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Abstract: As the third largest fresh water lake in China, Taihu Lake is suffering from serious
eutrophication, where nutrient loading from tributary and surrounding river networks is one of the
main contributors. In this study, water age is used to investigate the impacts of tributary discharge
and wind influence on nutrient status in Taihu Lake, quantitatively. On the base of sub-basins of
upstream catchments and boundary conditions of the lake, multiple inflow tributaries are categorized
into three groups. For each group, the water age has been computed accordingly. A well-calibrated
and validated three-dimensional Delft3D model is used to investigate both spatial and temporal
heterogeneity of water age. Changes in wind direction lead to changes in both the average value
and spatial pattern of water age, while the impact of wind speed differs in each tributary group.
Water age decreases with higher inflow discharge from tributaries; however, discharge effects are
less significant than that of wind. Wind speed decline, such as that induced by climate change,
has negative effects on both internal and external nutrient source release, and results in water quality
deterioration. Water age is proved to be an effective indicator of water exchange efficiency, which may
help decision-makers to carry out integrated water management at a complex basin scale.

Keywords: shallow lake; water age; meteorological influence; sub-basins; Delft3D

1. Introduction

Located in the southeastern part of China, Taihu Lake is the third largest fresh water lake in China.
Like most large shallow lakes all over the world and as a typical shallow lake around the middle and
lower reaches of the Yangtze River, Taihu Lake is suffering from the threat of eutrophication [1–3].
Considering the multi-functionality of Taihu Lake, both as an economic resource (such as supplying
drinking water, and providing flood control, irrigation, water transport, and recreation) and as a
valuable ecological resource, the water quality issue and consequential algae bloom problem have
caused, and are still causing huge losses to this regional industrial and economic center, ever since
1987 [4–7].

The formation of the algae bloom happens when the concentration of algae is high at a particular
spot. The growth of the algae population requires proper temperature, light availability, and essential
nutrients, such as Nitrogen (N) and Phosphorus (P) [8]. The local government has made many attempts
to mitigate the algae bloom, including wetland restoration, water transfer from the Yangtze River,
and environmental dredging [9–11]. However, these treatments have not achieved the expected goal.
Research has suggested applying a nutrient input reduction strategy for Taihu Lake’s water quality
and ecology restoration [12–16].
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Nutrients are released into the lake’s water body from two types of sources—namely, internal
sources from sediment resuspension, and external sources from the connected river network.
The previously mentioned studies of input nutrient reduction considered the external sources of
nutrient release, which are significantly correlated to the local urbanization around the lake [17].
The lake-connected river networks accumulate nutrients from various sources (such as the diffuse
sources of agriculture runoff, atmospheric deposition, or point sources of industry waste water and
domestic sewage) and transport these into the lake [18–21]. Nutrient distribution in Taihu Lake varies
both spatially and temporally, partially because the nutrients from the inflow tributaries vary due to
local economic structure differences [22,23]. In turn, the uneven distribution has caused an inter-annual
difference in the location of algae bloom in the lake. During the summer, algae bloom happens in the
northern part of the lake, while in the early summer, autumn, and sometimes early winter, the algae
bloom happens along the southwestern lake region[24]. However, these studies usually consider
the lake as a whole black-box model or as several separate regions for a roughly spatially averaged
evaluation, without considering the hydrodynamics. Thus, little attention has been paid to the spatial
and temporal variations of nutrient distribution inside the waterbody of the lake resulting from
the influence of the difference in both external input and physical factors, such as meteorological
conditions, and the lake’s intrinsic characters before and after the input reduction. Besides, based on
hydrodynamic studies, more attention should be paid to the effectiveness of stand-alone input nutrient
reduction in different sub-basins upstream of Taihu Lake.

To quantitatively study the influence of the external nutrient input, a time scale is considered
valuable, since a certain time is required for the nutrient to transport to a given location, and this
amount of time is correlated to the hydrodynamics of the lake system [25]. Considering the nutrient
transport from the connected river tributaries into Taihu Lake as point sources, the concept of water age
is introduced here as an index to describe the time taken for the transport of nutrients within the lake.
Water age is widely used in marine and fresh water systems to effectively reflect the nutrient transport
and mixing process of nutrients, and to provide the spatial and temporal heterogeneity of these
processes [26–28]. Studies have shown a strong correlation of in situ measured Chl-a concentration
and water age distribution of external discharge into shallow lakes, which proves the significance of
the existing hydrodynamics [29].

In this study, a three-dimensional Delft3D numerical model has been set up and used to investigate
the transport and mixing of dissolved nutrients in Taihu Lake using the concept of water age.
The purpose of this study was to answer the following questions: (1) Whether it is possible to
quantitatively compare the nutrient load from different parts of the catchment river networks to
Taihu Lake using the concept of water age; and (2) how the meteorological factor wind, which is the
largest influencing factor for lake hydrodynamics, impacts the transport of nutrients from all over the
catchment inside the lake.

This chapter is organized as follows. Section 2 is the theoretical background describing the water
age theory. In the methodology Section 3, a detailed description of the geographical area, and Delft3D
numerical modelling is introduced. In Section 4, the hydrodynamic results and water age distribution
in various scenarios are provided. Then, in Section 5, our discussion and further extensions of this
study are shown. Section 6 is the conclusion section.

2. Theoretical Background

Several transport time scales are frequently utilized in hydrodynamic, biological, and water
environmental studies for multiple topics, like pollution transport tracking and water mass renewal [30].
These time scales include, for example, water age, flushing time, residence time or transit time,
turnover time, and exposure time. Each of the transport time scales works within the scope of a certain
application [31]. In this study, considering the complicated hydrodynamic condition and spatial
heterogeneity, the concept of water age (WA) has been chosen.
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The most common definition of water age is given as “the time that has elapsed since the
particle under consideration left the region in which its age is prescribed as being zero” [32,33]. Thus,
particularly in this study, WA is defined as the time elapsed since the tributary water with dissolved
nutrients entered the lake water body, with WA being equal to zero at the boundary between the
connected river network and the lake water.

Research on WA includes theoretical study, field observation, and numerical modelling [34–39].
Considering the applicability and accuracy, a numerical modelling study of WA is suitable under
realistic bathymetry and hydrodynamic conditions [26,40]. There are two widely used numerical
approaches for WA calculation in numerical models, namely, the Particle-Tracking Method (PTM) [41],
and the Constituent-oriented Age and Residence time Theory (CART) [34,42,43]. PTM is based on a
Lagrangian approach by releasing a large amount of numerical particle tracers and calculating WA
from the concentration spectrum. The disadvantage is the high computational cost. While CART is
based on the Eulerian method, and thus no numerical particle tracer is required, the actual transport
trajectory is not provided in the model result [44]. The governing equation for the evolution of the WA
concentration distribution function in CART is

∂ci
∂t

= pi − di −∇ · (uci −K · ∇ci)−
∂ci
∂τ

, (1)

where ci is concentration, t is time, u is velocity, τ is water age number, pi and di are source and sink
terms, K is the eddy diffusivity tensor, and −K · ∇ci is the diffusive flux. Thus, the mean age at a
given location x is calculated with Equation (2) based on the assumption that the mean age of a set of
water parcels is mass-weighted, and thus, arithmetically averaged.

ai (t, x) =

∫ ∞
0 τci (t, x, τ)dτ∫ ∞
0 ci (t, x, τ)dτ

. (2)

A numerical WA simulation based on PTM usually combines the hydrodynamic model with a
random-walk model of horizontal eddy diffusion for the statistical treatment of turbulent mixing.

The position of a random particle is described by the following function:

x (t + ∆t) = x (t) + u∆t + zn
√

2K∆t, (3)

where x (t) is the particle’s position at time t, ∆t is the time step, u is the velocity vector, K is the eddy
diffusion tensor from a hydrodynamic model, and zn is the normally distributed random vector with
unit standard deviation and zero average value.

3. Methodology

3.1. Study Area

Taihu Lake is located in the lower part of Yangtze River Delta in the southeastern part of China,
between 30◦05′ N and 32◦08′ N and between 119◦08′ E and 122◦55′ E. [27]. As a typical large shallow
lake, Taihu Lake has an average depth of 1.9 m and maximum depth of no more than 3 m, while
the total surface area is 2338 km2. The Taihu Lake Basin, with an area of 36,900 km2, has a typical
subtropical monsoon climate, with a mean annual precipitation around 1200 mm, concentrated mainly
in the monsoon season between May and September. The dominant prevailing wind direction is
southeasterly in summer and reverses in winter, with the average wind speed ranging from 3.5 m/s to
5 m/s. [45]

Around Taihu Lake, there are over 150 tributaries connecting to the adjacent river networks, some
of which are very seasonal. The altitude to the northwest of Taihu Lake is higher than the south and
the east, thus water normally flows from the northwest to the southeast. However, since Taihu Lake is
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located at a very developed area, many artificial hydraulic structures have been constructed. Thus, the
discharge and flow direction near the river inlet have been remarkably altered by human interventions.

3.2. Numerical Model Description

Delft3D, an integrated open-source modelling software developed by Deltares (Delft,
The Netherlands), is used to simulate the hydrodynamics of Taihu Lake and the temporal and spatial
varying water age (WA) distribution in this study. In particular, its hydrodynamic (FLOW) and
water quality (WAQ) modules are applied. Delft3D-WAQ is a multi-dimensional water quality model
framework, which solves the advection-diffusion-reaction equation on a predefined computational
grid for a wide range of model sub-stances. Delft3D-WAQ simulation includes large numbers of
substances and processes. Applications of Delft3D-WAQ include, amongst others, the eutrophication
of lakes and reservoirs, dissolved oxygen depletion in stratified systems, the impact of a sewage outfall
on nutrient concentrations and primary production, transport of heavy metals through an estuary,
accumulation of organic micro-pollutants in fresh water basins, and the emission of greenhouse gases
from reservoirs. Hydrodynamic information has been derived from the Delft3D-FLOW model [46].

The mass balance equation in Delft3D-WAQ is:

Mt+∆t
i = Mt

i + ∆t×
(

∆M
∆t

)
Tr
+ ∆t×

(
∆M
∆t

)
P
+ ∆t×

(
∆M
∆t

)
S

, (4)

where Mt
i is the mass at the beginning of time step t;

(
∆M
∆t

)
Tr

represents the mass changes by transport,

including both advective and dispersive transport;
(

∆M
∆t

)
P

represents the mass changes by physical,

(bio)chemical, or biological processes; and
(

∆M
∆t

)
S

represents the mass changes by sources (e.g., waste
loads, river discharges).

Mass transport by advection and dispersion in Delft3D-WAQ is:

∂C
∂t

= Dx
∂2C
∂x2 − vx

∂C
∂x

+ Dy
∂2C
∂y2 − vy

∂C
∂y

+ Dz
∂2C
∂z2 − vz

∂C
∂z

, (5)

where ∂C
∂t is the concentration gradient, Dx is the dispersion coefficient in the x direction, and vx is the

velocity in the x direction.

3.3. Age Calculation in Delft3D

In the Delft3D model, WA calculation is similar to CART based on the mass concentration ratio of
two kinds of tracers, namely, the conservative tracer and decayable tracer. The mass of the conservative
tracer remains the same amount as at the released time, while the mass of the decayable tracer will
decay with time at a given decay rate. The decayable tracers do not need to necessarily exist or be
released into the real world—they are a reference to compute the water age in numerical modelling.
The mechanism is that the two kinds of tracers will be released at the same time, and since they
participate in the advection and diffusion process at the same time, the ratio of their concentration will
remain the same at a fixed time. With the decay rate, the water age can be easily achieved. For the
conservative tracer, the time derivative of concentration is

∂c
∂t

= advection + dispersion + source, (6)

while for the decayable tracer, it is

∂c
∂t

= advection + dispersion + source− Kc, (7)
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where K is the decay rate. The formulation used to calculate water age in this study is:

ageTri =
ln
(

dTri
cTri

)
RcDecTri

dDecTri = RcDecTri × dTri,

(8)

where ageTri is the age of the tracer i[d]; cTri is the concentration of the conservative tracer i[gm− 3];
dTri is the concentration of the decayable tracer i[gm− 3]; RcDecTri is the first-order decay rate constant
for the decayable tracer i[d− 1]; and dDecTri is flux for the decayable tracer i[gm− 3d− 1].

3.4. Model Setup

The hydrodynamic section of the Taihu Lake model was developed by [45] with Delft3D.
This model uses a rectangular grid with a grid resolution of 1000 m horizontally, and five vertical
sigma layers uniformly defined in depth. The model is driven by tributary discharge boundaries and
meteorological conditions, like surface wind, evaporation, and precipitation. Over 150 tributaries have
been arranged into 21 groups for simplicity. The simulation time is during the entire year of 2008,
with a time step of 10 min. Detailed physical and numerical parameter sets are listed in the paper [45].

Based on upstream catchment sub-basins [22] and the boundary condition of the hydrodynamic
model [45], inflow tributary boundaries have been categorized into three groups for the WA simulation
(Figure 1). For each group of boundaries, a set of conservative and decayable tracers are continuously
released, with the decay rate of the decayable tracers set to be 0.01/day. The northern and northwestern
boundaries mainly represent the discharges from Jiangsu province (WA1), while the southern and
southwestern boundaries include mountainous river discharges and tributaries from Zhejiang province
(WA2). Northeastern boundaries mainly account for water transfer from the Yangtze River (WA3).
The WA simulation time step is the same as in the hydrodynamic model, and the model result is
recorded at every 6 h of model time. Note, both inflow and outflow occur in the above-mentioned
boundaries throughout the year. Tracers released with the outflow boundary condition will be
transported out of the model domain and not be included in the WA calculation. Based on Taihu Lake’s
geometry and hydrological features, the lake is divided into seven sub-basins. For each sub-basin,
an observation point is set to monitor the WA distribution (Figure 1).

Figure 1. Tributary discharge, observation points, and sub-basins of Taihu Lake. Directions of arrows
imply the major inflow/outflow direction of tributary discharge. Abbreviations stand for names of
sub-basins, namely, ML: Meiliang Bay; GH: Gonghu Bay; EE: East Epigeal; DTH: Dongtaihu Bay; SW:
Southwest Zone; NW: Northwest Zone; ZS: Zhushan Bay; CZ: Central Zone.
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3.5. Scenarios

The calibrated hydrodynamic model was used to quantitatively investigate the influence from
the surrounding river network and wind, focusing on tributary discharges, wind direction, and wind
speed. A series of numerical scenarios were conducted (Table 1). A reference scenario was set up
to represent the real tributary discharge and the wind record in 2008 (Scenario 1). With the actual
boundary discharge conditions and wind directions, wind speed in 2008 downscaled with a ratio 0.5
and 0 (Scenario 2, 3). The other cases were designed to investigate the influence of the prevailing wind
and the magnitude of inflow boundary discharge (Scenarios 4–11). Further, the influence of all wind
directions was studied (Scenarios 12–18). For the constant tributary discharge case, the same amount
of water is flowing out of the model domain through the major outlet boundary as the inflow of water.

Table 1. Scenarios.

Scenario
Wind Discharge for Each WA Inlet (m3/s)

Direction Speed (m/s) WA1 WA2 WA3

1 2008 data 2008 data 2008 data 2008 data 2008 data
2 2008 data half 2008 data 2008 data 2008 data 2008 data
3 No wind no wind 2008 data 2008 data 2008 data
4 SE 3.5 10 10 10
5 SE 5 10 10 10
6 SE 3.5 20 20 20
7 SE 5 20 20 20
8 NW 3.5 10 10 10
9 NW 5 10 10 10

10 NW 3.5 20 20 20
11 NW 5 20 20 20
12 No wind / 10 10 10
13 S 3.5 10 10 10
14 SW 3.5 10 10 10
15 W 3.5 10 10 10
16 NW 3.5 10 10 10
17 N 3.5 10 10 10
18 NE 3.5 10 10 10

4. Results

4.1. Spatial and Temporal Distribution of WA

Influenced by the time-varying wind field and hydrodynamics, WA distribution for all three
groups of tracers changed both spatially and temporally. Bottom and surface WA1 distribution at
the last time-step of Scenario 1 is shown in Figure 2. Little WA1 vertical difference (∼0.01 day)
between the surface and bottom layer is observed from the model result, as well as in WA2 and WA3.
The consistency in vertical WA distribution implies that, although surface and bottom horizontal flow
velocity fields differ hugely [45], WA is fully mixed in vertically within each time step.

WA distribution varies spatially for WA1; the highest WA1 is over 200 days in Dongtaihu Bay,
while the lowest WA1 is less than 30 days in Zhushan Bay. The phenomenon could be explained by
the difference in distance from the inflow WA1 tributaries. WA1 values near the northern and western
part of Taihu Lake (∼30–90 days at Zhushan Bay, Meiliang Bay, Gonghu Bay, and the northern part of
the Central Zone) are significantly smaller than the values of the southern and eastern part of the lake
(∼120–200 days at the Northwestern Zone and Dongtaihu Bay), since the WA1 tributary boundary is
located in the northern and western part of the lake.

High temporal heterogeneity is also observed in the model results for WA1 distribution after
each quarter of the year in Scenario 1 (Figure 3). As time passes since the model’s starting time,
the maximum WA1 increases. By definition, this value will not exceed the model time passed, but
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the location with the value varies. At the end of Q1, the maximum value (∼90 days) is located at the
eastern part of the lake; one quarter later, the maximum value (∼120 days) moves to the northeastern
part in Gonghu Bay, and the northwestern part at Dongtaihu Bay; after another quarter, the maximum
value (∼180 days) occurs only in Gonghu Bay in the northeast, and at the end of year, the peak value
(∼200 days) lies in Dongtaihu Bay. In contrast, the lowest WA1 value occurs near the WA1 tributary
boundary throughout the whole year.

Figure 2. WA1 distribution of Scenario 1 at the last time step. (Unit: days).

Figure 3. WA1 distribution at the end of each quarter. (Unit: days).



Water 2020, 12, 1246 8 of 17

Since the tributary boundaries for each WA are located at different locations around Taihu Lake,
the distribution of each WA also varies, both spatially and temporally. WA distributions of the final
time step in Scenario 1 are shown in Figure 4. For WA1, the northern sub-basins (Zhushan Bay,
Meiliang Bay, Gonghu Bay, and the northern part of the Central Zone and East Epigeal) have a lower
WA1, while the Southwestern Zone and Dongtaihu Bay have a higher WA1. For WA2, WA in the
western half of the lake is higher than 240days, implying that hardly any water from the WA2 boundary
has reached this part of lake; while for WA3, small WA occurs near the western margin of the lake.

Figure 4. Water age (WA) distribution for Scenario 1 at the end of the year. (Unit: days).

Besides the distance to the tributary boundaries, the variance in WA distribution could be
explained by the value of total discharge through the tributary boundary for each WA group (Figure 5).

Figure 5. Total discharge for each WA discharge.

Total discharge for WA2 peaks in June then becomes almost zero for the next 5 months, which
could explain the extreme high WA2 in the western half of the lake, since water from WA2 barely
enters this area. While total discharge for WA1 is always positive and larger than around 100 m3/s,
lower WA1 occurs in around half the area of the lake. For WA3, discharge remains negative since
June, but since two inflow boundaries among WA3 boundaries still have positive discharge from the
mountainous area, the area near the western margin of the lake still has a smaller WA3. However, for
all three WA, larger values occur in Dongtaihu Bay, suggesting that less inflow tributary water enters
this sub-basin. This is possibly due to the narrow entrance and elongated geometry of Dongtaihu Bay.

In general, under the influence of time-varying inflow discharge, WA distributions show
heterogeneity both spatially and temporally.

4.2. Wind Speed and Direction Effects

Wind influence on WA is studied by comparing the WA value at the last time step of each steady
wind scenario with tributary discharge at 10 m3/s. The WA of steady wind for each observation point
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differs at both the average and range values. This difference could be explained by the influence
from hydrodynamics. With steady wind, the horizontal circulation patterns of Taihu Lake differ
with the wind direction, which in turn influence the advection and mixing processes of inflow
tributary discharge. Thus, the corresponding range and average of the WA value varies. For example,
WA1 distribution within the Southwestern Zone ranges from the highest in an east wind condition
(∼190 days) to the lowest with a south wind condition (∼120 days) with the average WA1 being
around 140 days; while for WA3, the situation is different, and the highest WA3 is with a southwestern
wind (∼120 days) and the lowest WA is with a north wind (∼70 days), with the lowest WA being
around 100 days (Figure 6).

Figure 6. WA for the Southwestern Zone observation point with eight wind scenarios.

Figure 7. WA for the Gonghu Bay observation point with eight wind scenarios.

Moreover, in some sub-basins where inflow tributary discharge is nearby, the wind influence is
relatively low, such as in Gonghu Bay, where WA2 boundaries are adjacent. With eight wind directions,
the range of WA2 is less than 30 days, while at the same location the difference between the maximum
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WA1 and lowest WA1 is larger than 100 days (Figure 7). The bias in WA implies that WA2 tributary
inflow contributes more to the water retention in Gonghu Bay than WA1 and WA3 tributary discharges.

Beside wind directions, wind speed is also an important factor influencing WA distribution.
In Scenario 2, the wind speed of the entire simulation is half the wind speed in scenario, which is from
the real 2008 wind data. As illustrated in the comparison of the model result (Figure 8), differences
occur for all three WA distributions. However, the increase or decrease of WA is site-specific and
WA-specific. For the Northwestern Zone, with half wind, WA1 decreases while WA2 and WA3
increases. However, for Gonghu Bay, with half wind, all three WA values increase.

Figure 8. Water age comparison between the 2008 real wind data scenario and half wind speed scenario.

In general, wind direction and wind speed do influence WA distribution over the whole Taihu
Lake. The influence is spatially heterogeneous. Change of wind direction would lead to a change in
both the average value and the range of WA, while wind speed difference induces a site-specific and
age-specific change of the WA value.

4.3. Discharge Effects

Discharge influence is studied by comparing scenarios with the same wind condition, but using a
different inflow discharge rate. Flow discharge in Scenario 4 and Scenario 6 are 10 m3/s and 20 m3/s
in each WA inflow tributary, respectively, while the outflow discharge at the remaining boundaries
are calculated to ensure a mass balance between inflow and outflow. For both scenarios, a steady
southeastern wind with 3.5 m/s wind speed is set.

The WA for all three WAs of all observation points decreases with a rising tributary inflow
discharge (Figure 9), which could be explained by the enhancing hydrodynamics due to more
momentum input through the tributary boundaries. The largest WA difference is the WA2 change in
East Epigeal (45 days), while the smallest WA difference is the WA1 change in Zhushan Bay (13 days).
Again, changes in WA show spatial heterogeneity, and that it is WA-specific.
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Comparing with the impact of wind speed and wind direction change, the influence of discharge
on WA is smaller, partially because it is easier to dampen the increasing momentum from tributary
discharge when it has penetrated farther into the lake, while wind momentum input through surface
shear stress is continuous all over the lake.

Figure 9. Water age comparison between the 2008 real wind data scenario and half wind speed scenario.

5. Discussion

5.1. Various Transport Time Scales

Transport time scales are frequently adopted in describing the hydrodynamic processes, which
transport water and the constituents. Water age is one of the most favorable transport time scales, while
the usage of flushing time and residence time is also very common. To extensively adopt transport
time scales in large shallow lake studies, understanding the definition and limitations of these time
scales is crucial.

Residence time is the time spent by a water parcel or a pollutant to leave the given water body [47].
By definition, resident time is a location-specific value, such as water age, and serves as a complement
to water age, since water age is the duration for a water parcel from the inflow boundary to a given
spot, while residence time is the duration from this particular location to the outflow boundary [30].
Residence time is commonly used to evaluate the inflow nutrient’s further influence inside the water
body [48].

Flushing time, on the other hand, is a bulk parameter to describe the exchange of water body.
Flushing time is defined as the time it takes to replace all the water in a basin [32]. Flushing time
could be seen as the sum of water age and residence time. This concept is frequently used in estuary
and lagoon research, and early studies can be traced back to the 1950s [49]. The original method to
get flushing time is the “tidal prism method”—that is, flushing time is calculated as the ratio of the
mass of a scalar to the rate of renewal of the scalar, with the assumption of an instantaneous release
of inflow and thorough mixing inside the water body. Another approach considering salt balance
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has also been adopted in previous studies [30,50]. Further studies have improved the “tidal prism
method” to mitigate underestimation due to the idealized assumptions; however, the thoroughly
mixing assumption is still adopted [51].

Beside residence time and flushing time, some terminologies like transit time and turn-over time
are also found in literature. By definition, turn-over time is identical to flushing time, and transit time
is the average residence time [32].

Based on the definition of these transport time scales, the application of these time scales are
purpose-oriented. Water age is more suitable when considering the spatial distribution of influence
from tributary discharge into the large shallow lake as in this study, while residence time could help to
study the dilution of pollution already inside the lake. Flushing time, as the sum of water age and
residence time, could be used to indicate the temporal extent and the efficiency of diluted fresh water
from the external waterbody.

5.2. Radio-Age

In this study, water age is calculated with a concentration of both conservative and decayable
tracers, as described in Section 3.4. In previous studies, it is usually referred to as “radio-age” [52].
However, theoretically, the value is between the water age of passive tracers (or water parcels) and of
radioactive tracers. A 10% bias with water age larger than 7 years has also been reported [52]. Choice
of decay rate is crucial for the modelled radio age value, and with a smaller decay rate, the difference
between radio-age and water age of passive tracers is small (Equation (9)).

lim
γ→0

ã(t, x, γ) = a(t, x, 0), (9)

where γ is the decay rate, ã(t, x, γ) is the calculated radio- age, and a(t, x, 0) is the age of the
passive tracers.

To verify this further, the modelled water age averaged over the whole lake after 1 year of
simulation was investigated with additional numerical tests using five decay rates, ranging from
10−6/d to 10−2/d (Figure 10). The age value is almost identical with a decay rate less than 10−3/d
and the difference is less than days, while the largest difference in mean water age with 10−2/d and
10−6/d is around 20 days.

Figure 10. Water age modelled with various decay rates.
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This model’s results are similar to that in Figure 1 by Delhez et al. (2003) [52], where the curve of
radio-age is asymptotic to the line representing the passive tracers. With a small decay rate, the value
of radio-age is close to the age of passive tracers. Thus, we believe that with a smaller decay rate (say,
less than 10−3/d), the radio-age distribution gives a similar indication on water horizontal circulation
as the age of radioactive tracers do.

Radio age results provide diagnoses consistent with the model results interpretation, that the
relative importance of water injection from tributaries in this study could be compared. Furthermore,
the advantage of the Eulerian approach is that numerical results are easier to obtain than in the
Lagrangian formalism [52].

5.3. Wind Change Due to Climate Change

Terrestrial near-surface wind speed has been reported to decrease due to climate change.
During the last 30 years, 73% of terrestrial stations record average wind speed decline across most of
the northern mid-latitudes [53–55]. For large shallow lakes like Taihu Lake, where wind influences not
only the hydrodynamic conditions [45] but also the ecological statues [6,7], climate change-induced
wind condition variation and its consequences should be granted more attention.

Nutrient loads in shallow water mainly come from two sources, namely, the internal sources
and the external sources. Albeit low wind speed causes low waves and low corresponding bottom
shear stresses, hampering sediment resuspension which is crucial for the release of internal nutrient
sources, it promotes hypoxia in the bottom layer of the water column, and in turn, enhances
nutrient release from sediment and counteracts the effect of declining resuspension, stimulating
algae growth and finally leading to more severe eutrophication. More effort should be spent on this
with numerical models.

The combination of summer water level increase and wind speed decrease, [14,56], is expected
to change the distribution of nutrients from external sources in shallow lakes. To illustrate the actual
influence of a change in wind speed, a comparison of model results with a steady southeastern wind
but changing wind speed (Scenario 4 and Scenario 5) is illustrated (Figure 11).

Figure 11. WA change with 3.5 m/s and 5 m/s southeastern wind.
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For most observation points, wind speed decline causes an increase in WA values for all three
WAs. Since less wind speed weakens the wind-induced hydrodynamics in most parts of the lake,
the advection and mixing processes of incoming water is attenuated. Moreover, increased WA means
that external nutrient input would stay longer in the lake, increasing the chances for cyanobacteria to
capture more nutrients and to form an algae bloom [57].

Thus, less wind speed will encourage the release of inner sources and cause a longer duration of
outer source nutrient inflow, both of which will induce more severe algae bloom and deterioration of
water quality.

5.4. Implication of Water Age on Shallow Lake Management

The initial water age study mainly has two applications: (a) To assess the ventilation rate of
semi-closed basins; (b) to infer the horizontal circulation, which focuses more on estuaries and
lagoons [34]. Further studies in broader aqua systems have paid more attention to water quality
issues, such as the efficiency of water transfer [27]. With climate change and a more complicated
nutrient control policy, water age is able to provide more assistance in integrated water quality
management of shallow lakes, such as Taihu Lake.

Firstly, water age analysis would provide help when a critical toxin leakage condition happens.
With numerical models and meteorological forecasts, water age distribution maps could be generated
in minutes. Thus, the spatial and temporal spread information of inflow toxins could be provided,
and further measures could be decided based on that.

Secondly, water age analysis would provide information on the tributary discharge influence of
critical spots, assisting the governance of water quality in a complicated management condition. In this
study, three water age groups have been chosen corresponding to inflow tributary discharge from
three municipalities. Situations become complicated when nutrient control and wastewater treatment
involves more stakeholders. Water age analysis could also provide essential information to divide the
responsibility and help improve the master plan of Taihu Basin’s water quality management.

6. Conclusions

The impact of tributary discharge inflow from river discharge around Taihu Lake, the third largest
fresh water lake in China, has been investigated using the concept of water age. The main purposes
of this study were to provide quantitative comparison of nutrient loads from different parts of the
catchment river networks and to investigate the meteorological influences on the advection and mixing
process of nutrients from tributary discharge inside the lake body. In this study, the inflow tributaries
were divided into three groups based on upstream catchment sub-basins and the boundary condition
of the hydrodynamic model. Water age was computed using the three-dimensional Delft3D model
with FLOW and WAQ module.

Model results show both spatial and temporal heterogeneity occurred in all three water age
groups, which was influenced by both the distance to the tributary boundaries and total discharge
through tributary boundaries for each water-age group. The influence of wind on water age was
also analyzed. Change of wind direction would lead to changes in both the average value and range
of water age, while wind speed difference would induce site-specific and group-specific changes of
WA value. Water age decreases with rising of tributaries inflow discharge; however, the influence of
discharge is less significant than that of a change of wind.

Various time scales, such as residence time and flushing time, have been discussed for clearer
understanding. Wind speed decline induced by climate change was analyzed on the effect on both
internal and external nutrient source release, and influences on both sources would cause water quality
to be deteriorated. Lastly, further application of water age is suggested for more complicated integrated
water management on a lake basin scale.
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