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Morphological development of the Ucayali River, Peru without human impacts

Morphologische Entwicklung des Ucayali in Peru ohne menschliche Einfliisse

Bernd Ettmer and Cesar Adolfo Alvarado-Ancieta

Abstract

The Ucayali River originates in the high Andean Mountains
near the city of Cusco in Peru. After about 1,600 km, it joins
with the Mararion River. Both the Ucayali River and the
Marariion River are sources of the Amazon. From 2001 to
2005, the Ministry of Transport and Communication of Peru
funded a study to determine the navigability of the Ucayali
River. In the process, an extensive data set was acquired in-
cluding hydrological and sedimentological data as well as a
comprehensive topographical survey of the riverbed. Since
the Ucayali River has experienced no stream channel modi-
fication in the past, the available data provide information
about the flow pattern for a natural stream and insight into
a reference ecosystem. This paper offers the first analysis of
the available data and a sediment transport calculation for
the Ucayali River.

Keywords: Natural flow, sharp bends, scour, sediment trans-
port

Zusammenfassung

Der Ucayali entspringt in den Anden nahe der Stadt Cusco
in Peru. Er flieRt Gber eine Strecke von rd. 1.600 km durch
Peru bis zum Zusammenfluss mit dem Marafion. Beide Flus-
se bilden die Quellflisse fur den Amazonas. Im Rahmen
einer Studie Uber die Schiffbarkeit des Ucayali wurden vom
peruanischen Ministerium fir Verkehr und Kommunikation
von 2001 bis 2005 umfangreiche Datenerhebungen durch-
gefiihrt. Die Datenerhebungen umfassen u. a. hydrologische
und sedimentologische Daten sowie umfangreiche Vermes-
sungen des Flusslaufs. Da der Ucayali bislang keinerlei
Regulierungs- oder AusbaumafRnahmen unterlegen ist, ge-
ben die Daten einen Einblick in die natlrlichen FlieBverhalt-
nisse eines groRen Flusses und damit einen Einblick in ein
Referenz-Okosystem. Erste Ergebnisse der Datensichtung
und Sedimenttransportberechnungen zum Ucayali werden
vorgestellt.

Schlisselworter:
Sedimenttransport

Naturliches FlieRgewasser, Maander,

1 Introduction

The Ucayali River begins in the south of Peru near the city of
Cusco in the Andes Mountains. The catchment area of the
Ucayali River covers 337,519 km?. The total length of the river
stretches 1,600 km. The junction between the Marafion River
and the Ucayali River constitutes the source of the Amazon.
Figure 1 gives an overview of the Amazon system and the
location of Ucayali River.
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At the present time, the Ucayali River represents a natural
river. No stream channel modifications such as straightening
of the river, riverbed armoring, or bank protection have been
undertaken. As presented in Figure 2 the Ucayali River has a
meandering flow with numerous tributary streams and back-
waters and shows natural sediment transport mechanisms
(ALvArRADO-ANCIETA & ETTMER 2008).

2 Basic results of topographical
survey

The topographical survey of the river bed and floodplain was
carried out between the city of Pucallpa and the confluence
with the Amazon, a section of about 1,035 km. Pucallpa was
defined as river station km 0 and the junction with the Mara-
fAén River as river station km 1,035. The riverbed was sur-
veyed by boat with an echo-sounding system, and the banks
were surveyed with a tachymetry system. In most cases that
work was carried out by a team of nine persons as presented
in Figure 3. They produced more than 2,000 detailed cross-
sections of the Ucayali River.

As an example, Figure 4 shows cross-sections near river
section km 235. The cross-sections were prepared with the
Hydrologic Engineering Center River Analysis System (HEC
RAS), from the U.S. Army Corps of Engineers. The average
width, w, of the riverbed is approximately 600 m, and the
water depth, d, is approximately 10 m during mean water
conditions. Thus, the ratio of w/d is 60. Generally, the width
of the riverbed ranged from 400 to 1,500 m, and the water
depth from 8 to 15 m.

Figure 5 gives a plan view of the measured river section be-
tween Pucallpa and the junction with the Marafién River. The
plan view illustrates the sinuous system of the Ucayali River.
The sinuosity, si, defined as the ratio between the river length
including curves and the direct distance without any curves,
ranges from 1.2 to 1.5. That means the Ucayali River induces
heavy bank erosion and shows a tendency toward bifurcation
and tributary streams (AHNERT 1996).

The Ucayali River can be separated into three reaches. The
first reach is located between the city of Pucallpa at km 0 and
the entrance to a bifurcation at km 570. The average slope
of that reach is 0.054 %o0. Then the Ucayali River divides into
two arms called the Madre Channel and the Puinahua Chan-
nel. The Madre Channel is defined as the main stream with
a longitudinal section of 270 km and an average slope of
0.055 %o. At km 840, the Madre Channel and the Puinahua
Channel unify again to a single flow section. Up to the junc-
tion with the Marafién River at km 1,035, the average slope is
0.028 %o. The main values are presented in Table 1.
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Figure 6 presents the thalweg (the lowest points along the
entire length of the streambed) of the Ucayali River between
the city of Pucallpa at km 0 and the confluence with the Mara-
Aon River at km 1,035. The average slope of the whole river
section is approximately 0.05 %.. Furthermore the variation
in the riverbed elevation is remarkable, and deep bed eleva-
tions were frequently observed. This is due to the fact that
the thalweg is defined as the deepest point in each cross-
section, and at points where the river bends, the outer scour
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hole can be significantly deeper than the rest of the bed. In
places, the scour holes can be more than 10 m deeper than
the average bed depth.

In addition, more than 50 sinuous sections were identified
between Pucallpa and the confluence of the Amazon. Some
of these meanders were identified as sharp bends. Different
experiments for sharp bend hydraulics have been done to
identify the main characteristic parameters (i. e., SUTMULLER
& GLERUM 1980, OpcAaARD 1982, STRuiksMA et al. 1985, OLESEN
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Fig. 1: Map of the Amazon system and
BRAZIL Ucayali River stream course (AL-
VARADO-ANCIETA & ETTMER 2008).
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Janeio, | Abb. 1:  Ubersicht (iber das Amazonas
Séo Paulo

Einzugsgebiet und den Verlauf
des Ucayali (ALVARADO-ANCIETA &
Ertmer 2008).
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Fig. 2: View of the Ucayali River a few
kilometers above the city of Pu-
callpa, showing the meandering
riverbed tributary streams and
backwater (Consorcio H&O -

ECSA 2005).

Blick aus dem Flugzeug auf den
Ucayali mit Mdander, Nebenarm
und Altarm, wenige Kilometer vor
der Stadt Pucallpa (Consorcio
H&O — ECSA 2005).

Abb. 2:
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Bifurcation km 570

Channel Madre

Pucallpa km 0
Junction km 840

Confluence to Marafién River km 1,035
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Survey team with speed boats and
tachymetry equipment (Consorcio
H&O — ECSA 2005).

Vermessungsteam mit Schnell-
boot und Ausrtistung (Consorcio
H&O — ECSA 2005).

Cross-sections near river station
km 235, prepared with HEC RAS
from the US Army Corps of Engi-
neers (ALVARADO-ANCIETA & ETTMER
2008).

Querprofile in der Néhe des Fluss-
km 235, aufgearbeitet mit der
Software HEC RAS vom US Army
Corps of Engineers (ALvARADO-
ANciETA & ETTMER 2008).

Plan view of the Ucayali River with
bifurcation into the Madre Chan-
nel and the Puinahua Channel.

Lageplan des Ucayali mit Verzwei-
gung des Flusslaufes in den Kanal
Madre und den Kanal Puinahua.
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Tab. 1: Three reaches of Ucayali River.
Tab. 1:  Die drei FlieBabschnitte des Ucayali.
Reach Station (km) Slope (%o) Description
1 0-570 0.054 Pucallpa to the start of the bifurcation
2 570-840 0.055 Bifurcation
3 840-1,035 0.028 End of the bifurcation to the junction with the Marafion River

1987, TaLMON 1992, BLANCKAERT & GRAF 1999, BLANCKAERT
2002 and ALvaraDO-ANCIETA 2004). Sharp bends have been
defined according to the empirical equation (1):

R/B<3 (1

where R = radius of bend and B = width of river. It should
be noted that sharp bends often have an angle of aperture
(angle measured from the beginning to the end of the bend)
of more than 180°. That means a strong morphological deve-
lopment of the river bed and river banks of the Ucayali River
could be expected.

3 Basics of hydrology and sediment
transport

Hydrological data were collected over 20 years at the hyd-
rometric station of Pucallpa as shown in Table 2. Low wa-
ter discharge was measured on 19.08.1985 as 2,200 m?/s,
whereas the maximum discharge was 20,440 m®/s measured
on 05.03.1984. The mean water discharge is approximately
4,000 m3/s.

Between 2001 and 2004, more than 100 sediment samples
were collected from the Ucayali River both as bed samples
and as suspension samples (Fig. 7).

The sample probes corresponded to the gauging stations
along the Ucayali River as shown in Table 3.

Figure 8 presents some representative sieve curves, used to
assess the proportional contribution of sediment particles of
different sizes, taken along the reach from Pucallpa km 0 to
Libertad km 1,011. The sieve curves do not show any signifi-

Tab. 2: Discharges at the hydrometric station of Pucallpa.
Tab. 2:  Abfiiisse an der Pegelstation Pucallpa.
Description Discharge (m?/s)
Low water 2,200 on 19.08.1985
Mean low water 2,830
Mean water ca. 4,000
Mean high water 16,370

Maximum flood 20,440 on 05.03.1984

Tab. 3: Gauging stations at Ucayali River.

Tab. 3:  Pegelstationen entlang des Ucayali.
Name of gauging station Station (km)
Pucallpa 0
Tiruntan 133.52
Contamana 261.26
Orellana 355.95
Juancito 562.32
Requena 897.83
Libertad 1,011.33

cant differences. Thus, the characteristic diameter of the se-
diment D, (the sieve size at which 50 % of sediment weight
pass through the sieve) only ranges from 0.15 to 0.40 mm
with an average value of D, = 0.25 mm.

The uniformity of the sediment can be calculated with equa-
tion (2) (LiTTLE & MAYER 1976).

140.00 4
Pucallpa km 0
130.00
120.00 A
110.00 1
E‘ Bifurcation km 570
£, 100.00 +
c
o
< 90.00 -
5 Junction km 840
W 80.00 -
70.00 - Fig. 6: Longitudinal section showing the
thalweg of the Ucayali River be-
60.00 - tween the city of Pucallpa and the
Confluence to M arafién River km 1,035 junction with the Marafion River.
50.00 Abb. 6:  Langsschnitt des Talwegs zwi-
0 100 200 300 400 500 600 700 800 900 1000 schen der Stadt Pucallpa und
River station [kmj dem Zusammenfluss mit dem
Mararion.
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0 = (D,,/D,.)°s (2)

The grain diameter D,, was 0.30 mm and D, was 0.15 mm.
The calculated uniformity amounts to 1.41, indicating that the
sediment of the Ucayali River could be described as nearly
uniform.

Figure 9 shows the changes in D, along a longitudinal sec-
tion. The mean diameter D, is 0.25 mm along the whole
reach from Pucallpa to the confluence with the Amazon at

km 1,035. Generally, only a small variation in D, with the lo-

wer bound at 0.15 mm and the upper bound at 0.40 mm, was
observed. At km 250, however the D, increased to 0.65 mm.
The reason for that local coarsening of the sediment is the

==

Fig. 7:
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inflow of the Amacayacu River carrying coarser sediment into
the Ucayali River. However, these effects were diminished
after ca. 90 km at river station km 340, as shown in the dia-
gram.

HuuLsTrOM (1935) gives a relation between the average ve-
locity and the characteristic grain diameter, Figure 10. Thus,
the begin of transportation of the grain size D, = 0.25 mm.
ranges between 0.15 and 0.30 m/s. It is in this range that
the bed load transport of the Ucayali River begins and pre-
vails up to an average velocity of approximately 0.94 m/s.
Then, as the velocity increases, the sediment is suspended
as described by the empirical approach of Kresser (1964),

Sediment samples from river bed (a) and suspension samples (b) (Consorcio H&O — ECSA 2005).
Abb. 7:  Sedimententnahmen vom Flussbett (a) und Schwebstoffbeprobung (b) (Consorcio H&O — ECSA 2005).
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bes between Pucallpa (km 0) and
0 Libertad (km 1,011).
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(km 0) und Libertad (km 1,011).
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equation (3), with suspension load becoming the main type
of sediment transport:

D=u,?/360g (3)
where D = grain diameter for transition between bed load
and suspension load; u_ = average velocity; g = acceleration
of gravity.

Hydraulic conditions of the Ucayali River were calculated with
the one-dimensional hydro-numerical model HEC-RAS from
the U.S. Army Corps of Engineers (Consorcio H&O — ECSA
2005). The calculation showed that the average velocity of
the Ucayali River exceeds 0.94 m/s for discharges of more
than 2,200 m®/s, a level defined as low water conditions in
Table 2. Thus, suspension load transport occurs as soon as
the river discharge exceeds low water conditions. According-
ly, suspension load can be defined as the main mode of se-
diment transport in the Ucayali River.

The average sediment transport rate was calculated based
on suspension measurements from 2004 and 2005' at the
gauging stations shown in Table 3. As shown in Figure 11, a
functional dependency between discharge and suspension
load can be described roughly as a linear trend. It should be
noted that the maximum discharge during the measurement

1 Note: The sediment concentration was measured in [kg/m?] and
was calculated as [t/day].
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period was approximately 10,000 m®/s. Equation (4) repre-
sents the linear regression:

S =51.204Q - 27,797 4)
where S = sediment transport due to suspension load [t/day];
Q = discharge.

As an example, the suspension load was calculated as
187,000 t/day at a discharge of 4,200 m?3/s. As calculated with
values from Table 2, the sediment transport rate amounts to
177,000 t/day for the mean discharge (4,000 m®/s) and appro-
ximately 1 million t/day for the flood discharge (20,440 m%/s).

A further approximation of the annual sediment transport rate
was calculated with equation (5) and mean water discharge
of 4,000 m%/s. The result was an annual sediment transport
rate of ca. 65 million t/year.

S -_—

annual

(51.204Q — 27,797) At

®)
where S_ = suspension load per year; At = 365.25 days/
year. A first evaluation of equation (5) delivers acceptable
results by using values from Guvor et al. (1996 and 1999),

Guyort & FiLizoLa (2007).

4

Between 2001 and 2005 several basic investigations of the
Ucayali River in Peru were carried out. Amongst others, a

Conclusions
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longitudinal section of 1,035 km between the city of Pucallpa
and the confluence of the Amazon was surveyed and more
than 2,000 cross-sections were developed. A typical cross-
section shows an average width of about 600 m and a water
depth of 10 m during mean water conditions (4,000 m?/s).
The average slope on that reach is 0.05 %o, and more than
50 sharp bends could be identified. Thus, the Ucayali River
can be described as a sinuous system with a tendency to-
ward bank erosion, bifurcation, and tributary streams. Further
investigations showed that the bed material of the Ucayali
River can be characterized as uniform sand with a characte-
ristic diameter of D, = 0.25 mm along the entire reach. The
estimated sediment transport rate is approximately 65 million
t/year, and the main type of sediment transport is suspension
load.
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