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Abstract A study is presented on the transport of suspended particulate matter (SPM) in the Gua-
dalquivir estuary during low river flow conditions. Observations show that tidally induced SPM
exceeds that associated with catchment-derived inputs. The main mechanisms that contribute to lon-
gitudinal transport are identified and quantified by analyzing the tidally averaged and depth-
integrated SPM flux decomposition over time and space. The net transport is generally directed
upstream, although differences in the direction between spring and neap tides are identified. The
transport is largely controlled by the mean advection, the tidal pumping associated with the covari-
ance between SPM concentration and current, and the tidal Stokes transport. The convergence of
the transport associated to these mechanisms alone explains the presence of primary and secondary
estuarine turbidity maxima. The tidal reflection at the upstream dam appears to play a significant
role in their generation, as evidenced by the convergence zones of the M4 and M2 induced tidal
pumping transports. The spatial structure of the transport motivates the development of a box
model that describes the concentration of SPM and its exchange between different stretches along
the estuary at subtidal time scales. The model is fed by the net SPM transport obtained from obser-
vations. Analysis of the morphodynamical state of the estuary using the box model indicates that
erosion is dominant in the stretches close to the estuary mouth and that this sediment is trans-
ported upstream and deposited in the middle part of the estuary. This process is more influential
during spring tides than during neap tides.

1. Introduction

Estuaries are transition environments whose waters usually present more turbidity than the adjacent oce-
anic and continental waters. Turbidity is a measure of the light absorption and scattering in water due to
the presence of dissolved organic matter and suspended particulate matter (SPM), typically clay and silt
[Winterwerp and Van Kesteren, 2004]. The spatiotemporal distribution of turbidity depends on factors like
tidal forcing, stratification, and bathymetry, and frequently shows estuarine turbidity maxima (ETM) [e.g.,
Talke et al., 2009b; Lin and Kuo, 2001; Kappenberg and Grabemann, 2001; Uncles, 2002].

The dynamics of the suspended particulate matter is important to the functioning of the estuarine ecosys-
tems and of the adjacent coastal area [Eisma, 1993]. High turbidity levels usually have negative consequen-
ces on water quality, and thus on economy and society. The lack of light in the water column is a vital
limiting factor in the production of biomass [Cloern, 1987; Talke et al., 2009a]. This is indeed the case of the
Guadalquivir estuary, which exhibits high suspended sediment concentrations, and frequently has water
quality problems throughout the year. In the last decade, several events of high turbidity during long peri-
ods with almost no freshwater discharge from the upstream dam led to hypoxia. There is evidence that the
strong light attenuation (caused by the high turbidity) inhibited the phytoplankton growth in the water col-
umn [Navarro et al., 2012]. This low photosynthetic biomass, which yielded low rates of photoautotrophic
oxygen production, together with high rates of oxygen consumption by the large input of organic material
into the estuary, resulted in a water column where oxygen consumption dominated over oxygen produc-
tion [Ruiz et al., 2014]. In addition, human activities in the estuary, like fishing, aquaculture, commercial navi-
gation, irrigation returns, and dredging works, influence both the morphological and sedimentological
evolution and water quality [see e.g., Johnston, 1981; de Jonge, 1983; Hickey et al., 2010; Losada and Ruiz,
2010; de Jonge et al., 2014].
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Regarding this overall context, it is therefore crucial to identify and quantify the mechanisms controlling
SPM dynamics. In this sense, the availability of physically inspired models based on observations permits
the identification of the principal control mechanisms of the SPM, and to gain insight into the morphologi-
cal state of the estuarine system. With this general purpose in mind, this work presents a thorough analysis
of the observations recorded between 2008 and 2011 by a Real Time Monitoring Network (RTMN) [Navarro
et al., 2011]. Observed along-channel transport rates are determined during low river flows, and used to
force a box model [see e.g., Hagy and Murrell, 2007; Amos and Tee, 1989; Officer, 1980; Pritchard, 1969] of a
suspended load balance at tidally averaged scales.

The model, applied to six neighboring stretches whose lengths are of the order of the tidal excursion, deter-
mines the SPM concentration as the solution of a linear system of equations, which represents the SPM con-
servation in several interconnected segments of the estuary. The model is used to assess the morphological
state of the estuary by estimating how much SPM in each box or segment deviates from its equilibrium
value. The joint analysis of the observations and results of the model permits the evaluation of the sediment
balance and the structure of the turbidity field. Moreover, it allows for the identification of the control
mechanisms in the SPM transport in the low and middle part of the estuary at a tidally averaged scale and
under low river flow conditions.

In the following sections, the study area and the instrumentation are described in detail (section 2), along
with the decomposition of the advective transport and an outline of the box model (section 3). Section 4
presents the observations and the analyses of the longitudinal transport of SPM and the morphodynamic
equilibrium state of the system. Finally, in section 5 the results and their possible implications and limita-
tions are discussed, and in section 6 the most important conclusions of the work are listed.

2. Background

2.1. Study Area
The Guadalquivir estuary (36�430N– 37�320N, 5�560W–6�300W) is a transition area between the basin of the
river of the same name and the Gulf of C�adiz (Figure 1). The estuary comprises the last 110 km of the Gua-
dalquivir river, 85 of which are navigable as far as Seville. The mean depth of the principal channel is
approximately 7 m. Cross sections, A, decrease exponentially upstream, i.e., A5A0exp f2x=kg, with
A055839:4m2, a convergence length of k560km, and x measures the distance to the mouth of the estuary
[D�ıez-Minguito et al., 2012].

The bed of the upper reach of the estuary is over 90% composed of fine-grained muds (D50 � 0:003mm),
while in the rest of the estuary a typical distribution is 80% of sand and 20% of silt and clay (D50 � 0:2mm).
The concentration of solids in suspension usually varies between 0.5 and 4:5kg=m3. Values at the near-
surface as high as 16kg=m3, triggered by discharges from the upstream dam, may also be found [Contreras
and Polo, 2012].

The tide in the Guadalquivir estuary is semidiurnal, as indicated by the relation between the greatest diurnal
and semidiurnal amplitudes (F � 0:1), and the range is mesotidal, below 4 m at the mouth. The wave prop-
agation is dominated by friction in the lower stretches of the estuary, which is the part in which it exhibits
more tidal flats, and in the upper part by tidal wave reflection at the Alcal�a del R�ıo dam. In the middle part,

Figure 1. Study area. The map includes the stations of the RTMN analyzed in this work. These are current meter (circles, ai), tidal gauges
(squares, bi), and water quality probes or CTDs (triangles, ci). The origin of the along-channel axis is considered at station c0. The RTMN
includes a meteorological station (M.S.) off Chipiona.
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the balance between terms related to convergence and friction in the tidal wave propagation equations
give rise to a synchronous behavior [D�ıez-Minguito et al., 2012].

Under normal or low river flow conditions, i.e., with freshwater flows below 40m3=s, this is a tidally energetic
estuary, which results in well-mixed conditions, except for a partial stratification in the mouth area. A verti-
cally sheared circulation is observed, but its effects on the salt transport are clearly lesser than the tidal
effects [D�ıez-Minguito et al., 2013]. The analysis of the stratification-circulation parameters under normal
conditions establishes a Type-2a estuary according to the scheme of Hansen and Rattray [1966]. The null
point of the tidally averaged saline intrusion is normally around 70 km. Occasionally, it has reached the Port
of Seville, but never the Alcal�a del R�ıo dam [D�ıez-Minguito et al., 2012]. The estuary is positive under all cir-
cumstances; its freshwater inputs being sufficient to compensate for its evaporation losses. With fluvial dis-
charges above 400m3=s, which occur sporadically, the estuary is considered to be dominated by fluvial
dynamics, and it features a discharge plume with a salt-wedge structure at its mouth.

2.2. Measurements
For 3 years (from February 2008 onward), extensive monitoring of its turbidity was carried out in the estuary
by the installation by the Institute for Marine Sciences of Andalusia (ICMAN-CSIC) of an extensive remote
real-time monitorization network [Navarro et al., 2011]. The instruments were moored at places close to the
main axis of the navigation channel.

Eight environment quality Conductivity-Temperature-Depth stations (CTD) (denoted by c in Figure 1) were
set up between 0 and 84.30 km (Table 1). The origin of the along-channel axis, x, positive upstream of the
estuary, is defined at station c0, situated at the estuary mouth. Among other physicochemical variables, the
CTDs recorded turbidity, conductivity, and temperature. The sampling period of the CTD probes was 30 min
and at some intervals, 1 h. During the first 9 months, the CTDs took samples at four different depths
(z521;22;23, and 24m) with respect to the free surface. As from November 2008 onward, for technical
reasons, measurements were taken only at z521m. Suspended matter concentration, c, is calculated in this
work in kg=m3 from turbidity data observed in formazine nefelometric units (fnu). The calibration of the
samples established a relation between particulate matter concentration and fnu of 1:6060:15ð Þ31023

kg=m3=fnu [Navarro et al., 2011], where the error bar represents the 95% confidence interval. Accuracy of
concentration values is thus of order 100 1:6020:15ð Þ=1:60 � 90%.

Besides turbidity measurements, sea level and current profile data were also collected (Figure 1). The cur-
rent meters recorded velocity profiles every 15 min from z521m down to z527m, with cells of 1 m.
According to the current-rose diagrams, the along-channel current is considered to be accurate to within
10%. Error propagation from uncertainty in the concentration and current measurements is calculated
according to standard variance formula. Daily data of discharges from the Alcal�a del R�ıo dam were provided
by the Agencia Andaluza del Agua (Junta de Andaluc�ıa).

3. Formulation and Methodology

3.1. Longitudinal Advective Transport
With the aim of identifying and quantifying the different mechanisms contributing to the transport of SPM
under low river flows, the tidally averaged flux, is determined at several specific points of the navigation
channel at five different depths. Assuming that for a generic variable n, �n represents the average of a

Table 1. CTD Locations (ci) in Geographical Coordinates and Positions in km With Respect to the Estuary Moutha

Station c0 c1 c2 c3 c4 c5 c6 c7

km 0 17.30 23.60 26.20 35.30 47.10 57.60 84.30
lat

�
N 36.75 36.87 36.91 36.89 36.94 37.03 37.11 37.32

lon
�
W 6.39 6.34 6.28 6.25 6.19 6.13 6.08 6.00

�c th
0 ðkg=m3Þ 0.40 0.93 1.18 2.38 2.08 1.46 2.80 2.05

aThe last row shows the estimated tidally averaged SPM thresholds, �c th
0 , between low and high river flow conditions.
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semidiurnal cycle M2, n can be decomposed as n5�n1~n; ~n being the deviations with respect to the tidally
averaged value. The tidally averaged advective flux, fc , is thus determined as

fc 5 uc 5 �u�c1 ~u~c ; (1)

where u is the along-channel velocity, and c is the SPM concentration [Becker et al., 2009; Dyer, 1997]. The
first term on the right-hand side of equation (1) represents the mean or residual advective flux, whereas the
second one is associated with processes dependent in time [Scully and Friedrichs, 2007; Jay and Smith,
1990].

Various authors used the tidally averaged and depth-integrated flux to obtain additional information on the
mechanisms controlling solute transport in the whole water column [Uncles et al., 1985; Jilan and Kangshan,
1986; Dyer, 1997; Wai et al., 2004; Li et al., 2014]. The transport rate of c through a cross section of unit width
(fc vertically integrated) is

Tc 5

ðg

2h0

fc dz 5

ðg

2h0

uc dz; (2)

where the height of the water column is h5h01g, h0 is the reference depth, and g is the elevation of the
free surface. The tidally averaged transport rate is

T � Tc 5 �h �u �c|ffl{zffl}
s1

1 �c ~g~u|{z}
s2

1 �u ~g~c|{z}
s3

1 �h ~u ~c|ffl{zffl}
s4

1 ~g~u ~c|ffl{zffl}
s5

1 �h~uv~c v|fflffl{zfflffl}
s6

1 �h�uv�c v|fflffl{zfflffl}
s7

1 ~guv cv|fflffl{zfflffl}
s8

: (3)

Here n represents the depth-averaged value of n performed over the local mean depth and nv the deviation at
each depth with respect to that value, i.e., n5n1nv . The term s1 in equation (3) represents the nontidal trans-
port induced by the depth-mean net current. The term s2 is associated with the tidal Stokes transport,
while s3–s6 are tidal pumping terms generated by positive or negative correlations between the tidal oscilla-
tions of c; u , and g. The term s7 accounts for vertically sheared mean flow, and term s8 is associated with the
triple correlation between g and the intratidal deviations with respect to the depth-averaged values of u and c.
The interval analyzed is limited by the availability of simultaneous data of elevations, turbidity, and currents, at
all depths and stations, and comprises two neap tides and two spring tides (from 22 July 2008 to 16 August
2008).

3.2. Box Model: SPM Balance in a Control Volume
The morphodynamic state of the estuary is analyzed with a semianalytical model for longitudinal trans-
port which, by means of the mass conservation equation, established a net balance of SPM per stretch
at a subtidal scale. The relative difference between the suspended masses observed and those obtained
with this model under balance conditions is a simple measurement of how each stretch of the estuary
deviates from the equilibrium conditions and it permits a discussion on the general morphodynamic
trend of the system.

The mass balance equation for the suspended matter is expressed as

@c
@t

1
@Fk

@xk
50: (4)

Here Einstein’s summation convention is adopted. The fluxes, which comprise advective and diffusive con-
tributions, are

Fx5uc2Kh
@c
@x
;

Fy5vc2Kh
@c
@y
;

Fz5ðw2wsÞc2Kv
@c
@z
;

(5)

with fx; y; zg the three Cartesian directions, and ðu; v;wÞ the components of the three tridimensional cur-
rent vector. Furthermore, Kh and Kv are, respectively, the horizontal and vertical turbulent diffusion coeffi-
cients, and ws the sediment fall velocity.
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The volume integral of equation (4) over stretch i, according to Gauss theorem and the Leibniz rule, yields

@

@t

ððð
Vi

cdV1

ð ð
Si

Uk nk dS50; (6)

in which Vi is the volume and Si its surface. In this equation, Uk5Fk2cwdk;3 are the fluxes in the three Carte-
sian directions x; y; zf g and dl;m is the Kroneker delta.

Equation (6) is applied to the Guadalquivir estuary, segmented in N 5 6 stretches, defined by intervals
xi; xi11ð Þ; i51; 2; . . . ;N, where xi are the locations of the ci, i.e.,

x150km; x2517:3km; x3523:6km; x4526:2km; x5535:3km; x6547:1km, and x7557:6km. Taking into
account that the boundary conditions that express that fluxes must vanish on the margins and at the sur-
face, equation (6) can be expressed as

@mi

@t
1

ð ð
Ai11

Fx dA2

ð ð
Ai

Fx dA2

ð ð
Ai

E2Dð ÞdA50; i51; 2; . . . ;N; (7)

where mi is the mass in suspension in each stretch, Ai the cross-sectional area in xi, Ai is the bed area of the
box Vi, and the last term represents the balance between erosion, E, and deposition, D.

3.3. Suspended Mass Under Stationary Conditions
Assuming that the system is stationary [Friedrichs et al., 1998], equation (7) is reduced toð ð

Ai11

bF x dA5

ð ð
Ai

bF x dA for i51; . . . ;N; (8)

in which the symbol b� above the variables denotes their values under stationary conditions. More
details on the calculation are given in Appendix A. The fluxes of SPM at the boundaries between the
different boxes can be decomposed in advective and diffusive contributions (bF x5bF ðadvÞ

x 1bF ðdif Þ
x ). The

advective term is estimated according to ð ð
Ai

bF ðadvÞ
x dA5 bbT

� �
i
; (9)

where b is the width and T is the SPM transport per unit width, both evaluated at stretch i. Numerically, the
diffusion term is estimated using first-order finite differences, that isð ð

Ai

bF ðdif Þ
x dA � 2

2Kh;i

Di11
i21

bmi

Di11
i

2
bmi21

Di
i21

 !
; (10)

with Kh;i an effective longitudinal dispersion coefficient, Dl
m � xl2xm, and no summation convention is used

here. The result is a diffusive transport which depends on the suspended sediment masses under stationary
conditions, bmi . The values Kh;i employed are Kh;i51754 m2=s for i55; 6 and Kh;i5963 m2=s for the rest of the
boxes, similarly to those obtained for salinity in D�ıez-Minguito et al. [2013]. A sensitivity analysis is performed
on these parameters. At the upstream boundary, station x7, a vanishing diffusive flux is imposed.

3.4. Closing Conditions
For given values of bi and bT i at ci, the application of equation (8) for each box results in a system of N linear

equations whose unknowns are the suspended sediment masses in equilibrium bmif gN
i51. However, under

low river flow conditions, the sediment supplied by the freshwater discharge is small compared to the
amount of SPM observed inside the estuary. This suggests the following constraint for the masses at equi-

librium:
XN

i51

bmi5M, where M is the total suspended sediment mass estimated from the turbidity measured

at the different stations. This relationship reduces the problem to solving the set of equations (8) for i52;
. . . ;N and, consequently, it avoids the specification of the transport at the estuary mouth.

4. Results and Analysis

Figure 2 (inset) shows a typical temporal series of near-surface turbidity at a midestuary point. The variabili-
ty of the signal permits the identification of several harmonic components, which result from different
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forcings, among them, the
intratidal variations and the
spring-neap tide cycles (e.g.,
around 19 October 2008). The
peaks in the spectrum at near
fortnightly, semidiurnal, and
diurnal scales point to a mainly
tidally driven turbidity. The
presence of highly energetic
overtides (�6h and shorter
periods) visible in Figure 2
shows the marked nonlinear
character of the generating
mechanisms, especially the
frictional ones. The ratios
between the spectral densities
at quarter-diurnal and semi-
diurnal frequencies for differ-
ent locations are shown in
Table 2. The spectral density
associated with the quarter-
diurnal components exceeds
that associated with the semi-
diurnal constituent at c4, c5,

and, especially, at c6. The latter location coincides with the presence of a node in the M4, attributed by D�ıez-
Minguito et al. [2012] to tidal reflection at the Alcal�a del R�ıo dam.

The structure of the intratidal turbidity and current fields shown in Figure 3 supports the view of a system
in which turbidity is mainly generated by tidal erosive fluxes. The amount of sediment suspended in the
water column (first plot) is larger after the occurrence of the maximum flood (second plot), which exhibits a
negative lag with respect to high water due to the effect of friction. The resuspension capacity of the bed
material by turbulence generation is less during ebb conditions, which is consistent with a flood-dominated
estuary [D�ıez-Minguito et al., 2012].

4.1. Time Series: SPM Regimes
The analysis of the data shown above reveals two regimes for the turbidity in the estuary. One Normal dur-
ing low river flow conditions, with turbidity values ranging in accordance with the ebb-flood and spring-
neap tide cycles. The characteristics of these patterns do not change between different spring-neap cycles.
The results and analysis of this work correspond to this regime. The other regime, called Extreme, which is
typically triggered by discharge events from the upstream dam (see inset Figure 2), is transitional and is
characterized by turbidity values that are one to several orders of magnitude higher than the former in
practically the entire estuary. The data collected by the RTMN suggest the threshold values for the near-
surface tidally averaged concentrations, �c th

0 , shown in Table 1. These thresholds, which vary spatially
depending on the cross section in the estuary, allow for distinguishing and studying separately the two tur-
bidity regimes (Normal and Extreme). This is convenient since the control mechanisms, origin, and distribu-
tion of the sediment can be different. The threshold values are estimated as 20% larger than the maximum
value observed during Normal, low river flow conditions. Values at z524m are approximately a factor two
larger.

4.2. Spatiotemporal Distribution of
the Subtidal Turbidity Field
Figure 4 shows typical tidally averaged
turbidity and salinity profiles at spring
and neap tides. The spatial patterns indi-
cate that turbidity tends to increase
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Figure 2. Spectral content of near-surface turbidity series during low river flows (dark blue
curve) and after high freshwater discharges (light blue curve) at station c5 on the dates
shown. Several frequency peaks are labeled. Inset: Time series of surface turbidity at c5

(dots, left-hand vertical axis) and discharges from the Alcal�a del Rio dam (right-hand
inverted vertical axis, solid line) during the same period.

Table 2. Spectral Density Ratio Between M4 and M2 Components of the Tur-
bidity During 21 July 2008 to 23 January 2009

Station c0 c1 c2 c3 c4 c5 c6 c7

EM4=EM2 0.068 0.29 0.17 0.11 1.22 8.83 29.23 0.10
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upstream of the estuary. Dur-
ing neap tides (27 August
2008, plots a1 and a2), the tidal
currents resuspend less sedi-
ment than in spring tides and
the largest (primary) ETM is
observed around 80 km
(� 1 kg=m3 at z524 m), which
is the location up to which
measurements are available.
This maximum may well corre-
spond to the classic turbidity
optimum due to the salt intru-
sion null-point (second plot)
[Postma, 1967]. The fact that
the primary ETM appears
around the null point during

neap tides could be due to the relative decrease in the vertical turbulent mixing. At 35 km
(� 0:8660:08 kg=m3 at z524 m) and around 58 km (� 0:9960:09 kg=m3 at z524 m) secondary turbidity
maxima appear, which may be generated by the tidal reflection in the upstream dam. The ETM at 35 km
has been also detected using the DEIMOS-1 satellite imagery [Caballero et al., 2014].

The concentrations during spring tides (3 September 2008, plots b1 and b2 in Figure 4) are a factor two or
three larger than those observed in neap tides. Specially notable is the increase in the maxima found at
58 km (cðx558 km; z524 mÞ � 3:060:3 kg=m3) and 35 km (cðx535 km; z524 mÞ � 2:2660:21 kg=m3),
whose turbidity exceeded that generated near the saline intrusion point
(cðx580 km; z524 mÞ � 1:6160:15 kg=m3). The primary-secondary character of the ETMs thus changes
from neap to spring tides. The locations of these two ETM, at 58 km and at 35 km, persist during other tidal
cycles, although their magnitudes varied with the tidal range and the fluvial discharge.

4.3. Along-Channel SPM Transport
A more quantitative characterization of the mechanisms generating the turbidity maxima is made by using
equation (3). The top plot of Figure 5 shows the along-channel SPM transport in each spring and neap tide
cycle. The bottom plot of the same figure shows the transport, net and decomposed into its eight terms,
during the analyzed time period (22 July 2008 to 16 August 2008).

During spring tides (Spring 1 and Spring 2 periods, top plot), the magnitude of the transport is, in most of
the stations and within the margin of the error bars, larger than that found during neap tides (Neap 1 and
Neap 2 periods). This is a consequence of the larger advection capacity of the tidal flow and of the larger
amount of SPM available, as a result of the higher bed shear stress at the bottom. This causes the structure
of the along-channel net transport during the analysis period (bottom plot, squares, black line) to be similar
to that observed during spring tides. The largest transport convergence zone is found between 25 and
35 km, where the transport changes its sign.

During neap tides (Neap 1 and Neap 2 periods, top plot) the convergence of transports weakens signifi-
cantly and the downward zero-crossing of the transport shifts upstream. It might even disappear, according
to the uncertainty in the results. This behavior is consistent with the significant reduction in the turbidity
observed in the first local maximum during the neap tides in relation to other positions (Figure 4, bottom).
The transport observed both during the spring and during the neap tides at c5, 47 km, (c6, 57.6 km) remains
negative (positive). However, at c4 (35.30 km), the transport changes its sign from spring to neap. The differ-
ences in the direction of the transport between spring and neap tides were already observed in other estua-
ries [Blanton et al., 2003; Becker et al., 2009]. The predominantly positive sign of the transport near the
estuary mouth favors the trapping of fine sediments inside the estuary.

Figure 5 (bottom) shows the different terms that constitute the total mean transport, as described by
equation (3). The terms s1; s4, and s2, ordered by their relative importance, explain 98% of the sus-
pended matter transport in the Guadalquivir estuary. Within the error bars, their modal net values range
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Figure 3. (top) Turbidity c(z, t) in kg=m3 recorded at station c4, and (bottom) magnitude of
the longitudinal current juðz; tÞj in m=s in a3 in a complete cycle of spring-neap tides during
low river flows. The elevation (m) is that observed at the point b3.
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throughout the entire estuary,
respectively, between 20:13
kg=m=s (attained at station
c5) and 0:42kg=m=s (at c6),
between 20:25kg=m=s (at c1)
and 0:37kg=m=s (at c6), and
between 0:08kg=m=s(at c5)
and 0:22kg=m=s (at c2). The
term s1, associated with the
nontidal transport, accounts
for 45% of the total transport.
The term s4 represents 37%
of the total transport and
exhibits a longitudinal varia-
tion which resembles that of
the net transport. The term s4
stands for the transport
induced by the phase lag
between the current and the
sediment concentration due
to the asymmetry in erosion
during the tidal cycle, the
asymmetry in mixing, and the
spatial and temporal settling
lag [Wai et al., 2004; Dyer,
1995; Jay and Musiak, 1994;
Uncles et al., 1985]. The term
s4 changes its sign 3 times
along the estuary, which is
caused by changes in the rel-
ative phases of u and c. The
other tidal pumping terms

(s3; s5, and s6) are of a lower
order of magnitude than s4.
The third is the term s2, asso-
ciated with Stokes transport,
which favors upstream sedi-
ment transport.

These three mechanisms are
the same as those which gener-
ate most of the salt transport in
this estuary [D�ıez-Minguito et al.,
2013]. However, regarding sedi-
ment transport, the term s4 is
almost as important as s1, being
over s2. This is a result of the
lags in the response of the sedi-
ment to the flow. In view of the
magnitude of each term
s1; . . . ; s8, it can be concluded
that the vertically sheared mean
flows represent a lesser contri-
bution to the generation of tur-
bidity maxima.
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Figure 5. (top) Net transport during the periods of time 22 July 2008 (Spring 1), 26 July 2008 to
28 July 2008 (Neap 1), 01 August 2008 to 03 August 2008 (Spring 2), and 07 August 2008 to 09
August 2008 (Neap 2). (bottom) Net transport (squares, black line) during the whole analyzed
time period (22 July 2008 to 16 August 2008) and its terms. Only the five largest terms are
shown (s3; s5, and s6 are omitted here for clarity). The arrows indicate the direction of the net
transport. In both plots, positive (negative) values denote estuary transport upstream (below).
The vertical lines and the arrow tips in the top of the plots indicate the locations of the ETM
observed.

Figure 4. Turbidity field c(x, z) (in kg=m3) and salinity s(x, z) (in psu) averaged 48 h during
neap tides (from top to bottom: first and second plots, respectively) and during spring tides
(third and fourth plots, respectively) interpolated taking the data available on the dates indi-
cated. The color scale is the same for spring and neap tides. The arrow tips in the top of the
plots show the positions of the primary and secondary ETM. The black squares in the bot-
tom of the last plot indicate the CTD locations.

Journal of Geophysical Research: Oceans 10.1002/2014JC010210

D�IEZ-MINGUITO ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 7197



Finally, and in relation to the net SPM transport during the analysis period (Figure 5, bottom), the conver-
gence of the transport explains the presence of the ETM located at 35 km (more clearly during spring tides).
This secondary maximum is close to where the net transport vanished and the convergence of transport is
large. Identical behavior occurred near the primary ETM found around 58 km. In fact, a net landward trans-
port downstream of the maximum is observed. However, the lack of any current meters upstream from this
position does not permit the identification of any possible seaward transport upstream from the ETM.
Around 50 km, the net sediment transport again vanished, but the transport is divergent. In this zone a tur-
bidity minimum, flanked by relative maxima at 35 and 58 km (see Figure 4), is observed.

4.4. Deviation From Morphodynamic Equilibrium
The structure of the transport shown in the previous section leads to an integrated formulation in which
the sediment is transported by advection and dispersion between the different stretches of the estuary.
From the transport given by equation (3) in each tidal cycle the system of linear equations (see section 3.2)
is solved obtaining the distribution of masses in each stretch for equilibrium conditions, bmif gN

i51. Error esti-
mates for the equilibrium masses are thus derived from the uncertainty in the transport.

The temporal variability of the relative difference between the masses observed (mi) and those obtained
with the model in each estuary stretch under stationary conditions (bmi), i.e., bmi2mið Þ=mi , is a simple way to
quantify to what extent each stretch deviates from equilibrium conditions. The (normalized) tidally aver-
aged masses observed (Figure 6, middle) are estimated by using the measurements of the SPM concentra-
tion, ci, averaging it in the water column and in each tidal cycle, and assuming boxes with a rectangular
prismatic geometry, i.e., mi5ciVi .

Generally, there is a nonvanishing relative difference between the masses observed and those obtained
with the equilibrium model (Figure 6, bottom). Apparently, the general distribution is that the relative differ-
ence decreased upstream, going from positive values in the lower stretches to negative in the upper
stretches. Positive values (stretches c02c1 and c12c2) mean that, during the time analyzed, the masses
observed are lower than those in equilibrium, indicating that part of the sediment deposited should go
back to the water column in order to return the system to a balanced situation. The negative values exhib-
ited by the stretches from c22c3 to c52c6 during almost the whole analysis interval, reveal the existence of
an excess of suspended sediment. So in order to return to the equilibrium, the system favors deposition in
those stretches.

Temporal variability is observed in the curves in Figure 6. This is associated with the diurnal inequality and
fortnightly cycles (spring-neap) inherited from the variability observed in masses and transport. During the
spring tide after 31 July 2008 the differences observed are larger than those in the rest of the record. The rela-
tive difference in masses in the first stretch almost reaches a factor 2, while already in the second stretch it is
below 1. In the rest of the stretches upstream, the differences (<0) vary from 20.1 in the third stretch to
nearly 21 in c52c6. During neap tides (around 26 July 2008 and 10 August 2008), the magnitude of the rela-
tive differences in all the segments of the estuary decreases between 65% and 35%. During some specific tidal
cycles the estuary seemed to be closer to morphological equilibrium. A change of sign in bmi2mið Þ=mi in
some stretches is even observed (see e.g., deviations in stretches 1 and 6 on 26 July 2008) due to variations in
the nontidal transport.

Taking the deviations bmi2mi in each stretch i51; . . . ; 6, an estimate can be made of the equivalent
eroded/deposited bed height, which is a more intuitive quantity. The sediment density is qs52650kg=m3

and a volume fraction of sediment /s50:15 is assumed [Sanford and Maa, 2001]. Additionally, it is assumed
that the erosion/deposition in the stretch is uniform in the whole bed. Taking into account these simplifica-
tions, the variation in the position of the bed Dzi for the first (erosive) and last (depositional) stretches at
the tidal cycle around 31 July 2008, for example, is Dz151 3:261:7ð Þcm and, Dz652 1:861:5ð Þcm, respec-
tively. Similar values were observed in the Hudson river [Traykovski et al., 2004]. Bed height variations during
neap tidal cycles are much lower.

In order to test how sensitive are the results to the dispersion coefficients, a sensitivity analysis is performed.
The box model is run for a set of values within the intervals Kh;i5 9636500ð Þm2=s for i5124, and Kh;i5

17546250ð Þm2=s for i55; 6 [D�ıez-Minguito et al., 2013]. The analysis indicates that the general trend is main-
tained: the relative difference between the masses observed and those obtained with the box model
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decreases upstream, going
from positive values in the out-
ermost stretches to negative in
the innermost stretches. The
magnitude, however, may
change. During spring tides
the differences are more evi-
dent. If the lower endpoints of
each interval are employed,
the magnitude of the relative
difference almost doubles. The
model is less sensitive to an
increase in Kh;i (reduction of
10% in magnitude for the
upper endpoints). Neverthe-
less, the deviation of the results
with regards to those using the
midpoints (see Figure 6) is of
the same order of magnitude
than the errors due to the
uncertainty in current and con-
centrations. There is consider-
able overlap of the error bars
from uncertainty estimation for
the different tested cases.

Despite not having any reliable
data at the bed-water interface,
the model is tested with the
differences between the ero-

sion and sedimentation rates estimated by a boundary-layer model for cohesive sediments [Winterwerp and
Van Kesteren, 2004]. The erosion/deposition formulation of Son and Hsu [2011] and Sanford and Halka
[1993] is adopted here. The erodibility of the bed can be expressed (in m=s) as

E5max be sb=sc21ð Þ; 0f g; (11)

where sb5qCDu2
100 is the bottom shear stress, CD52:531023 [D�ıez-Minguito et al., 2012] is the drag coeffi-

cient, u100 is the velocity at 1 m above the bed estimated with the current meter data, and scðtÞ5a1

m2a2ð Þa3 is the critical shear stress (in Pa), which includes the bed consolidation effects [Sanford and Maa,
2001]. Here the total suspended mass per unit area observed in each stretch is m and a1, a2, a3, and be are
empirical parameters. Standard values for these parameters available in the literature are taken, viz., those
estimated by Son and Hsu [2011]. These are a150:45kg1-a3=s2=m1–2a3 ; a250:05kg=m2; a351, and
be5331025m=s. The sedimentation rate, D, expressed in m=s, is determined as

D5
wd c
qs/s

max 12sb=sd; 0f g; (12)

where the deposition velocity for silts is wd52:2 mm=s, the critical shear for sedimentation sd is estimated
as a 10% of the critical shear stress for erosion and c is the concentration at the bottom. Maintaining this
parameterization in all the stretches, the results indicate the same behavior: the erosion rate is higher in
stretches 1 and 2, while the deposition rate exceeds the erodibility of the bed in the rest of the stretches.

5. Discussion

The results and analyses presented here give clues on several issues related to the dynamics of suspended
sediment in the Guadalquivir estuary, which are useful from the point of view of managing the environment
and which are potentially applicable to other estuaries.

Figure 6. (top) Study area with shaded, colored stretches for reference. (middle) Tidally
averaged observed mass mi in each stretch i. Masses are nondimensionalized by
Mref5108 kg. (bottom) Relative difference between observed mass mi and equilibrium mass
from the model bmi . Error bars in middle and bottom plots are depicted as shaded areas.
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The low river flow regime
indicates that most of the
observed sediment has as ori-
gin the inner estuary and is
kept in suspension by bed
shear stresses. In fact, compar-
ing the turbidity upstream
and downstream of the dam,
the latter is a factor 2 larger
than the former [Contreras
and Polo, 2012]. Thus, the
amount of sediment dis-
charged from upstream is
substantially smaller than that
generated locally downstream.

With regard to the distribu-
tion of sediment along the
estuary, the observations indi-
cate the presence of a pri-
mary ETM at 58 km and a
secondary ETM at 35 km.

Because the estuary is well-mixed under low river flows, these locations cannot be attributed to
changes in the vertical structure of the salinity. The persistence of the location of the maxima under dif-
ferent tidal conditions and flows throughout the 3 years of the study also seems to discard a sporadic
generation (e.g., due to the effluence of water from adjacent cropping areas), although the topographic
influence in its generation cannot be discarded.

The role of the tidal reflection of the M4 constituent in setting the ETMs in the Ems estuary was discussed
by Chernetsky et al. [2010] and also appears to be important in the Guadalquivir. The harmonic analysis of
the horizontal tide identifies that near 58 km there is a maximum for the amplitude of the overtide M4. The
velocity trivially vanishes at the foot of the dam. Regarding the vertical tide, the amplitudes of M4 decrease
near 58 km (quasi-node), and then increase to reach their absolute maximum at the dam (antinode) [D�ıez-
Minguito et al., 2012]. The relationship between elevations and currents for the M4 is typical of a quasi-
standing behavior with a node where the primary ETM is observed. With a view to substantiate the role of
the tidal reflection on the ETM generation, a harmonic analysis is applied to the depth-averaged turbidity
and current time series [Pawlowicz et al., 2002]. Amplitudes and phases of the M2 and M4 constituents are
obtained and used to compute the transport due to the M4 current-concentration interaction,

TM45�huM4cM4 , and, similarly, the transport due to the M2 constituent alone, TM25�huM2c M2 [Chernetsky

et al., 2010]. The results are shown in Figure 7. The transport due to the M2 (dark blue curve) is negative,
except between 24 and 33 km. The M4 transport (light blue curve) tends to move the sediment upstream in
all stretches. Its magnitude is larger than the magnitude of the TM2 in vicinity of the ETMs. This produces a
convergence of transports and thus sediment at the ETMs. This convergence is identifiable by a negative
and large longitudinal gradient of the net transport TM21TM4 (red curve). The ETMs also coincide approxi-
mately with the downward zero-crossings of the net transport. The tidal reflection thus influences the pat-
tern observed in the distribution of SPM (and other solutes).

The picture of an estuary composed of different segments, each with its own morphodynamic characteris-
tics and exchanging sediment, is the basis of the box model presented here. By quantifying the deviation
with respect to the equilibrium state, provided by the model, it is demonstrated that, in general, sediment
from the two stretches nearest to the mouth is transferred upstream. In the low stretches, erosion domi-
nates over sedimentation, while in the middle third of the estuary the sedimentation is dominant. The tran-
sition between the erosive stretches and those dominated by sedimentation apparently takes place in the
third stretch, defined between sections c2 and c3, where the deviations (although negative on average) are
close to zero. It is precisely in this stretch, in which the bends have lowest curvature radius, where the high-
est longitudinal salinity gradient is observed. This area approximately coincides with the transition between

Figure 7. Dark (light) blue curve depicts the transport in kg=m=s associated to the M2 (M4)
current-concentration interaction. The orange line shows the net transport TM21TM4, and
the red curve shows its spatial derivative in kg=m2=s31023. The vertical lines and the arrow
tips in the top indicate the locations of the ETM. Error bars (shaded areas) include here the
95% confidence interval in amplitudes and phases derived from the harmonic analysis of
concentrations and currents.
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a diffusive behavior for the tidal wave (in stretches 1 and 2) and with another in which channel conver-
gence and friction compensate each other, i.e., in stretches 3–6 [D�ıez-Minguito et al., 2012]. The box model
results are qualitatively consistent with the historical data provided by the Port Authority of Seville between
1964 and 1998, which indicate that the annual volumes of dredged material were larger in the middle and
upper stretches [see D�ıez-Minguito et al., 2012].

The limitations presented by the model are, on one hand, the usual ones when adopting a simplified box
model representing an idealized section of the estuary [Officer, 1980]. The model results are representative of
the momentum-conveying part and not of the intertidal areas. Actually, the transport terms feeding the
model are determined from the equipment installed in the central section of the navigation channel. On the
other hand, morphodynamic equilibrium is assumed, hence no time derivatives are maintained in the model.
The unsteadiness of the system is considered in this work by estimating deviations of observed sediment con-
centrations from their equilibrium values. Nevertheless, in spite of the simplifications, this approach provides
valuable information about the short-to-middle term morphodynamic trend of the estuary.

Finally, regarding the vertical structure of the observed fluxes, fc , it is predominantly unidirectional, although a
slight baroclinic behavior is detected near the mouth. The total seaward (landward) flux evaluated using equa-
tion (1) at z521m (z524 m) at c1 attains a value of 20:054kg=m2=s (10:075 kg=m2=s) during the analysis
interval 22 July 2008 to 16 August 2008. Conversely, at station (e.g.,) c6, the SPM flux is vertically uniform, at least
in the upper 5 m of the water column. It is precisely at c6 where the largest (smallest) fluxes of SPM (salt) in mag-
nitude are observed, namely, 10:13 kg=m2=s (0:26 psu m=s) at z523 m.

6. Conclusions

In this work an analysis of the concentrations, fluxes, and transports of suspended sediments during low
river flows in a weakly stratified estuary, that of the river Guadalquivir, was presented.

Data observed between 2008 and 2011 show that the estuary displayed moderate-to-high concentrations
of SPM during normal conditions. The observed tidally averaged values are smaller than 2:8 kg=m3

(4 kg=m3) at z521 m (z524 m), although intratidal concentrations may exceed 4 kg=m3 (10 kg=m3) during
spring tide floods.

The correlations between currents and turbidity observed indicate that most of the observed SPM does not
originate from the basin but is resuspended by the tidal shear stresses acting at the bed. The observations
reveal a complex spatiotemporal structure in the SPM field with the presence of turbidity maxima. During
neap tides, the primary ETM is found near the null point (80 km). Secondary maxima are identified at 35
and 58 km. During spring tides, the latter two maxima significantly increase their trapping capacity exceed-
ing that generated near the salinity intrusion point. The primary-secondary character of the ETMs thus
changes from neap to spring tides.

The presence of a quasi-node of the M4 vertical tide located at 58 km suggests that tidal reflection in the
Alcal�a del R�ıo dam is important in setting the ETMs. This is confirmed by the convergence of transport due
to the M4 and M2 current-concentration interaction at the ETMs. These locations also coincide approxi-
mately with the downward zero-crossings of the net transport.

The net transport rates observed provide additional information on transport mechanisms. The locations of
convergence in the longitudinal net transport of SPM correspond well to the ETMs. In particular, transport is
predominantly directed up-estuary. Differences in the direction of the transport between spring and neap
tides are also observed. The nontidal advection, the tidal pumping associated with the phase lag between
the SPM concentration and current, and the Stokes transport, in that order, explain 98% of the total tidally
averaged transport. Unlike what is observed with salinity [D�ıez-Minguito et al., 2013], the second mechanism
is almost as important as the first mechanism because of the greater lags in the response of the sediment
to the flow. The net flow involving vertical shear represents a lesser contribution to SPM transport.

The net transport determined from observations in different estuary stretches and in each tidal cycle serves as
input to the box model presented here for SPM. The model, which links dynamically the different stretches
(constituting 2/3 of the total length of the estuary), permits an analysis on the morphodynamic state of the
estuary under low river flow conditions. The relative difference between the observed SPM masses and those
obtained with the box model in each stretch, under stationary conditions, is taken as a simple measure of
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how each stretch deviated from the equilibrium conditions. This allows for a first evaluation of the possible
consequences of the transport on the morphodynamic balance of the system. The general picture is that in
the reaches closest to the mouth, erosion dominated over sedimentation, which predominated upstream.

Appendix A: One-Dimensional Box Model of Suspended Load Transport

This appendix presents the details of the approach and solution of the system of linear equations for the
estimation of suspended masses per estuary stretch under equilibrium conditions. Starting point is equation
(6), reproduced here:

@

@t

ððð
Vi

cdV1

ð ð
Si

Uk nk dS50; (A1)

with Uk5Fk2cwdk;3; dl;m being Kroneker’s delta. This equation represents the tidally averaged balance of
SPM in each stretch and it is obtained by segmenting the estuary in N 5 6 stretches, each of them defined
by the interval xi; xi11ð Þ, and integrating into the box Vi, defined by the surface Si.

The following conditions are imposed on the net fluxes, that is, Uk nk50 on the banks and the surface,
Uk nk5Fk in the cross section localized at xi and Uk nk52ðE2DÞ in the bed. The latter term represents the
balance between erosion, E, and deposition, D. With these conditions, equation (A1) can be expressed as

@mi

@t
1

ð ð
Ai11

Fx dA2

ð ð
Ai

Fx dA2

ð ð
Ai

E2Dð ÞdA50; i51; 2; . . . ;N; (A2)

where mi is the mass kept in suspension in each stretch, Ai the area of the section transversal to the main
channel at xi, and Ai the area at the bottom of the control volume Vi.

Assuming (local) morphodynamic equilibrium, i.e., E2D50, and the equilibrium masses, bmi , verify
@ bmi=@t50, equation (A2) reduces toð ð

Ai11

bF x dA 5

ð ð
Ai

bF x dA for i 5 1; . . . ;N: (A3)

The symbolb� above the variables denotes here its equilibrium value. The fluxes are determined as a decom-
position of an advective term plus another diffusive one, bF x5bF ðadvÞ

x 1bF ðdif Þ
x . Assuming laterally homogeneous

stretches, the advective transport takes the formð ð
Ai

bF ðadvÞ
x dA5bi

ð0

2�h i

bF ðadvÞ
x dz5 bbT

� �
i
; (A4)

where b is the channel width and T is the suspended load transport per unit width, both evaluated at each
stretch i. The diffusive transport is obtained by approximating the corresponding term by means of simple
centered finite differences, giving ð ð

Ai

bF ðdif Þ
x dA � 2

2Kh;i

Di11
i21

bmi

Di11
i

2
bmi21

Di
i21

 !
; (A5)

with Dl
m � xl2xm, and no summation convention. The set of equations defined by equations (A3)–(A5) is com-

pleted with the flux in the upstream boundary bbT
� �

N11

� �
and with the constraint over the partial masses

XN

i51

bmi5M: (A6)

In the latter expression, M is the total suspended mass present in the estuary in each tidal cycle. This rela-
tionship implies that it is only necessary to propose the set of equation (A3) for i52; . . . ;N and, also, it
avoids the specification of the transport in the estuary mouth.

Regarding the upstream boundary, the simplest choice for bbT
� �

N11
is the vanishing-flux condition at

the dam of Alcal�a del R�ıo. However, no information on transport is available between 57.6 and 110 km. A

stretch defined between these two points would have an excessive length (52.4 km), with heterogeneous

morphological characteristics. For that reason, the flux is specified at 57.6 km and not at the dam. This
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increased the reliability of the computations but reducing the spatial range to the low and central stretches of

the estuary. A total of N 5 6 stretches defined by

x150km; x2517:3km; x3523:6km; x4526:2km; x5535:3km; x6547:1km, and x7557:6km are therefore con-

sidered. These are precisely the ones corresponding to the positions ci of the CTDs. At points xi, with

i52; . . . ;N, the transports are prescribed and, for sake of simplicity, at x7 a vanishing diffusive flux is assumed.

Applying thus the equations (A4) and (A5) to equation (A3) in these stretches is obtained:

bbT
� �

i
2

2Kh;i

Di11
i21

bmi

Di11
i

2
bmi21

Di
i21

" #
5 bbT
� �

i11
2

2Kh;i11

Di12
i

bmi11

Di12
i11

2
bmi

Di11
i

" #
; (A7)

for i52; . . . ;N21 and

bbNbT N2
2Kh;N

DN11
N21

bmN

DN11
N

2
bmN21

DN
N21

" #
5bbN11bT N11; (A8)

for i 5 N. The set of equations equations (A7) and (A8) is completed by equation (A6) to leave a system of N linear
equations with N unknowns bmif gN

i51. The variables of the above set of equations are nondimensionalized with
bref5400 m; Kref51:53103 m2=s;Mref5108 kg; Lref5110 km, and Tref52Kref Mref= bref L2

ref

� �
50:0620 kg=m=s. These

numbers represent typical values for width, dispersion coefficient, mass, estuary length, and transport, respectively.
With this scaling, the resulting system is

G � y5B; (A9)

where B is the column vector

B5 M; b3T32b2T2; . . . ; bN11TN112bNTNð Þt; (A10)

and G is the matrix N 3 N constructed from combining equations (A6)–(A8). Its elements Gj;i take the form

Gj;i5

1 if j51

Kh;i

Di11
i21D

i
i21

if 1 � j215i � N

2
Kh;i

Di11
i21D

i11
i

2
Kh;i11

Di12
i Di11

i

if 2 � j5i � N

Kh;i11

Di12
i Di12

i11

if 3 � j115i � N

:

8>>>>>>>>>>><>>>>>>>>>>>:
(A11)

Finally, y is a column vector N31 which contain the unknowns bmi

y5 bm1; bm2; . . . ; bmN11ð Þt; (A12)

References
Amos, C. L., and K. T. Tee (1989), Suspended sediment transport processes in Cumberland Basin, Bay of Fundy, J. Geophys. Res., 94,

14,407–14,417.

Becker, M. L., R. A. Luettich Jr., and H. Seim (2009), Effects of intratidal and tidal range variability on circulation and salinity structure in the
Cape Fear River Estuary, North Carolina, J. Geophys. Res., 114, C04006, doi:10.1029/2008JC004972.

Blanton, J. O., H. Seim, C. Alexander, J. Amft, and G. Kineke (2003), Transport of salt and suspended sediments in a curving channel of a
coastal plain estuary: Satilla River, GA, Estuarine Coastal Shelf Sci., 57, 993–1006.

Caballero, I., E. P. Morris, J. Ruiz, and G. Navarro (2014), Assessment of suspended solids in the Guadalquivir estuary using new DEIMOS-1
medium spatial resolution imagery, Remote Sens. Environ., 146, 148–158.

Chernetsky, A. S., H. M. Schuttelaars, and S. A. Talke (2010), The effect of tidal asymmetry and temporal settling lag on sediment trapping
in tidal estuaries, Ocean Dyn., 60, 1219–1241.

Cloern, J. E. (1987), Turbidity as a control on phytoplankton biomass and productivity in estuaries, Cont. Shelf Res., 7, 1367–1381.

Contreras, E., and M. Polo (2012), Measurement frequency and sampling spatial domains required to characterize turbidity and salinity
events in the Guadalquivir estuary (Spain), Nat. Hazards Earth Syst. Sci., 12(8), 2581–2589.

de Jonge, V. N. (1983), Relations between annual dredging activities, suspended matter concentrations, and the development of the tidal
regime in the Ems estuary, Can. J. Fish. Aquat. Sci., 40, s289–s300.

de Jonge, V. N., H. M. Schuttelaars, J. E. E. van Beusekom, S. A. Talke, and H. E. de Swart (2014), The influence of channel deepening on estu-
arine turbidity levels and dynamics, as exemplified by the Ems estuary, Estuarine Coastal Shelf Sci., 139, 46–59.

Acknowledgments
This research was funded by the
Spanish Ministry of Science and
Innovation (project CTM2009-10520/
MAR) and by the Department of
Innovation, Science and Business of the
Andalusian Regional Government
(projects P09-TEP-4630 and P09-RNM-
4735), and a research contract between
the University of Granada, the University
of C�ordoba, and the CSIC. The data
analyzed in this work can be obtained
from the authors. The authors are
indebted to the two anonymous
reviewers for their help in improving this
paper. The authors also wish to thank
Javier Ruiz and Gabriel Navarro for
useful discussions.

Journal of Geophysical Research: Oceans 10.1002/2014JC010210

D�IEZ-MINGUITO ET AL. VC 2014. American Geophysical Union. All Rights Reserved. 7203

http://dx.doi.org/10.1029/2008JC004972


D�ıez-Minguito, M., A. Baquerizo, M. Ortega-S�anchez, G. Navarro, and M. Losada (2012), Tide transformation in the Guadalquivir estuary (SW
Spain) and process-based zonation, J. Geophys. Res., 117, C03019, doi:10.1029/2011JC007344.

D�ıez-Minguito, M., E. Contreras, M. Polo, and M. Losada (2013), Spatio-temporal distribution, along-channel transport, and post-riverflood
recovery of salinity in the Guadalquivir estuary (SW Spain), J. Geophys. Res. Oceans, 118, 2267–2278, doi:10.1002/jgrc.20172.

Dyer, K. R. (1995), Sediment transport processes in estuaries, Dev. Sedimentol., 53, 423–449.

Dyer, K. R. (1997), Estuaries: A Physical Introduction, 2nd ed., John Wiley, Chichester, U. K.

Eisma, D. (1993), Suspended Matter in the Aquatic Environment, vol. 315, Springer, Berlin Heidelberg.

Friedrichs, C. T., B. D. Armbrust, and H. E. de Swart (1998), Hydrodynamics and equilibrium sediment dynamics of shallow, funnel-shaped
tidal estuaries, in Physics of Estuaries and Coastal Seas, edited by J. Dronkers and M. Schaffers, pp. 315–327, A. A. Balkema, Brookfield, Vt.

Hagy, J. D., III, and M. C. Murrell (2007), Susceptibility of a northern Gulf of Mexico estuary to hypoxia: An analysis using box models, Estua-
rine Coastal Shelf Sci., 74, 239–253.

Hansen, D. V., and M. Rattray (1966), New dimensions in estuary classification, Limnol. Oceanogr., 11, 319–326.

Hickey, B. M., et al. (2010), River influences on shelf ecosystems: Introduction and synthesis, J. Geophys. Res., 115, C00B17, doi:10.1029/
2009JC005452.

Jay, D. A., and J. D. Smith (1990), Residual circulation in shallow estuaries. 2: Weakly stratified and partially mixed, narrow estuaries, J. Geo-
phys. Res., 95, 733–748.

Jay, D. A., and J. D. Musiak (1994), Particle trapping in estuarine tidal flows, J. Geophys. Res., 99, 20,445–20,461.

Jilan, S., and W. Kangshan (1986), The suspended sediment balance in Changjiang estuary, Estuarine Coastal Shelf Sci., 23, 81–98.

Johnston, S. A., Jr. (1981), Estuarine dredge and fill activities: A review of impacts, Environ. Manage., 5, 427–440.

Kappenberg, J., and I. Grabemann (2001), Variability of the mixing zones and estuarine turbidity maxima in the Elbe and Weser estuaries,
Estuaries, 24, 699–706.

Li, L., X. H. Wang, F. Andutta, and D. Williams (2014), Effects of mangroves and tidal flats on suspended-sediment dynamics: Observational
and numerical study of Darwin Harbour, Australia, J. Geophys. Res. Oceans, 119, doi:10.1002/2014JC009987, in press.

Lin, J., and A. Y. Kuo (2001), Secondary turbidity maximum in a partially mixed microtidal estuary, Estuaries, 24, 707–720.

Losada, M., and J. Ruiz (2010), Propuesta metodol�ogica para diagnosticar y pronosticar las consecuencias de las actuaciones humanas en
el estuario del Guadalquivir [in Spanish], Tech. Rep. U2C11, Inst. of Mar. Sci. of Andaluc�ıa (CSIC), Univ. of C�ordoba, Granada, Spain.

Navarro, G., F. J. Gutierrez, M. D�ıez-Minguito, M. A. Losada, and J. Ruiz (2011), Temporal and spatial variability in the Guadalquivir Estuary: A
challenge for real-time telemetry, Ocean Dyn., 61, 753–765.

Navarro, G., I. Huertas, E. Costas, S. Flecha, M. D�ıez-Minguito, I. Caballero, V. L�opez-Rodas, L. Prieto, and J. Ruiz (2012), Use of a real-time
remote monitoring network (RTRM) to characterize the Guadalquivir estuary (Spain), Sensors, 12, 1398–1421.

Officer, C. B. (1980), Box models revisited, in Estuarine and Wetland Processes, Mar. Sci. Ser., vol. 11, edited by P. Hamilton and K. Macdonald,
pp. 65–114, Plenum, N. Y.

Pawlowicz, R., B. Beardsley, and S. Lentz (2002), Classical tidal harmonic analysis including error estimates in MATLAB using T-TIDE, Comput.
Geosci., 28, 929–937.

Postma, H. (1967), Sediment transport and sedimentation in the estuarine environment, Estuaries, 83, 158–179.

Pritchard, D. W. (1969), Dispersion and flushing of pollutants in estuaries, J. Hydraul. Div. Am. Soc. Civ. Eng., 95, 115–124.

Ruiz, J., M. Polo, M. D�ıez-Minguito, G. Navarro, E. Morris, E. Huertas, I. Caballero, E. Contreras, and M. Losada (2014), The Guadalquivir estu-
ary: A hot spot for environmental and human conflicts, in Environmental Management and Governance, Coastal Res. Lib., vol. 8, edited
by C. W. Finkl and C. Makowski, pp. 199–232, Springer, Heidelberg.

Sanford, L. P., and J. P. Halka (1993), Assessing the paradigm of mutually exclusive erosion and deposition of mud, with examples from
upper Chesapeake Bay, Mar. Geol., 114, 37–57.

Sanford, L. P., and J. P. Y. Maa (2001), A unified erosion formulation for fine sediments, Mar. Geol., 179, 9–23.

Scully, M. E., and C. T. Friedrichs (2007), Sediment pumping by tidal asymmetry in a partially mixed estuary, J. Geophys. Res., 112, C07028,
doi:10.1029/2006JC003784.

Son, M., and T. J. Hsu (2011), The effects of flocculation and bed erodibility on modeling cohesive sediment resuspension, J. Geophys. Res.,
116, C03021, doi:10.1029/2010JC006352.

Talke, S. A., H. E. de Swart, and V. N. de Jonge (2009a), An idealized model and systematic process study of oxygen depletion in highly tur-
bid estuaries, Estuaries Coasts, 32, 602–620.

Talke, S. A., H. E. de Swart, and H. M. Schuttelaars (2009b), Feedback between residual circulations and sediment distribution in highly tur-
bid estuaries: An analytical model, Cont. Shelf Res., 29, 119–135.

Traykovski, P., R. Geyer, and C. Sommerfield (2004), Rapid sediment deposition and fine-scale strata formation in the Hudson estuary, J.
Geophys. Res., 109, F02004, doi:10.1029/2003JF000096.

Uncles, R. J. (2002), Estuarine physical processes research: Some recent studies and progress, Estuarine Coastal Shelf Sci., 55, 829–856.

Uncles, R. J., R. C. A. Elliot, and S. A. Weston (1985), Observed fluxes of water, salt and suspended sediment in a partly mixed estuary, Estua-
rine Coastal Shelf Sci., 20, 147–167.

Wai, O. W. H., C. H. Wang, Y. S. Li, and X. D. Li (2004), The formation mechanisms of turbidity maximum in the Pearl river estuary, Mar. Pollut.
Bull., 48, 441–448.

Winterwerp, J. C., and W. G. M. Van Kesteren (2004), Introduction to the Physics of Cohesive Sediment Dynamics in the Marine Environment,
vol. 56, Elsevier Sci., Amsterdam.

Erratum
In the originally published version of this article, equation (3) was incorrectly typeset. The equation has since been corrected and this ver-

sion may be considered the authoritative version of record.
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