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Abstract

Water quality and hypoxia in lakes and reservoirs are strongly associated with water
renewal. Yet vertical water exchange is still not fully understood and challenging to evaluate in
highly dynamic systems. Here, we applied a scaling approach using the vertical timescale,
vertical water age (VWA), defined as time since a water parcel last touched the water surface. We
established a 3D hydrodynamic-based age model to quantify the vertical water renewal in
Xiangxi Bay, a tributary bay of the Three Gorges Dam. The integrated effects of hydrodynamic
processes like stratification, intruding density currents from the mainstream and upstream inflow
on the vertical renewal were accounted for. Results indicated that the spatial-temporal
distribution of VWA in Xiangxi Bay depended on stratification and forms of intruding density
currents. Age was large in spring and summer, and small in autumn and winter, reaching a
maximum of 25 days in April. The vertical water renewal was faster during bottom intrusions
from the mainstream than during middle and surface intrusions. At times, the epilimnion
contained old water due to circulations, and the hypolimnion contained young water due to
upstream flushing. In contrast to natural lakes, the bottom water was often younger than
overlying intermediate waters. This demonstrated that mixed layer depth was insufficient to fully
capture the vertical exchange in riverine systems with significant surface/bottom intrusion. The
findings suggested V'WA as a quantitative measure of vertical water transport in highly dynamic
systems and its usability for environmental water management.

Keywords: vertical water renewal, water age, thermal stratification, hypoxia, 3D hydrodynamic-
based age model, water environmental management

1 Introduction

Water renewal in the vertical direction in free-surface waterbodies is of central
importance for the ecology of freshwater systems. Vertical water renewal, which includes both
water mixing and advection processes, replenishes the deep water with oxygen, releases
accumulated gases from decomposition processes, and distributes all kinds of nutrients in the
water column. An insufficient vertical renewal can hamper recharge of deep water with oxygen,
causing hypolimnetic oxygen depletion (Muller et al., 2012, Bocaniov et al., 2020), and
subsurface oxygen minima (Wentzky et al., 2019), facilitating the accumulation of dissolved
gases and metabolic substances, e.g. carbon dioxide or methane in the deep water (Boehrer et al.,
2017, Horn et al., 2017). It can also provide favourable conditions for phytoplankton concerning
density gradient, light availability and nutrient supply. Algal blooms can be the consequence
(O’Brien et al., 2009). Vertical renewal and mixing move phytoplankton cells through the
exponentially changing underwater light field and determine their light exposure, ultimately
influencing primary production rates (Shatwell et al., 2012, Kohler et al., 2018). Furthermore, the
supply of deeper nutrients to the photic zone (Dong et al., 2019), and the transformation and
consumption of organic matter (Xiong and Shen 2022), which are major components of internal
loading, are closely related to water vertical renewal.



Pollution, eutrophication, and hypoxia are ubiquitous in inland waters with low water
exchange when there is an overabundance of nutrients and organic matter (Curtis et al., 2011,
Holbach et al., 2014). The filling of the Three Gorges Reservoir (TGR) in June 2003 altered the
natural connectivity and hydrodynamic processes in the fluvial system fundamentally. For
instance, flow velocity decreased, turbulent mixing weakened and residence time increased. Each
of these changes could affect water renewal seriously. Indeed, water quality has deteriorated in
the reservoir, with intense algal blooms (Liu et al., 2012) and hypoxia (Ji et al., 2022) occurring
in some tributary bays and threatening drinking water security for residents in the TGR region
(Ministry of Environmental Protection of China 2014). Accordingly, the effect of dam operation
on water renewal has gained increasing attention in TGR (Li et al., 2020b) and many other
reservoirs worldwide (Wu et al., 2017, Stephens et al., 2020). Water renewal in both vertical and
horizontal directions is crucial for reservoir self-purification and self-restoration (Liu et al.,
2013). Previous studies have more focused on the horizontal water exchange rate in reservoirs,
e.g., the exchange due to wind and anthropogenic regulation (Cai et al., 2018, Yang et al.,
2022a), the exchange with the catchment (Ayala et al., 2014, Lewis et al., 2019), and the
exchange in the confluences between mainstream and tributaries (Akiyama and Stefan 1984, Li
et al., 2020b, Shi et al., 2022).

Vertical water renewal is usually complex, especially for impounded tributary bays,
which possess both lacustrine and riverine characteristics. In such regions, vertical renewal can
be controlled by several dynamic processes, such as thermal stratification, water circulation,
river discharge and wind. Additionally, the difference in water density between the mainstream
and the tributary generates remarkable intruding density currents that can affect both water and
contaminant transport. Intrusion is the process by which the mainstream water enters the
tributary at various depths matching the density. It is a unique hydrodynamic process in tributary
bays of main reservoirs, and has been explored by means of observations (Ji et al., 2017, Yang et
al., 2018) and modelling studies (Ma et al., 2015, Li et al., 2020a). All these processes interact
and yield more complicated circulation patterns. Under such complex situations, it is difficult to
evaluate the vertical renewal based solely on single hydrodynamic variables and thus, an
auxiliary indicator is needed.

Water transport timescales are significant indicators for studying and predicting pollution
hazards to the aquatic ecosystem. Therefore, transport timescales could be a quantitative
approach for the vertical water exchange and further interpretation of the biogeochemical and
biological processes (Xiong and Shen 2022). A variety of timescales have been introduced and
utilized, including water age, residence time, flushing time, exposure time, and half-life time
(Delhez et al., 1999, de Brye et al., 2012, Kwak and Cho 2019, Zhang et al., 2021). However,
some timescales do not take the spatial-temporal heterogeneity into account and are difficult to
evaluate in practice. For instance, bulk metrics like residence time, which is an integrative
timescale, are less likely to capture the complex hydrodynamics at the resolution necessary to
understand the biogeochemical processes (Gai et al., 2023). Among these timescales, water age
is a helpful and practical approach for properly describing the spatial-temporal distribution of
water renewal. The water age is defined as the time since it enters a specific domain, which can
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be calculated by solving a set of partial differential equations based on the Eulerian theory
(Deleersnijder et al., 2001, Delhez and Deleersnijder 2002, Gourgue et al., 2007). It has been
applied extensively to investigate the flow and mass transport processes in both lentic (Bocaniov
and Scavia 2018, Tang et al., 2021) and marine systems (Deleersnijder et al., 2001, Kdrna and
Baptista 2016).

Traditionally, the quantifications of water age are mostly defined by flow times from
upstream/downstream boundaries, seldom focusing on the vertical renewal originating at the
surface. Though there are few oceanography studies applying the concept of vertical water age
(VWA), i.e., the time since a water parcel last touched the water surface, to study the vertical
transport of water in coastal oceans (Sun et al., 2019a, Xiong and Shen 2022), the timescale and
the quantification of the water vertical renewal is still poorly understood in limnology.
Moreover, the hydrodynamics in inland waters are very different from those in marine systems,
especially in tributary bays affected by incorporating physical processes.

To address this, we employed the scaling approach - the VWA, and implemented it into a
3D hydrodynamic model (Delft3D-Flow), to study the vertical water renewal in Xiangxi Bay
(XXB), a typical tributary bay of the TGR which has suffered water quality issues every year. A
3D hydrodynamics-based age model was established to provide a holistic understanding of the
integrated effects of hydrodynamic processes, such as thermal stratification, intruding density
currents from the mainstream, and upstream inflow, on the vertical water exchange. Although
ultimately chemical evolution defines water quality, we explore the quantity of VWA, which has
the advantage of being purely defined by physics and hence is perfectly suited to detect locations
which are prone to deteriorate by limited exchange with the atmosphere. The main targets of this
study are 1) quantifying the distribution and characteristics of vertical water renewal; 2)
clarifying the effects of different hydrodynamic processes on vertical water transport; 3)
investigating implications for water environmental issues and providing references for water
environmental management. The findings provide new insights into quantifying vertical water
transport in lakes and reservoirs with complex hydrodynamics and offer essential guidelines for
environmental water management in highly dynamic systems using hydrodynamic indicators and
approaches.



2 Materials and Methods

2.1 Study area
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Figure 1. Geography of the TGR and XXB. (a) The Yangtze basin, with the locations of the
Three Gorges Dam and TGR. (b) The study area of model, with elevation of the XXB bottom,
locations of the model boundaries, gauge stations, and sampling sites in the XXB.

The TGR is one of the largest artificial reservoirs in the world (Figure 1a). This riverine
reservoir is very long (667 km) with a maximum depth of ~150 m when the water level reaches
175 m above sea level at the end of autumn and winter. It has a total surface area of about 1084
km? and total storage capacity of 39.3x10° m®. The TGR is located in a subtropical climate, with
an average air temperature of 17.6 °C and an average monthly water temperature above 10 °C.
The TGR operation cycle is divided into four stages according to water level and discharge:
normal operation (November to January), drawdown (February to early June), low water level
operation (June to August) and impoundment (September to October).

Xiangxi River is one of the largest tributaries of the TGR and, at a distance of 32 km, is
the nearest tributary to the dam wall. The mainstream of the Xiangxi River is about 94 km long,
the catchment basin area is 3099 km?, the average annual flow is 47.3 m? s'!, and the maximum
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discharge can reach 300 m? s*!. The average monthly retention time in XXB ranges from 7 to 16
days (Liu et al., 2013). Before the impoundment of the TGR in 2003, the flow velocity in the
Xiangxi River was very fast due to its large bed slope (2.7%o). No phytoplankton blooms of
concern had been reported. The impoundment of the TGR significantly increased the water level,
greatly reduced the flow velocity in the Xiangxi River, and formed a side arm of TGR called
Xiangxi Bay. Seasonal stratification, especially strong summer stratification, occurred in XXB,
whereas the mainstream of the TGR is seldom affected by seasonal stratification due to the large
runoff and strong mixing.

The research area included 32 km of the river reach of the Xiangxi River from the upper
reaches of Zhaojun Town to the intersection of the Xiangxi and Yangtze Rivers, and a 7 km
reach of the Yangtze River at the intersection to the XXB (Figure 1b). The maximum depth in
the study area of XXB reached ~100m. Water temperature and flow velocity were measured at
observation points A01, A04, A07, A10, and XX06 in the XXB. Water temperature profiles were
measured with a Hydrolab DS 5X multi-probe sonde (Hach, USA), at a vertical resolution of 1
m. Velocity profiles were measured with an Acoustic Doppler Vectir velocimeter (ADV; Nortek,
Norway) at depths of 0.5 and 2 m and then to the bottom at 2 m intervals. Measured temperature
and velocity profiles on August 02 were collected from Gao et al., (2018).

2.2 Model description
1) Hydrodynamic model

The TGR impoundment increased the water surface width in the lower reach of the XXB
to 300 - 600 m. Nevertheless, compared to the horizontal direction, the vertical water flow was
comparatively weak. For such a condition, the shallow water equations with the Boussinesq
approximation were appropriate for characterizing the water movement in the XXB. In this
study, the 3D model Delft3D-Flow (Deltares 2013) was applied to simulate the hydrodynamics
in XXB. An orthogonal curvilinear grid was used in the horizontal direction and z-coordinate
was used in the vertical direction due to the steep topography of the XXB in our study. In this
case, the z-coordinate system is more suitable than the o-coordinate system to calculate the
vertical exchange processes due to the existence of vertical stratification. The model solves
shallow water equations (with the hydrostatic and Boussinesq hypothesis) derived from the
Reynolds-averaged Navier-Stokes equations for an incompressible fluid, and four different
turbulence closures are implemented to determine the vertical eddy diffusion caused by turbulent
mixing. The Delft3D-Flow model is designed to effectively solve the shallow water equations in
the horizontal direction by using the Alternative Direction Implicitly (ADI) approach (2D). The
vertical velocity is calculated by integrating the mass conservation equations and the horizontal
velocities averaged over the water depth.

2) Water age model



The current research focuses on the departure of water from the water surface of the
XXB. The VWA represents the timescale of vertical transit of water in the bay beginning when a
water parcel leaves the surface. The trajectory of a water parcel is illustrated in the Lagrangian
description (Figure 2). When a water parcel is located at the surface, i.e. at A or E in Figure 2, its
age is set to zero. When the parcel leaves the surface, its age begins to increase (e.g. from B to
D). Because the riverbed is assumed to be impermeable, the age continues to increase even if the
parcel touches the riverbed (from C to D). The parcel's age is reset to zero when it returns to the
surface and the age clock starts again when it re-enters the water body. It should be noted that a
water parcel does not always touch the riverbed, i.e., point C is not always at the riverbed, and
the age value may still be calculated in such circumstances.
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Figure 2. Schematic diagram of VWA for vertical water renewal, whereby the age of a water
parcel grows until re-touching the surface. (Note x is the direction along the thalweg of the
Xiangxi River, and z is the direction along the depth.)

In the Eulerian approach, the general kinetic process of age can be described by two
partial differential equations and one algebraic equation (Delhez and Deleersnijder 2002), as
expressed by Egs. 1a, 1b and 1c:

Cw, e+ 2y, ovpe+ 0D (a)
Z

%_%(v Y ﬁg—“_v (DV)a+—<D —>+C (1b)

- (1)



where a is the water age; « is the age concentration; C is the tracer concentration
referring to the proportion of traced water that has touched the water surface. It stands for the
aging process: a grows by C every time step; u = (u, v) and w are the horizontal and vertical
velocity components, respectively; Dy and D, are the horizontal and vertical diffusivities,
respectively; V}, = (0/0x, 0/0y) is the horizontal vector differential operator (h-Del operator).

The age model was built by modifying the source codes of the conventional advection-
diffusion module in the Delft3D-FLOW model according to Egs. 1a and 1b. To track water age,
we added three constituents, which represented C, a, and a, respectively, in the ‘Pollutants and
tracers’ of ‘Processes’ module in the Delft3D GUI. The water age evolution was driven by the
basic hydrodynamic parameters derived from the hydrodynamic model, such as water level,
velocity, and diffusivity. The age model was then integrated with the hydrodynamic model to
mimic the kinetic process of water age. In contrast to the traditional concept of water age, which
uses the upstream/downstream boundary for the water age calculation, we set the water surface
as the boundary condition by assigning values to surface concentrations of C and a in the whole
domain for every time step by modifying the source codes. Specifically, at the surface boundary,
the tracer concentration is set to one, and the age concentration is set to zero, i.e., C =1, and
a = 0. For the rest of the domain, initially, both tracer concentration C, and age concentration «
are set to zero.

2.3 Model setup and data

The model area included the XXB and a part of the Yangtze River. The XXB comprised
407 longitudinal and 16 lateral grid cells, each with a grid size of ~100 m x 40 m (longitudinal X
lateral). The Yangtze River contained 69 longitudinal grids and 20 lateral grids with a grid size
of ~150 mx70 m (longitudinal x lateral). As the use of the o-coordinate system could result in
numerical inaccuracies to the positions of density iso-surfaces due to the quite steep bed slope in
the research area (the slope exceeds 0.5 in the lateral direction) (Ezer and Mellor 2004), the z
coordinate system was used in this study. In the vertical direction, we used a total of 100 layers,
with the 80 upper layers each having a thickness of 1.5 m, and the 20 lower layers each having a
thickness of 4.0 m. The maximum depth of XXB was ~100 m, which meant the calculation in the
XXB was only based on the upper 80 layers as the deepest location of XXB lay higher than the
mainstream bed of the Yangtze River. Therefore, vertical processes like density currents could
be well mimicked in the XXB since the upper layers covered all the depth inside the bay. On the
other hand, the bottom 20 layers were set for calculating the mainstream, which had a lower
elevation and was mostly mixed all the year round.

The model had two upstream boundaries and one downstream boundary (Figure 1b). The
XXB upstream boundary is located close to Zhaojun Town, and the upstream boundary of the
Yangtze River is located near Guizhou Town. The downstream boundary of the Yangtze River
was set 4 km downstream from the intersection area of the XXB and, was set as an open
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boundary. The inputs for the upstream boundary were river inflow and inflow temperature. The
inputs for the downstream boundary were water level and water temperature. The daily average
river inflow and inflow temperature for the upstream boundary of the XXB were obtained from
the Xingshan Hydrological Station (Figure 1b). The daily average river inflow, inflow
temperature and water level data at the upstream/downstream boundary of the Yangtze River
were derived from a 1D longitudinal hydrodynamic model (Sun et al., 2019b) since the
hydrological stations on the mainstream were far away from the boundary set by our model. This
was considered to be reasonable because the boundaries at the Yangtze River located in the
mainstream where the water temperature was mostly well-mixed in the lateral and vertical
direction. We used the daily data obtained from the China Meteorological data at the Xingshan
meteorological observation station, including air temperature, wind speed and wind direction for
the meteorological input (Figure S1). The tracer concentration, C, and the age concentration, «,
were set to zero for the upstream and downstream boundaries, to avoid counting the time since
the water parcel left the upstream/downstream boundaries (see more details in Text S3 and
Figure S3). The model simulation ran from September 01, 2009 to December 31, 2010, with a
cold start (the velocity was set to zero, the temperature was set to the arithmetic mean of values
of the upstream boundaries as the Yangtze mainstream was mostly well-mixed in both lateral and
vertical direction), the four-months simulation of 2009 was for spin-up and the 2010 results were
used for analysis. The time step was set to 0.6 min.

The shorelines change as a result of the shifting water levels. Thus, a flooding and drying
algorithm was used to locate the model boundary to account for this and ensure the conservation
of mass and momentum. The “excess temperature” option in Delft3D-Flow was used to compute
the heat flux between the air and water surface, which was implemented as a function of the
temperature difference between the air and water surface (Deltares 2013). The equation proposed
by Qin (1980) was used to compute the wind stress at the water surface. The k- turbulence
closure was selected to compute the vertical turbulent eddy viscosity and turbulent diffusivity.
More details are given in Deltares (2013).

The water temperature and flow velocity were calibrated against measured data.
Specifically, we calibrated the horizontal eddy viscosity coefficient, horizontal diffusion
coefficient, and bottom friction coefficient (Manning coefficient) manually by minimizing the
root mean square error (RMSE). These parameters are the main and common parameters to be
calibrated for Delft3D-Flow model (Mao et al., 2015, Goede 2020, Song et al., 2021a). After a
manual “trial and error” procedure, the simulation results and the measured results showed good
agreement when these parameters were set to 1.0 m?s!, 0.2 m?s’!, and 0.01 s'm'73, respectively
(see details of the calibrated parameters in Table S1). Statistical indices, such as the mean
absolute error (MAE) and the RMSE were used to quantitatively assess the quality of fit and
errors between the observed and simulated data.



The surface and bottom layers are defined as the surface cell and the cell immediately
above the bottom of our model, respectively (Bocaniov et al., 2020). The determination of the
mixed layer depth (surface mixed layer; MLD) followed a method commonly employed in
related studies conducted at the same research site (Xu et al., 2021, Yang et al., 2022b), which
involved identifying the depth at which the temperature deviated by 0.5 °C from the surface
temperature, as per the approach detailed by de Boyer Montégut (2004). This approach was
insensitive to variations in the vertical resolution of water temperature data. Additionally, the
temporal pattern in response to alterations in the threshold value (Wilson et al., 2020),
particularly when considering the complex hydrodynamics in XXB. Stratification was inferred
when the temperature gradients exceeded 0.05 °C m-!, and weak stratification was inferred when
temperature gradients were around 0.05 °C m-!. This definition was more appropriate for lentic
systems with fluvial intrusions (McCullough et al., 2007).

2.4 Model validation

The hydrodynamic performance was verified against the measured water temperature and
flow velocity profiles (Figure 3 and Figure 4). The modelled water temperature agreed well with
the field data, with the MAFE and RMSE values mostly less than 1.0 °C at four sites (XX06, A10,
A04, and A01) on different dates (nine dates at XX06, three dates at both A10 and A04, and one
date at AO1) (Figure 3). There were discrepancies in the surface simulation results at station
XXO06 on July 02 and August 02, and at station A10 on August 02. These discrepancies might be
caused by the spatial inhomogeneity of meteorological data, which we did not account for but
might influence the surface water temperature. However, the model could still have captured the
thermal structures satisfactorily despite the surface deviations.

The flow velocity was verified with the data at three sites (A10, A07, and A04) on three
dates (April 28, August 02, and October 10) (Figure 4). The modelled flow velocity was in good
agreement with the measured data. The MAE was between 0.014 m s' and 0.039 m s°!, and the
RMSE was between 0.017 m s and 0.042 m s-!'. The poorer results mainly occurred at station
A10 (Figure 4a), and were likely due to some inaccuracies in the upstream inflow input.
Additionally, there were discrepancies in the bottom layers of A04, which might be caused by
low resolution of the bottom layers (Liu et al., 2014). It might also be because the flow velocity
was measured instantaneously, whereas the hydrological and meteorological data used in the
model were daily averages, so the model might not capture such instantaneous variations in flow
velocity.

The model performance of simulating hydrodynamic processes was satisfactory
compared to those reported in previous studies (Ma et al., 2015, Gao et al., 2018, Chuo et al.,
2019, Song et al., 2021b, Chen et al., 2022), which confirmed that the model could capture the
advection-diffusion process and establish a good foundation for the VWA simulation.
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Figure 3. Comparisons of measured (solid symbols) and simulated (black lines) water
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3 Results

3.1 Water temperature and density currents distribution
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Figure 5. Water temperature (left side) and longitudinal flow velocity (right side) distribution
along the thalweg in XXB at different times in 2010. Currents towards the upstream inflow are
represented by warm colours, while currents towards the mainstream are shown in cool colours,
respectively. The circulation patterns are represented by grey arrows. (left side of each plot
indicates the intersection of Yangtze mainstream and Xiangxi River.)
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Due to different densities produced by temperature differences between the mainstream
and tributary, density currents from the mainstream intruded into the XXB from the surface,
middle, and bottom layers at various times (shown in Figure 5g-1, hereafter surface intrusion,
middle intrusion, and bottom intrusion). Hence, we divided the year 2010 into four periods
according to the regular stratification patterns and different forms of intruding density currents
from the mainstream. Period 1 (Figure 5a and g, f and I): from the end of October to mid-March,
the intruding currents entered XXB from TGR in the bottom layers. The upstream-flowing
currents floated up to the upper layers and flowed back downstream at the surface, forming an
anti-clockwise circulation in our depiction. The temperature difference between the surface and
bottom layers was 0.5-1 °C, and there was almost no stratification; Period 2 (Figure 5b and h, ¢
and 1): from mid-March to the end of August, the intruding water mostly entered at the surface,
moved upstream and then flowed back downstream in the bottom layers, generating a clockwise
circulation. The water temperature difference reached 2-6 °C, and a significant stratification
appeared in the entire bay; Period 3 (Figure 5d and j): from the end of August to the end of
September, the intruding water entered at mid height, the water temperature difference was 1.5-4
°C, and the stratification disappeared gradually. The water was well mixed both in the surface
and middle layers, and there was only stratification in the bottom layers between the intruding
water and upstream inflow; Period 4 (Figure 5S¢ and k): from the end of September to the end of
October, the intruding water entered into the surface layers, the water temperature difference was
about 1 °C, and there was almost no stratification in most of the bay.
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3.2 Special thermal structures
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Figure 7. Temperature profile (black lines) and velocity distribution at the middle reach (A07)
on various days in 2010. The intrusive (upstream-flowing) and downstream-flowing currents are
represented by warm and cool colours, respectively. The arrows indicate the flow direction.

Thermal structures in XXB displayed unique characteristics under the integrated effects
of intruding density currents, stratification and upstream inflow (Figure 6 and Figure 7). For
instance, at the end of August, the density currents from the mainstream intruded at the
subsurface, tracing upstream from this layer. The compensation flow returned to the estuary from
the surface and bottom layers, respectively, forming two large circulations (Figure 6a). Under the
effect of this complex circulation, often four or even five-layered stratification patterns formed,
and were different from the typical three-layered patterns in natural lakes. The lower reaches
(Station AO1, A04) showed a three-layered stratification, and the thermocline appeared at the
interface between the intruding current (shown as warm colour) and surface compensation inflow
(shown as cold colour). The waterbody below the thermocline was mixed with no obvious
temperature gradient under the combined effect of intruding currents and upstream underflow.
The middle reaches (Station A07) showed a special five-layered stratification pattern (Figure
6b). The surface water was mixed under the effect of wind and surface compensation flow, the
bottom and middle water were respectively mixed by the underflow from upstream and the
intruding water from the mainstream. At the interface between the intruding currents and surface
compensation flow, and between the intruding currents and the upstream underflow at the bottom
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layer, respectively, two thermoclines formed. In the upper reaches (Station A10), three-layer
stratification emerged again. However, during this time, the thermocline appeared at the interface
between the intruding current and upstream underflow.

In the middle reaches, the intruding currents and the upstream inflow converged, and
special thermal structures formed throughout the whole year. In period 1 (Figure 7a), a three-
layered pattern formed, and the temperature difference between the surface and the bottom was
about 1 °C. The surface and bottom waters were well-mixed, and a thermocline formed at the
interface between the intruding currents at the surface and the upstream underflow at the bottom
layer. In period 2 (Figure 7b), the water column presented a two-layered stratification pattern at
the beginning, and the temperature difference between the surface and the bottom was about 6
°C. A large temperature gradient of about 1 °C m! formed at the surface layer. Then, in summer,
the water column presented a four-layered stratification pattern, and the temperature difference
was still about 6 °C (Figure 7¢). Two thermoclines formed, one was between the surface
compensation flow and the middle intruding water, and the other one was between the middle
intruding water and the upstream underflow at the bottom. During some special periods (Figure
7d), as the air temperature rose rapidly, the very surface layer was heated evenly and well mixed,
and a unique five-layered stratification pattern formed. The temperature difference was about 3.5
°C. In period 3 (Figure 7¢), only in the middle layers, a thermocline formed between the
intruding water and the upstream underflow. The water column formed a two-layered pattern,
with a temperature difference of about 3.5 °C. In period 4 (Figure 7f), similar to that in period 1,
the water column was stratified into three layers, and the water temperature difference was about
1 °C.
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3.3 Vertical water age distribution
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Figure 8. VWA distribution along the thalweg at different times of the year. The arrows represent
the currents. Note that left sides of each plot indicate the intersection of Yangtze mainstream and
Xiangxi River.

In period 1 (Figure 8a and f), the vertical water exchange was fast at the upper and
middle layers and the VWA was small. The maximum age was ~5 days, appearing at the bottom
of the middle and lower reaches. In period 2 (Figure 8b), VWA was larger, reaching ~30 days at
the bottom of the lower reaches. In summer (Figure 8c), the VWA remained large, with the
maximum value of about 20 days in the middle layer of the upper and middle reaches. In period
3 (Figure 8d), the VWA decreased significantly, the maximum value decreased to ~10 days in the
middle layers of the lower reaches. The middle intrusion currents broke the stable stratification
patterns in the middle and bottom layers and accelerated the vertical water renewal. The larger
upstream inflow also brought the bottom trapped water to the mainstream and, hence, reduced
the VWA. In period 4 (Figure 8e), the VWA was very small, the maximum value was only ~5
days, appearing at the bottom of the lower reaches. During this time, intense mixing greatly
accelerated the vertical water renewal. Combined with the effect of circulation, the vertical water
exchange was fast in the entire bay.

The monthly medians of age were less than 10 days (Figure 9), and showed a clear
seasonal trend: large in the spring and summer, and small in the autumn and winter. The
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maximum VWA was ~25 days, appearing in April. The maximum value in spring and summer
was over 15 days except for June. During spring and summer, age dropped to a low value in
June, which was due to the significant increase in upstream inflows at that time (Figure S1d). In
addition, the deviation of VWA in spring and summer was larger, indicating a larger spatial (both
vertical and horizontal) inhomogeneity.

Figure 9. VWA of the whole bay. Red lines denote medians of VWA, empty red squares joined by
lines denote the mean VWA, blue rectangles denote the first and third quartiles, the whiskers
represent the maximum and minimum value, and red crosses denote the outliers. The numbers on
the label show the period that we divided.
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3.4 Impact of stratification on vertical water exchange
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Figure 10. 'WA distribution and mixed depth layer (black lines) in the (a) upper (A10), (b)
middle (A07) and (c) lower (A04) reaches, respectively.

In the mixed surface layer, the V'WA was usually very small (less than 2 days). The
waterbody was thoroughly mixed and the water exchange was fast. Along depth, the VWA
increased significantly below the mixed layer because the thermocline inhibited the vertical
exchange. However at the upper reaches (Figure 10a), the VWA below the MLD was very small
(less than 2 days) from May to September (shown by the red dotted box), which was much
smaller than the middle layers of the middle reaches. This might be attributable to the flushing
from the upstream inflow. This period was in the flood season, with high upstream inflow
(Figure S1c), which flowed along the riverbed to the confluence area and accelerated the renewal
of the underlying trapped water, and consequently decreased the V'WA. On the other hand, at the
lower reaches (Figure 10c), during the winter from January to February and from October to
December, there was still a high VWA above the mixed layer (the maximum age value was about
12 days in the middle layers) which might have originated from trapping water parcels inside the
circulation.
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The relationship between the MLD and VWA shared a similar pattern at the upper,
middle, and lower reaches, but exhibited both spatial and temporal variations (Figure 11). In the
middle reaches where the vertical renewal was mainly affected by turbulent mixing, the
distribution of points varied considerably between periods (Figure 11b): In period 1, the VWA
varied inversely with the MLD. The MLD was mostly greater than 20 m and the VWA decreased
rapidly (blue points in the blue ellipse). In contrast in period 2, the V'WA did not change
noticeably with the MLD. The MLD was between 1-10 m and the VWA was larger, about 10
days (red points in the red ellipse). However, the data points of period 3 and 4 were distributed
in both ellipses (yellow and light blue clusters) which were likely because they were in the
transition period.

In the upper reaches (Figure 11c), which were heavily influenced by the upstream
flushing, the data in different periods were more scattered, with a much higher variance than in
the other locations. Nevertheless, a certain inverse relationship still existed. This suggested that
vertical renewal was hindered where the water was stratified.
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Figure 11. Mean VWA versus MLD in the (a) lower (A4), (b) middle (A07) and (c) upper (A10)
reaches, respectively. Dots are coloured according to the periods we defined.

3.5 Impact of intruding currents on vertical water exchange

During the bottom intrusion period, the V'WA4 was markedly smaller than during the
middle and surface intrusion periods (Figure 12). The bottom intrusion broke the stable thermal
stratification and the resulting circulation accelerated the removal of the trapped bottom water. In
contrast, when the intrusion occurred at the surface, stable thermal stratification formed easily.
At this time, the WA was large in the middle and lower reaches (Figure 12a and b), with a
maximum bottom age of ~20 days in the lower reaches. The middle intrusion period was in the
transitional period from the surface intrusion to the bottom intrusion. In this period, the VWA was
also relatively large, especially in the middle reaches of the XXB, and the age was significantly
larger than in other periods (Figure 12b).
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In terms of spatial distribution, in the middle and lower reaches, which were mostly
affected by the intruding density currents, VWA varied significantly with the circulation pattern,
and the maximum bottom age could differ by ~15 days in the lower reaches (surface intrusion
period was ~60% larger than the bottom intrusion as shown in Figure 12a). In the upper reaches
(Figure 12¢), which were less affected by the density currents, VWA variations were not sensitive
to these three modes of intrusion.

In addition, the bottom water was younger than the depth-averaged age when there was
surface and middle intrusion, but not bottom intrusion (Figure 12). Especially during periods of
middle intrusion, the depth-averaged age was ~50% larger than bottom age (the median bottom
age was 5 days, 3 days, and 2 days, while the median depth-averaged age was 8 days, 7 days, and
4 days, respectively).
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Figure 12. WA under different intruding format at the (a) lower reach (A04), (b) middle reach
(A07), (c) and upper reach (A10). The blue box represents the bottom VWA and the red box
represents the depth-averaged age. The lines in the box denote mean values, the square symbols
denote medians, rectangles denote the first and third quartiles, and the whiskers represent the
maximum and minimum values.

4 Discussion

The calibrated and validated 3D hydrodynamic-based age model could reproduce the
spatial-temporal pattern of thermal stratification and the different forms of intruding density
currents, which were in line with previous studies (Ma et al., 2015, Long et al., 2019). It could
also capture the special thermal structures and circulation patterns, which we believed to be the
results of the integrated effects of intruding currents, upstream inflow, and stratification in the
long term (seasonal scale). Furthermore, in the short term (weekly scale), the development of
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these special thermal structures was also influenced by reservoir impoundment and shifts in
meteorological conditions (Zhao et al., 2022; more details can be found in the SI). Our results
illustrated that the 'WA was able to characterise the vertical water renewal and integrate
complex hydrodynamic processes. To the best of our knowledge, the present study is the first
research which examined the vertical water renewal by adopting a vertical timescale — the VWA
in a 3D simulation of a freshwater system. This provides an example to showcase the
effectiveness and significance of VWA, particularly in highly dynamic systems.

4.1 The VWA provides additional information for vertical water exchange and
biogeochemical analyses

Biogeochemical and ecological studies often rely on the commonly used thermal
parameters, e.g., the MLD, thermocline thickness, thermocline strength, and thermal stability,
etc., which might be too simplistic to represent the relevant hydrodynamic process in such
dynamic systems as XXB. These parameters mainly focus on stratification or vertical mixing,
and are not sufficient to include other processes affecting vertical transport, e.g., upstream
underflow, and intruding currents from the mainstream, as observed in XXB. In our case for
instance, although VWA increased when the MLD decreased (Figure 11), the MLD could only
partly reveal the vertical water renewal: there was still old water in the epilimnion due to
circulations whereas there was young water in the hypolimnion due to upstream flushing (Figure
10). Especially in the middle and lower reaches, VWA lay between 3 and 20 days unless the
MLD approached the local maximum depth (Figure 11). Then the vertical mixing took control of
VWA from the horizontal replacement. In other words, the water above the thermocline was not
always well-mixed, and the water below the thermocline was not always poorly mixed. Although
the VWA increased below the thermocline at most times, the mere existence of stratification may
not be the direct reason for increasing VWA because the highest ages were observed when
stratification was weak. Clearly the complex circulation patterns played a decisive role here.
Existing mixed layer definitions can only distinguish the two states of stratified and unstratified,
but cannot infer the rates of mixing. Moreover, although the mixed layer depth is often used in
biogeochemical analyses, it can be notoriously difficult to quantify (Gray et al., 2020), and
several definitions for it exist (Wilson et al., 2020). This is especially the case in riverine systems
like XXB, where the complicated circulation changed the original mixing state, and the bottom
water was mostly younger than the depth averaged age (Figure 12). The timescale of vertical
water renewal can be a complementary hydrodynamic proxy for studying biogeochemical
dynamics, and VWA may be more useful for this purpose because it can be compared to
biogeochemical process rates. As such, the vertical water renewal rate can be represented as the
inverse of the VWA, as a common scale in units of day-'. This allows a direct comparison of
some important biogeochemical rates in the same units, such as the consumption rate of
dissolved oxygen (DO), or the uptake rate of carbon dioxide by phytoplankton (Shen et al., 2013,
Xiong and Shen 2022, Gai et al., 2023).
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4.2 Implications for hypoxia and water quality management

The development of hypoxia and anoxia is governed by net dissolved oxygen (DO)
consumption (i.e., photosynthesis/respiration of phytoplankton, nitrification, mineralisation in
the sediment (SOD) and water column, etc.), as well as the vertical exchange of DO by pure
hydrodynamic processes. While many studies focused on the former local processes, however,
quantitative investigations on the underlying pure hydrodynamic processes associated with DO
in lakes and reservoirs, still needed to be further studied (Kreling et al., 2017). The definition of
VWA in the present study is useful for characterising DO dynamics as water parcels are
replenished with oxygen during contact with the atmosphere, which could well represent the DO
vertical exchange process (Sun et al., 2019a). This is especially the case in dynamic systems with
high water renewal relative to biogeochemical process rates. In such water bodies, vertical water
renewal plays a decisive role in DO dynamics (Maes et al., 2007, Mialet et al., 2011, Azhikodan
and Yokoyama 2016), and can be well reflected by V'IWA.

Monitoring the spatial-temporal distribution of DO across large reservoirs is challenging.
However, in dynamic fluvial systems, assessing the risk of DO depletion might be assessable by
calculating the VV'WA. Previous research (Sun et al., 2019a) estimated bottom DO using VWA in
marine systems. Here, we reversed this approach to predict VWA thresholds for hypoxia and
anoxia. Accordingly, hypoxia and anoxia were more likely to form in XXB when the VWA was
over ~10 and 14 days, respectively. Therefore, during the period when VWA exceeded these
critical values in the hypolimnion, dam operations such as enlarging water level fluctuations
(Song et al., 2023b) and selective withdrawal from the upstream dam (Mi et al., 2022, Song et
al., 2023a) could potentially be adopted to reduce vertical water age and mitigate hypoxia and
anoxia risks. However, considering phytoplankton's role in oxygen dynamics, incorporating their
effects is advised for improved DO depletion prediction with this approach, especially in
productive environments.

4.3 Merits and limitations

Previous studies have stated that the traditional definition of water age, that is, the
horizontal water age since entering the system, could potentially reflect the nutrient/pollutant
transport and phytoplankton distribution in lakes and reservoirs since it quantifies the water
exchange processes (Gao et al., 2018, Stumpner et al., 2020, Chen et al., 2022, Song et al.,
2022). However, this approach is highly dependent on the definition of the upstream/downstream
boundaries (Wu et al., 2017), and varies tremendously among study sites (Song 2023). Our
examination of the VWA, focused on the vertical water renewal with fixed boundary settings (the
VWA was set to zero at the water surface). This not only helps to evaluate the spatial-temporal
distribution of vertical water renewal, but also applies to biogeochemical processes at the surface
like gas exchange and the subsequent DO depletion (Sun et al., 2019a), or the transportation of
surface-produced particulate organic matter (Xiong and Shen 2022). The VWA may also provide
some insights into carbon-dioxide limitation of blooms, which can be transient yet strong, and
difficult otherwise to quantify (Ibelings and Maberly 1998).

24



Our modelling area includes the intersection between the mainstream and tributary
(Figure 1b), in order to accurately mimic the exchange processes in the intersection, e.g., the
intruding currents from the Yangtze mainstream into the bay, which was an essential process in
XXB. The flows at the intersection possess significant 3D hydrodynamic characteristics (figure
S4), which could not be properly simulated by a lower dimensional model. In addition, the
vertical grids we used were structured z-coordinates, which were more appropriate for inland
waters due to the steep bed slope, while the vertical grids of the oceanography studies applying
similar approach are 6-coordinates. This also means the code we modified was very different
from the perspective of technical concerns.

Nevertheless, there are limitations to the current technique. First, although the VWA
serves as a valuable hydrodynamic indicator in dynamic systems, particularly where intrusion
affects the circulation like in XXB, the widespread applicability of VWA in other surface water
systems remains unclear. This is because the MLD is easy to calculate and more versatile since
there are multiple approaches to define it, e.g. using temperature profiles, or eddy diffusivity.
Moreover, 3D hydrodynamic modelling may not be feasible in some cases, and it may not be
necessary in water systems without intrusion phenomena. Consequently, the applicability and
generalizability of VWA are recommended to be further explored in various lentic waterbodies.
Second, although our definition of VWA is directly relevant for physical-biological processes like
DO depletion and particulate organic matter transportation, it cannot directly explain the
phytoplankton occurring at the surface because the age value is forced to be zero at the surface
boundary. Nevertheless, phytoplankton blooms can be characterized by either surface
concentrations (e.g., Sverdrup (1953)) or depth-integrated concentrations (e.g., Behrenfeld
(2010)), representing elevated phytoplankton levels in the surface water and throughout the
water column, respectively (Berman and Gildor 2022). Future studies investigating the
relationship between the depth-integrated phytoplankton concentrations and the VWA within the
euphotic zone are recommended. Lastly, due to the limitation in the spatial-temporal resolution
of in situ observations, our model was only calibrated and validated using a dataset covering
several months over one year. Thus, some rapid variations of hydrodynamic processes in shorter
time scales may not be fully captured. For future modelling approach, we recommend
conducting high resolution monitoring (Kong et al., 2020), for improving the precision and
function of the model.

5 Conclusions

In this study, we implemented a technique based on the vertical timescale — VWA — to
quantify the vertical water renewal in XXB and associated it with water environment and
management issues. The results of our 3D hydrodynamic-based age model showed that the
special thermal structures were mainly caused by stratification and intruding density currents
from the mainstream in the long term and by the impoundment process and changes in air
temperature and wind in the short term. The vertical renewal characterized by age displayed
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significant spatial patterns and seasonal variations. VWA was large in spring and summer, and
small in autumn and winter, with a maximum of 25 days in April when water entered from TGD
main basin at mid depth. During the period when mainstream water intruded from the bottom,
the vertical water renewal was considerably faster than the middle and surface intrusion periods.
One of the most significant findings was that there was still old water in the surface waters due to
circulations and young water above the river bed due to upstream flushing. Furthermore, the
bottom vertical renewal was usually faster than the depth-averaged vertical renewal (50% faster
especially during middle intruding period), which had rarely been encountered in natural lakes.
These findings indicated the commonly used thermal parameters like the MLD are insufficient to
represent the entire vertical exchange process. Based on the quantification of vertical renewal,
we predicted that hypoxia and anoxia were more likely to develop in XXB when the VWA
exceeded ~10 and 14 days, respectively. The application of VWA offers a new approach to
compare the physical transport timescale with the timescales for biogeochemical processes.
Furthermore, it may provide an auxiliary indicator to guide dam operation and alleviate the risk
of hypoxia and anoxia and other environmental issues.
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Highlights:
e Vertical water age (V'WA) was first simulated in lentic systems to quantify water renewal.
e  Vertical water renewal mainly depends on stratification and forms of intruding density currents.
e Bottom water was often younger than overlying intermediate waters due to intrusion.

e VWA serves as a helpful proxy for water quality issues in dynamic systems.

33


https://dx.doi.org/10.1016/j.jhydrol.2022.128276

