a marshier lake environment. 

Figure 4.9 shows that the filled oxbow lake (23) has expanded more in its perimeter along 

the lake, while the oxbow lake (21) has expanded mainly into the meander scar at the 

edges of the lake. Both of these lakes are in unit II, but the differing processes of 

sedimentation have resulted in a different response to lake expansion in the wet season.  
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Figure 4.9. Changes between the wet season and the dry season in an oxbow lake (#21) 
and a filled oxbow lake (#23). Blue is water to water class, red is not water 
to water class, and yellow is water to not water class. Clouds and image 
anomalies and cropland within the floodplain are also indicated with gray 
and purple, respectively. Not water to not water class is shown with the 
background Landsat image from 20 July 1987 (bands 5-4-3). 
Geomorphologic units (I-III) are outlined in gray and labeled with Roman 
numerals, and river flow is to the east in the filled oxbow image and to the 
north in the oxbow image. 

 

Figures 4.10 to 4.12 show the confluences of the three tributaries that flow into 

the Araguaia River along segments 5 through 8. In other tropical rivers, Landsat imagery 
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has been used to demonstrate areas in which sediment-rich river discharge mixes with 

tributary river discharge with different spectral characteristics (e.g., Mertes 1997), 

providing a way to determine which areas of the floodplain are influenced by local 

tributary waters. The change classes indicate that surface water connections do exist 

between tributaries and the middle Araguaia River floodplain, and qualitative 

assessments of the satellite imagery can inform whether tributary waters are mixing with 

other surface waters in the system. For example, in Figure 4.10 in the wet season satellite 

image, there is a slight difference in the color of the water in the Vermelho tributary 

compared to the main channel, although it is difficult to see mixing of surface waters with 

varying sediment concentration without a full analysis of spectral characteristics and 

measurements of sediment concentration to use for calibration. In Figure 4.11, the Peixe 

River tributary is flowing into the Araguaia River, and there are connections between 

floodplain lakes in unit II and the Peixe River. Figure 4.12 shows the Crixas-Açu River 

and the surface water connections between this tributary the Araguaia River floodplain, 

particularly to small lakes in unit II. However, in all three wet season images of the 

tributary confluences, it is difficult to determine mixing areas of surface waters without a 

more complete analysis of the imagery.   
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Figure 4.10. The confluence of the Vermelho River and the Araguaia River in reach 1, 
segment 5. The left panel is the map of change classes. Blue is water to 
water class, red is not water to water class, and yellow is water to not water 
class. Clouds and image anomalies and cropland within the floodplain are 
also indicated with gray and purple, respectively. Not water to not water 
class is shown with the background Landsat image from 20 July 1987 
(bands 5-4-3). Geomorphologic units (I-III) are outlined in gray and labeled 
with Roman numerals. The right panel is the Landsat TM image from 1 
April 1988 during the wet season (bands 5-4-3). 
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Figure 4.11. The confluence of the Peixe River and the Araguaia River in reach 1, 
segment 7. The left panel is the map of change classes. Blue is water to 
water class, red is not water to water class, and yellow is water to not water 
class. Clouds and image anomalies and cropland within the floodplain are 
also indicated with gray and purple, respectively. Not water to not water 
class is shown with the background Landsat image from 20 July 1987 
(bands 5-4-3). Geomorphologic units (I-III) are outlined in gray and labeled 
with Roman numerals. The right panel is the Landsat TM image from 1 
April 1988 during the wet season (bands 5-4-3). 
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Figure 4.12. The confluence of the Crixas-Açu River and the Araguaia River in reach 2, 
segment 8. The left panel is the map of change classes. Blue is water to 
water class, red is not water to water class, and yellow is water to not water 
class. Clouds and image anomalies and cropland within the floodplain are 
also indicated with gray and purple, respectively. Not water to not water 
class is shown with the background Landsat image from 20 July 1987 
(bands 5-4-3). Geomorphologic units (I-III) are outlined in gray and labeled 
with Roman numerals. The right panel is the Landsat TM image from 1 
April 1988 during the wet season (bands 5-4-3). 

 

After comparing the results in changes in area and perimeter between the present 

study and the same 20 lakes analyzed by Morais et al., it is clear that many of the lakes 
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display similar changes in area and perimeter between the wet and the dry season in both 

studies (Table 4.5). Because the exact date of the images used by Morais et al. is not 

known, the average discharge for the wet season and dry season months at the three 

gauging stations along the analyzed portion of the river is displayed in Table 4.7, along 

with the discharge measurements at the time of the images used for the present analyses. 

The discharge for both the wet season and the dry season images is below bankfull for all 

three of the gauging stations in the study area for Morais et al., while the present analysis 

used a wet season image in which Bandeirantes and Luís Alves are above bankfull and 

Aruanã is just after bankfull discharge. In addition, the dry season image in the present 

analysis is at a lower discharge than the discharge used by Morais et al.  

 

Table 4.7. Average discharge for the months used for the dry season (July 1997) and the 
wet season (May 2000) in the analysis of lake area changes by Morais et al. 
(2005) and the discharge at the times used for the present analyses. 
Discharge data from Agencia Nacional de Aguas. 

Image month Morais et al. (2005) 
Average discharge for the month (m3s-1) 

 Aruanã Bandeirantes  Luís Alves  
Dry season: 
July 1997 980 1130 1683 

Wet season: 
May 2000 882 1070 1367 

 Present analysis average daily discharge measurements (m3s-1) 
Image date Aruanã  Bandeirantes  Luís Alves  
Dry season: 
20 July 1987 378 398 556 

Wet season: 
1 April 1988 2145 3989 4511 

 

 Despite the different time periods used and the differing discharge levels between 

the present study and Morais et al., the few differences between the two studies in area 

and perimeter changes may be the result of different methods of analysis, as Morais et al. 
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digitized floodplain lakes, while the present study used the open water index to determine 

which pixels were water and which pixels were not water.  In particular, the perimeter 

values in the present study are pixelated, extracted from the 30-meter pixel resolution 

Landsat images, while the Morais et al. perimeters were smoothed due to digitization. 

This could explain the consistently larger perimeter values in the present study compared 

to Morais et al. There are slight differences in the connectivity, determined by whether 

the lake and river channel were connected via surface water, between the river channel 

and the floodplain lakes in the present study compared with the Morais et al. study (Table 

4.6). For example, four of the lakes (Mata Coral, Saudade, Sao Joaquim, and Dantas) are 

not connected to the river channel in the dry season in the present study, but were 

connected in the dry season in the Morais et al. study. This may reflect the lower 

discharge used for the dry season image in the present analysis. Morais et al. analyzed 4 

out of the 10 types of lakes in the floodplain. The additional 12 lakes in the present 

analysis provide examples from the other 6 types of lakes in the floodplain. The 

measurements of depth of the lakes demonstrate that the abandoned channels and blocked 

valley lakes increase greatly in depth in the wet season, by as much as 5 meters in depth 

(Morais et al 2005). This indicates that many of these lakes expand in volume through 

depth, and not as much through area (Morais et al. 2005). Measurements of depth 

changes between the dry season and the wet season are needed for the additional 6 types 

of lakes described in the present analyses. 

Determining changes in morphometry of floodplain lakes and pathways for 

surface water flow allows for an understanding of the processes of floodplain inundation 

and the transfer of water from the channel to the floodplain. Because movement of water 

onto the floodplain does not only occur during overbank floods, the results provide a way 

to spatially describe the movement of water onto the floodplain through various pathways 
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and the connectivity that is created during flooding between different surface waters. 

Mertes (1997) discussed the regions on the floodplain in which different surface waters 

mix as the “perirheic zone.” This includes areas such as river water flowing into 

floodplain lakes, river water mixing with water on the floodplain that is present due to 

water table rise and groundwater saturation, and local tributary water mixing with main 

channel river discharge different areas of the floodplain. The mixing of surface water on 

the floodplain has implications for the biogeochemistry of floodplain water bodies and 

the continuing geomorphologic development of the floodplain (Mertes 1997; Thoms 

2003). The Araguaia River floodplain lakes are similar to other tropical river-floodplain 

systems, such as those in the Amazon River and its tributaries, containing different types 

of lakes formed by fluvial processes (Latrubesse 2012). As in other studies, surface water 

flow pathways and potential connections between different water sources can be 

identified with the resolution of Landsat imagery (e.g., Trigg et al. 2012; Mertes 1995). 

The comparison with the Morais et al. study indicates that the floodplain lakes have 

similar sensitivities, measured by changes in area, despite differences in discharge level 

between the dry and wet seasons that were analyzed.  

 

Variations in open water area along the river and between geomorphologic units  

In addition to interpreting the changes in floodplain lakes and surface water 

pathways, the water index and classes also allows for comparing the changes in open 

water areas along the river and between geomorphologic units, including the areas of the 

floodplain that became open water in the wet season that are not floodplain lakes. After 

assessing the classes for reaches 1 and 2 and segments 5 through 8, general trends are 

evident (Tables 4.8 and 4.9). The area and percentages of the water to not water class is 
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zero or almost zero for all reaches and segments, meaning that open water areas do not 

usually fill in with vegetation or soil or dry up from the dry season to the wet season. The 

largest class is not water to not water, composing around 70 to 90% of all reaches and 

segments. The area of water to water class, which reflects the total area of floodplain 

lakes that are maintained in the wet season and the dry season, is very similar among the 

segments, ranging from 3.87% to 4.88% of each segment’s floodplain area.  

   

Table 4.8. Area (in km2) and percentages of each change class for reaches 1 and 2  

Reach 1 Water to 
Water 

Not Water to 
Water 

Water to 
Not Water 

Not Water to 
Not Water 

Unit I (km2) 19.98 37.77 0.09 364.95 

Unit II (km2) 11.90 31.69 0.00 230.19 

Unit III (km2) 0.75 9.74 0.00 41.46 

Total floodplain (km2) 32.63 79.19 0.09 636.61 

     
Unit I (% of area) 4.73 8.93 0.02 86.32 

Unit II (% of area) 4.35 11.57 0.00 84.08 

Unit III (% of area) 1.45 18.75 0.00 79.81 

Total floodplain (% of area) 4.36 10.58 0.01 85.05 

 

Reach 2 Water to 
Water 

Not Water to 
Water 

Water to 
Not Water 

Not Water to 
Not Water 

Unit I (km2) 4.10 8.74 0.03 63.08 

Unit II (km2) 10.14 47.68 0.06 196.40 

Unit III (km2) 0.08 3.22 0.00 8.31 

Total floodplain (km2) 14.32 59.64 0.08 267.78 

     
Unit I (% of area) 5.40 11.51 0.03 14.92 

Unit II (% of area) 3.99 18.75 0.02 71.73 

Unit III (% of area) 0.72 27.72 0.00 15.99 

Total floodplain (% of area) 4.19 17.45 0.02 35.78 
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Table 4.9. Area (in km2) and percentages of floodplain area of each change class 
segments 5 through 8.  

 

Segment 5 Water to 
Water 

Not Water to 
Water 

Water to Not 
Water 

Not Water to Not 
Water 

Unit I (km2) 6.66 8.79 0.03 120.94 

Unit II (km2) 3.95 8.49 0.04 102.26 

Unit III (km2) 0.41 3.90 0.00 29.40 

Total floodplain (km2) 11.02 21.18 0.07 252.59 
     Unit I (% of area) 4.89 6.45 0.02 88.64 

Unit II (% of area) 3.44 7.40 0.03 89.13 

Unit III (% of area) 1.21 11.57 0.00 87.22 
Total floodplain (% of area) 3.87 7.44 0.02 88.67 

Segment 6 Water to 
Water 

Not Water to 
Water 

Water to Not 
Water 

Not Water to Not 
Water 

Unit I (km2) 8.25 15.33 0.03 144.42 
Unit II (km2) 3.07 5.40 0.00 45.41 

Unit III (km2) 0.26 3.65 0.00 11.42 

Total floodplain (km2) 11.58 24.38 0.03 201.25 

     
Unit I (% of area) 4.91 9.12 0.02 85.95 

Unit II (% of area) 5.70 10.03 0.00 84.27 

Unit III (% of area) 1.72 23.79 0.00 74.49 

Total floodplain (% of area) 4.88 10.28 0.01 84.83 

Segment 7 Water to 
Water 

Not Water to 
Water 

Water to Not 
Water 

Not Water to Not 
Water 

Unit I (km2) 8.09 16.88 0.03 125.87 
Unit II (km2) 5.61 18.46 0.00 107.43 
Unit III (km2) 0.14 3.56 0.00 12.60 

Total floodplain (km2) 13.85 38.90 0.03 245.90 

     Unit I (% of area) 5.37 11.19 0.02 83.43 
Unit II (% of area) 4.27 14.04 0.00 81.70 
Unit III (% of area) 0.87 21.82 0.00 77.30 

Total floodplain (% of area) 4.64 13.02 0.01 82.33 

Segment 8 Water to 
Water 

Not Water to 
Water 

Water to Not 
Water 

Not Water to Not 
Water 

Unit I (km2) 4.51 9.73 0.03 71.37 
Unit II (km2) 11.11 50.38 0.06 210.57 
Unit III (km2) 0.10 3.50 0.00 9.61 

Total floodplain (km2) 15.72 63.60 0.09 291.56 

     Unit I (% of area) 5.27 11.36 0.03 83.34 
Unit II (% of area) 4.08 18.51 0.02 77.38 
Unit III (% of area) 0.73 26.48 0.00 72.79 

Total floodplain (% of area) 4.24 17.14 0.02 78.60 
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Along the floodplain from upstream to downstream, there is an increase in the 

area in each segment that became open water and the percentage of the segment’s 

floodplain that became open water. Figures 4.13 to 4.16 show the change maps for each 

segment, demonstrating the increase in the not water to water class in absolute area and 

as a percentage of each segment’s floodplain moving from segment 5 to segment 8. 

Within the geomorphologic floodplain the area that is shown in red (not water to water) 

increases from Figure 4.13 to Figure 4.16. Figure 4.17 shows the cumulative area that 

became open water along the river, from segment 5 to segment 8, while Figure 4.18 gives 

the areas that became open water normalized by the floodplain area for each segment as a 

percentage. In segment 5, 7.4% of the floodplain area became open water, increasing to 

17.1% of segment 8’s floodplain area becoming open water.  The average width of the 

floodplain increases from segment 5 to segment 8 as well, increasing from 3.66 km in 

segment 5 to 5.26 km in segment 8 (Figure 4.19). The average width is greater in reach 2 

(5.59 km) than in reach 1 (4.43 km).  

 



 121 

 

Figure 4.13. Change in open water area in segment 5. Each rectangle displays a portion of 
segment 5, from upstream (5.1) to downstream (5.4). Blue is water to water 
class, red is not water to water class, and yellow is water to not water class. 
Clouds and image anomalies and cropland within the floodplain are also 
indicated with gray and purple, respectively. Not water to not water class is 
shown with the background Landsat image from 20 July 1987 (bands 5-4-3). 
Geomorphologic units (I-III) are outlined in gray and labeled with Roman 
numerals, and river flow is to the north. 
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Figure 4.14. Change in open water area in segment 6. Each rectangle displays a portion of 
segment 6, from upstream (6.1) to downstream (6.4). Blue is water to water 
class, red is not water to water class, and yellow is water to not water class. 
Clouds and image anomalies and cropland within the floodplain are also 
indicated with gray and purple, respectively. Not water to not water class is 
shown with the background Landsat image from 20 July 1987 (bands 5-4-3). 
Geomorphologic units (I-III) are outlined in gray and labeled with Roman 
numerals, and river flow is to the north. 
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Figure 4.15. Change in open water area in segment 7. Each rectangle displays a portion of 
segment 7, from upstream (7.1) to downstream (7.4). Blue is water to water 
class, red is not water to water class, and yellow is water to not water class. 
Clouds and image anomalies and cropland within the floodplain are also 
indicated with gray and purple, respectively. Not water to not water class is 
shown with the background Landsat image from 20 July 1987 (bands 5-4-3). 
Geomorphologic units (I-III) are outlined in gray and labeled with Roman 
numerals, and river flow is to the north. 
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Figure 4.16. Change in open water area in segment 8. Each rectangle displays a portion of 
segment 8, from upstream (8.1) to downstream (8.4). Blue is water to water 
class, red is not water to water class, and yellow is water to not water class. 
Clouds and image anomalies and cropland within the floodplain are also 
indicated with gray and purple, respectively. Not water to not water class is 
shown with the background Landsat image from 20 July 1987 (bands 5-4-3). 
Geomorphologic units (I-III) are outlined in gray and labeled with Roman 
numerals, and river flow is to the north. 
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Figure 4.17. Cumulative area that became open water for each segment vs. river distance 
from segment 5 to 8.   

 

Figure 4.18. Percentage of each segment’s floodplain area that became open water.  
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Figure 4.19. The average width of each segment analyzed.  

Since the time of the wet season image is just after the peak discharge at Aruanã 

and is at or close to the peak discharge at Bandeirantes and Luís Alves, this trend in area 

that became open water change may partially reflect the passage of the flood wave along 

the reach. At Aruanã, the discharge at the time of the wet season image is below bankfull 

but above barfull, although 15 days prior to the image the river was above bankfull, 

peaking at 4914 m3s-1. This indicates that in segment 5, the river is not overtopping the 

banks in the wet season image at the Aruanã gauging station, but open water on the 

floodplain could be the result of overbank flooding that occurred 15 days prior to the 

image or through connections between floodplain water bodies and the main channel. In 

addition the riverAt Bandeirantes, peak discharge occurred 5 days prior to the image but 

is still above bankfull. Thus, overbank flooding is occurring at the time of the wet season 

image for Bandeirantes through Luís Alves, and likely for some distance upstream of 

Bandeirantes.  The year 1988 is characterized as a type D1 flood (see Chapter 3), in 
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which reach 1 and reach 2 display divergent patterns of peak reduction. In this year, reach 

2, which is encompassed by segment 8 (see Figure 4.1), displays peak discharge 

reduction of 20.7%, while reach 1 (segments 5-7) increases in peak discharge by 9.8%. 

The channel loss calculated over the flood wave crest is 0.67 km3 for reach 2 and 1.53 

km3 for reach 2 including the tributary data, while there is no channel loss over the flood 

wave crest for reach 1 (Chapter 3). In addition, there are no channel losses over the 

flooding season, from November to May, for either reach. Thus, the greater area of “not 

water” to “water” change in reach 2 compared to reach 1 may also reflect a greater loss of 

peak discharge and channel loss to the floodplain in reach 2.  

The number of lakes that are connected to the main river channel in the wet 

season and the dry season also likely influences the area that became open water in the 

wet season. Figure 4.20 shows the number lakes connected to the main river channel for 

each segment, in the dry season and the wet season images. These lakes include the lakes 

analyzed for morphometry above, but additional connections were counted beyond the 32 

lakes analyzed in greater depth. Only one lake in segment 5 was connected with the main 

channel in the dry season, increasing to 3 connected lakes in the wet season. In segment 

6, 2 floodplain lakes were connected to the main channel in the dry season, increasing to 

7 in the wet season. Segment 7 shows the largest change in number of connected 

floodplain lakes, with 4 in the dry season and 19 in the wet season, and segment 8 also 

increased more than segments 5 and 6, with 4 connected lakes in the dry season and 13 

connected lakes in the wet season. The higher number of lakes that became connected in 

the wet season could be caused by an increased number and a different distribution of 

lakes (e.g., more lakes closer to the channel) in the floodplain along these segments, 

compared to the other segments. The patterns in the number of lakes connected to the 
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channel may also explain the increase in the percentage of the floodplain that became 

open water from segment 5 to segment 8.   

As demonstrated above, while there are some general trends in whether lakes 

expand a great deal in area in the wet season and contribute to the overall area that 

became open water for the segment, individual lakes display different patterns based on 

their morphology. In general, lakes such as abandoned channels, oxbows, and blocked 

valley lakes do not increase in area a great deal between the dry season and the wet 

season, although in the case of abandoned channels and blocked valleys they increase 

greatly in depth. However, the individual morphology also influences lakes of the same 

type, as in the case of Fuzil Lake (in segment 7) and Piedade Lake (segment 8), which are 

abandoned channel lakes that increased more in area compared with the other abandoned 

channel lake examples (see Table 4.5). Although each segment has a similar proportion 

of its floodplain covered by floodplain lakes in the dry season (seen through the similar 

percentages of floodplain area of the open water to open water class, Table 4.9), Figure 

4.20 demonstrates that more floodplain lakes are connected to the main river channel in 

segments 7 and 8 than in segments 5 and 6, in the dry season and in the wet season. The 

number of lakes connected to the channel in the wet season and the dry season for 

reaches 1 and 2 is displayed in Table 4.10, along with the number of connected lakes 

normalized by channel length for each reach. While the normalized number of connected 

lakes is very similar between reaches 1 and 2, reach 2 is slightly higher than reach 1. The 

absolute number of lakes in Table 4.6 for reach 1 is much larger than for reach 2, as reach 

1 is 170 km in length and reach 2 is 64 km in length.  
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Figure 4.20. Number of connections between floodplain lakes and the main channel for 
each segment, in the wet season and the dry season.  

 

Table 4.10. Number of connections between floodplain lakes and the main channel for 
reaches 1 and 2 and normalized by channel length (km) in the wet season 
and the dry season. 

Reach Number of connected floodplain lakes Number of connected floodplain lakes 
per km of channel 

  Dry Season Wet Season Dry Season Wet Season 
1 7 27 0.0412 0.1588 
2 3 12 0.0469 0.1875 

 

The characteristics of the geomorphologic units and the proportion of each 

geomorphologic unit in the segments also likely influence the amount of open water area 

that is created on the floodplain in the wet season. Figure 4.21 shows the percentages of 

the each unit’s area that became open water for each segment. The percentage of total 

floodplain area that became open water is the highest in unit III, the plain of accreted 
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banks and islands, in all of the segments. Unit III is the closest to the river channel and is 

the most influenced by channel processes (Latrubesse and Stevaux 2002). In all analyzed 

areas the percentage of water to water class is the lowest in unit III, demonstrating that 

unit III contains very few to no floodplain lakes like in the other two units, as it is a 

narrow band adjacent to the channel and is the most recently formed by fluvial processes 

(Tables 4.8 and 4.9). Units I and II have more floodplain lakes and a higher percentage of 

open water area that is maintained in dry season and the wet season (water to water 

class). Unit II has a higher percentage of its area that became open water in the wet 

season compared with unit I across all segments (Figure 4.21). The morphology in unit II 

is more pronounced than in unit I, which may influenced this difference. As the channel 

has migrated over time, point bar deposition in the convex side of meanders has resulted 

in meander scrolls, creating ridges and depressions within unit II, which can vary in 

elevation at times by up to 2 meters (Bayer 2002). These forms and the morphology in 

unit I are less pronounced because it has developed into a marshy environment due to the 

vertical accretion of fine, low energy sediment (Bayer 2002). Meander scroll lakes, 

among the additional types such as oxbow lakes, are a more common feature of unit II, 

although they can also be found in unit I (Morais et al. 2005). Blocked valley lakes and 

chained abandoned channel lakes are common in unit I (Morais et al. 2005). As seen in 

the descriptions of changes in lake morphometry, meander scroll lakes usually expand 

more in area than abandoned channel lakes and blocked valley lakes, although there are 

exceptions. This difference between open water areas between unit I and unit II may also 

influence the higher percentage of unit II that became open water. In addition, the 

characteristics of the sedimentary deposits of unit I and unit II, such as unit II being 

composed of more sandy sediment compared to unit I (Bayer 2002; see Chapter 2 

description), may also play a role, although further information on these differences 
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would be needed to determine whether the differences in sedimentary deposits influence 

the difference in open water area between units I and II.  

 

 

Figure 4.21. Percentage of each unit that became open water in segments 5 through 8. 
Unit III has the highest percentage of its area that became open water, 
followed by unit II and then unit I.  

The higher percentage of the floodplain that became open water in segments 7 

and 8 compared with segments 5 and 6 also could be influenced by the proportion of the 

geomorphologic units in each segment, along with the connections with floodplain lakes. 

Figure 4.22 plots the percentage of each segments area that is classified as each 

geomorphologic unit along with the percentage of the segment that became open water. 

The proportions of units I and II are pretty similar between segment 5 and segment 7, 

although the percentage of the floodplain area that became open water is 7.4% for 

segment 5 and 13.0% for segment 7. This indicates that the proportion of the 
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geomorphologic units may not influence the percentage of the floodplain that becomes 

open water in the wet season. However, from segment 6 to segment 8, the proportion of 

the floodplain that is unit I decreases, while the proportion of the floodplain that is unit II 

increases. There is also an increase in the percentage of the floodplain that became open 

water from segment 6 to segment 8.  

 

 

Figure 4.22. The percentage of each segment area that is each geomorphologic unit (I-III) 
plotted along with the percentage of the segment area that became open 
water.  

The estimates of open water areas using the water index do not give estimates of 

the area of inundation, as this measurement is impeded by the canopy vegetation, but the 

water index can determine the changes in floodplain lakes and some of the surface water 

connections between the channel and the floodplain. Additional studies using different 

remote sensing data have investigated inundated areas, but the resolution of these data 

many times are not high enough to determine the spatial changes in lakes and the small 



 133 

surface water pathways connecting the channel and floodplain lakes. For example, 

Hamilton et al. (2002) determine inundation patterns in the middle Araguaia River 

region, including the Bananal Island, finding large seasonal variations in inundation that 

align with the wet season. Hamilton et al. use passive microwave remote sensing with a 

spatial resolution of 27 km, while the width of the floodplain of the middle Araguaia 

River can be as small as 2 km or as large as 10 km. Accurate modeling of the floodplain 

environment requires adequate information on elevation for the floodplain, which is not 

available for the Araguaia River, but it has been applied in similar regions, such as the 

Upper Paraguay Basin (Paz et al. 2011).  

 

Integrating peak reduction, channel losses, and assessments of lake morphometry 
and open water areas 

After analyzing lake morphometry and the changes in open water areas along the 

river and between geomorphologic units in Chapter 4, the hydrologic analyses in Chapter 

3 can be better explained, highlighting the need to place hydrologic analyses in a 

geomorphologic context. The changes in open water from the dry season in 1987 to the 

wet season in 1988 can be related to the patterns of channel losses and peak discharge 

reduction described in Chapter 3. It is clear that during the flooding season, the floodplain 

lakes expand in area and in depth, providing areas for storing the channel losses 

discussed in Chapter 3.  Reach 2 had a greater percentage of its area that became open 

water compared to reach 1, with 17.5% of area that became open water compared to 

10.6% in reach 1(Table 4.4). This difference provides support for the finding that reach 2 

without the tributary data displays more channel losses compared to reach 1 without the 

tributary data, although different patterns of peak reduction and channel loss occur in 

different flooding years. In addition, the number of lakes that are connected to the main 
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river channel per kilometer of channel length is slightly higher for reach 2 compared with 

reach 1 (Table 4.6), which could contribute to higher channel losses in reach 2. Channel 

loss over the flood wave crest and peak reduction for reach 1 (which includes segments 

5-7) may occur mostly in segment 7, as there are more lakes connected to the main river 

channel in the wet and dry season in this segment compared with segments 5 and 6. As 

described in Chapters 3 and 4, the different proportions of the geomorphologic units in 

reaches 1 and 2, particularly the increase in the proportion of unit II in reach 2, may 

influence greater channel losses and an increase in area that became open water in reach 

2.  

The year 1988 is a D1 flood type, and the reaches have displayed divergent 

patterns of peak reduction, with no channel losses for reach 1, a 0.67 km3 loss for reach 2, 

and a 1.53 km3 loss for reach 2 including the tributary data over the flood wave crest. The 

open water areas of reach 2 does not reflect the area of inundation, thus channel losses 

that occur during peak discharge in reach 2 could also be beneath the vegetation. In the 

change maps in Chapter 4 (e.g., Figure 4.16), areas adjacent to the river became open 

water but are not within the geomorphologic floodplain. This demonstrates that the area 

that channel losses could move into might be larger than the geomorphologic floodplain. 

Therefore, assessments in Chapter 3 of the height of water (e.g., 4 meters in the year 2000 

and 15 meters in the year 1983) that would need to be stored in and on the area of the 

geomorphologic floodplain are likely overestimated, because additional areas adjacent to 

the channel and beyond the geomorphologic floodplain are not included.  
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Chapter 5: Conclusion 

SUMMARY OF ANALYSES 

This thesis adds to the literature on large tropical river systems by assessing 

hydrological patterns of flooding and changes in floodplain lakes and open water areas in 

a geomorphologic context. It has also contributed to previous knowledge of the main 

river draining the Brazilian Cerrado, shedding light on floodplain dynamics and the 

hydro-geomorphology of the channel-floodplain system. The geomorphology of the 

middle Araguaia River and its floodplain exerts physical controls on flooding patterns 

and the surface water connectivity between the river and floodplain lakes, and the spatial 

heterogeneity of the system provides a variety of ecological habitats. 

In Chapter 3, analysis of peak discharge reduction and upstream discharge rate 

indicate that reductions in peak discharge are more prevalent during higher magnitude 

floods. Estimates of short-term channel losses during flooding peaks for reaches 1 and 2 

allow for comparison of channel loss patterns between reaches, and the addition of 

tributary data for reach 2 provides an assessment of the contributions of tributaries to 

channel loss. Differing geomorphologic characteristics between reaches 1 and 2 likely 

influence the different patterns of peak reduction and channel loss between the two 

reaches, with reach 2 displaying larger channel losses compared to reach 1. Channel 

losses over the flood wave crest are not usually maintained for the duration of the 

flooding season, indicating that channel losses during peak discharge are temporary and 

the river regains these losses before the end of the flooding season. The analyses of flood 

wave types indicate that flood waves can be characterized into types displaying similar 

characteristics. The characterization of flooding patterns into different types mostly 

agrees with types described in previous literature. 
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In Chapter 4, the analyses of changes in floodplain lakes, pathways of surface 

water, and open water areas provides a geomorphologic context for the changes that are 

caused by annual flooding. The geomorphologic classification of the lakes, which is 

based on the process of formation, controls how lake morphometry changes from the wet 

season to the dry season. For example, abandoned channel lakes expand less in area from 

the dry season to the wet season compared to meander scroll lakes. The results of lake 

area and perimeter changes between the dry season of 1987 and the wet season of 1988 

are similar to previous analyses using different study time periods. The similarities 

suggest that the floodplain lakes respond similarly to different river discharge levels, 

although data on depth measurements are unavailable for the years used by the present 

analyses. Changes in open water areas along the floodplain indicate that a greater 

percentage of the area of unit III, which is situated closest to the river channel and is most 

influenced by channel processes, became open water compared to units I and II.  A 

greater percentage of the area of unit II became open water compared to unit I, which 

may be explained by the variable topography characteristic of unit II. The number of 

surface water connections along the river between the floodplain lakes and the main river 

channel varies, and these variations may help to explain the patterns of peak reduction 

and channel losses described in Chapter 3. 

The net peak discharge reduction along the middle Araguaia River occurs during 

flooding despite large increases in drainage area and the input of tributaries. This has 

been observed mostly in arid systems or in systems with different geomorphologic 

characteristics. However, it may be that tropical wet-dry systems are understudied and 

peak discharge reduction during flooding in large river systems is more common than 

what is displayed in available literature. The many floodplain lakes that are connected to 

the river channel provide storage areas for channel losses during the flood wave, which 
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likely contributes to reduced peak discharge. The upper section of the Araguaia River 

flows on bedrock in a V-shaped valley, and the middle Araguaia River flowing through 

an alluvial floodplain. These geomorphologic differences between the upper and middle 

section may contribute to the loss of peak discharge observed along the middle Araguaia 

River by creating a high intensity flood wave at the upstream end of the middle Araguaia 

River, which reduces in peak discharge as it moves downstream due to floodplain 

storage. The strong seasonality of the tropical wet-dry climate also may play a role in 

causing peak discharge reduction by contributing to high intensity flood waves. Only one 

tributary flows into reach 1 and reach 2 of the Araguaia River, and these tributaries may 

not contribute very much river discharge relative to the amount of water that can be 

transferred to the floodplain during flooding. If this were the case, it could also contribute 

to peak discharge reduction along the main channel. Further work is needed, however, to 

fully explain the reasons for the hydrologic patterns of flooding displayed in the middle 

Araguaia River.  

 

FUTURE WORK 

In the future, a more complete characterization of the water budget described in 

Chapter 3 would result in more accurate measurements of channel loss. Estimates of 

groundwater fluxes could be made using various methods, for example with piezometers 

to determine the groundwater flow field, among other methods (e.g., Kalbus et al. 2006). 

Information on the water holding capacity of the floodplain could be explored by 

characterizing grain size and porosity, and measurements of precipitation and evaporation 

could be integrated into the water budget analysis. In addition, stage measurements could 

be made in floodplain lakes to characterize the relationship between river discharge rise 
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and changes in floodplain lakes. Assessments of the fluxes of water between the 

floodplain and the channel could be undertaken through modeling efforts. The full 

contributions of the tributaries could be modeled and included in main river channel 

modeling and water budget equations. Assessments of channel slope along the two 

reaches could potentially provide more information on additional geomorphologic greater 

channel losses occur in reach 2 compared with reach 1.  

To enhance the analysis of changes in lake morphometry and open water areas, 

the same analysis should be done at similar discharge levels for each segment and 

reaches. This would allow for a controlled comparison between the segments, without the 

stage of the river influencing the analysis and the results. The analyses using Landsat data 

could also be compared with coarse resolution MODIS data, as MODIS data has a higher 

temporal resolution compared with Landsat. However, the coarser spatial resolution of 

MODIS would mean that small, thin floodplain lakes and surface water pathways would 

not be recognized. In addition, satellite imagery with a higher resolution than Landsat, 

such as GeoEye imagery, could be employed to better describe the spatial variations in 

lake morphometry and open water areas. The influence of floodplain vegetation should 

be further explored in future analyses, as vegetation type influences which areas become 

open water and the pathways that water has to travel onto the floodplain. 

Future research on the Araguaia River should also expand on analyses of the 

impacts of land use change on the hydrology and geomorphology described in Chapter 2. 

The Appendix describes future research that will be conducted to determine floodplain 

sedimentation rates over the past 100 years, which encompasses the period of the rapid 

increase in land clearing within the watershed. This research could provide insight into 

whether land use changes have impacted floodplain sedimentation rates.  
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Appendix: Fieldwork conducted to determine floodplain sedimentation 
rates 

 

Floodplain sedimentation is important for the delivery of nutrients and sediment 

to the floodplain ecosystem associated with the middle Araguaia River (Aquino et al. 

2009). Researchers have estimated the rate of bedload and suspended sediment transport 

within the channel in the middle Araguaia River, but the rate of sediment delivery to the 

floodplain is currently unknown (Aquino et al. 2009; Latrubesse et al. 2009). Sediment 

cores collected in the floodplain of the Araguaia River in July 2012 will be analyzed 

using lead-210 geochronology, which can determine floodplain sedimentation rates over 

the past 100 years and has been used in other tropical watersheds (Aalto and Nittrouer 

2012; Aalto et al. 2003). The research will also provide insight into whether the 

floodplain sedimentation rate has changed along with the increase in large-scale land 

clearing beginning in the 1970s.  

Lead-210 is produced in the atmosphere by radioactive decay of radon-222 and 

falls out onto sediments through precipitation at a constant rate (Aalto et al. 2012; Stokes 

and Walling 2003). It then decays with a half-life of about 22 years and allows for dating 

sediments deposited in the last 100 years (Aalto et al. 2012; Stokes and Walling 2003). 

Lead-210 measured within sediment can be divided into two types: unsupported or excess 

lead-210, which comes from fallout from the atmosphere, and lead-210 produced in situ 

due to local decay of radium-226 (Stokes and Walling 2003). Measurements of 

unsupported lead-210 are used for dating because the unsupported portion indicates the 

portion in the sediment that the river has deposited from an upstream location.  

Unsupported lead-210 more readily associates itself with fine sediments, and thus 
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determining the grain size of sediments through grain size analysis is integral to 

measuring lead-210 within sediment cores (He and Walling 1996).  

Lead-210 geochronology has been applied to the analysis of sedimentation rates 

in other tropical rivers. For example, Aalto et al. (2003) determined the sedimentation 

rates of the Beni and Mamore River floodplains in northern Bolivia. Evidence indicated 

that sedimentation pulses coincided with increases in precipitation and runoff due to wet 

La Niña conditions, although the geomorphic location of these samples was not fully 

described. Lead-210 geochronology has also been utilized for determining sediment 

accumulation of the Strickland River floodplain in Papua New Guinea and for small 

watersheds in Fiji (Aalto et al. 2008; Terry et al. 2011). 

 

FIELDWORK DESCRIPTION 

Fieldwork was conducted from July 24 to July 27, 2012 near the town of Aruanã 

(Figure A1). Fifteen short cores (<1 meter) were collected, and GPS points were recorded 

on a Garmin Etrex unit (accuracy of ±10 m) (Table A1). Cores were taken from levees, 

island levees, island interiors, a floodplain lake, and in the floodplain of Vermelho River 

tributary (Figure A1). In addition, a grab sample of sediment deposited during the last 

flood was taken to calibrate the lead-210 age model. Cores were transported to the 

Geology and Physical Geography lab at the Universidade Federal de Goiás (UFG), in 

Goiânia, Brazil.  
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Figure A1. Locations of cores (C1-C15) and grab sample (G1) during fieldwork in July 
2013. Image shown is Landsat 5 Thematic Mapper, bands 5-4-3, from June 
20, 2011.  Geomorphic units (unit I-impeded floodplain; unit II-
paleomeanders; unit III-accreted banks and islands; unit IV-tributary 
floodplains) are also noted in the figure.  
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Table A1. Locations of cores (C1-C15) and grab sample (G1) near Aruanã from 
fieldwork conducted in July 2012. 

ID Location 
C1 14° 50’ 17” S  51 °5’ 29.3” W 
C2 14° 50’ 15.3” S 51° 5’ 26.7” W 
C3 14° 51’ 29.9” S 51° 5’ 26.7” W 
C4 14° 51’ 38.2” S 51° 5’ 23.5” W 
C5 14° 52’ 10.6” S 51° 5’ 40” W 
C6 14° 53 ’2.4” S 51° 5’ 43.2” W 
C7 14° 56’ 49.1” S 51° 9’ 11” W 
C8 14° 56’ 49.1” S 51° 9’ 10.9” W 
C9 14° 56’ 49.6” S 51° 9’ 9.9” W 

C10 14° 56’ 36.8” S 51° 8’ 54.6” W 
C11 14° 56’ 33.8” S 51° 8’ 11.9” W 
C12 14° 56’ 31.5” S 51° 5’ 51.4” W 
C13 14° 56’ 9.4” S 51° 5’ 41.3” W 
C14 14° 55’ 39.1” S 51° 5’ 21.4” W 
C15 14° 55’ 39.1” S 51° 5’ 21.4” W 
C16 14° 55’ 14.8” S 51° 5’ 2.2” W 
C17 14° 55’ 14.9” S 51° 5’ 2.5” W 

 

At the physical geography lab at UFG, the cores were split and photographed. 

One-centimeter increment samples were taken at various locations along the cores, 

focusing on the areas with the most clay content. The samples were weighed, dried at 

100º C for 24 hours, and then weighed again after drying. They were then packaged and 

shipped to the University of Texas at Austin physical geography laboratory. The samples 

will be analyzed for lead-210 content with an ORTEC alpha spectrometer available in the 

University of Texas at Austin physical geography labs. Samples from sediment cores will 

also be used for grain size analysis. Figure A2 shows photos of the cores that were taken 

and will be analyzed in the future.  
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Figure A2. Photos of cores collected in July 2013 that will be used for lead-210 analysis. 
Numbers above cores correspond to the number in the map in figure A1.  
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