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Modelling the effect of water diversion projects on
renewal capacity in an urban artiﬁcial lake in China
Xueping Gao, Liping Xu and Chen Zhang

ABSTRACT
To improve the water environment, manual water diversion projects were scheduled to bring
freshwater to an urban artiﬁcial lake to dilute and divert pollutants out of the lake. A three-dimensional
numerical model was used to study the effect of diversion schemes on the transport of dissolved
substances by using concepts of water renewal time and water age. The model results showed that
the impact of diversion schemes on transport processes was strongly inﬂuenced by hydrodynamic
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conditions induced by inﬂow/outﬂow discharges. Shorter water timescales occupied the west and
east lake, implying a faster water renewal occurrence therein. Water ages were highly variable,
both spatially and temporally. Longer water age was exhibited in the inner lake and bays. An exchange
rate of 89.3% was obtained at the 5 m3/s discharge condition under 60 days’ duration, with integral
renewal time of approximately 50 days. The distribution of water age showed that it only took less
than 10 days for the substance discharged at the inlets to be transported to the outlets. The results
offer useful information for understanding the efﬁciency of water exchange by diversion projects and
can be used to estimate the water renewal capacity for environmental assessment purposes.
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INTRODUCTION
Urban artiﬁcial lakes are constructed for water supply, ﬂood

measure has been applied in many cases, such as Moses

control, recreation or some other direct human use. Urban

Lake (Welch et al. ) by adding low-nutrient dilution

lakes can be important habitats for varieties of aquatic life,

water, Lake Pontchartrain (McCallum ) by the release

as well as an aesthetic resource to human communities.

of freshwater from the Mississippi river in the USA, and

With growing urban population and levels of industrializ-

an artiﬁcial lake (Gao et al. ) by transferring water

ation, a pleasant urban water environment is inevitably

from the Yellow River.

needed in development. However, urban lakes are vulner-

As is well known, processes controlling contaminant

able to the accumulation of toxic and/or potentially toxic

distributions in semi-enclosed water bodies are linked to

contaminants from urban stormwater runoff, atmospheric

the renewing timescales. Because a certain time has elapsed

deposition, as well as untreated discharge of industrial

since the substance is transported to a location of concern

wastewater and municipal sewage (Zeng et al. ).

within a water body, it is vital to select a suitable timescale

Water functioning and landscape usage will be deeply

parameter for representing mass exchange and transport

affected due to worsening water quality once the pollution

process (Shen & Haas ). Various timescales are useful

load is beyond the self-puriﬁcation capacity of urban lakes.

tools to estimate the water renewal and transport capacity,

A water diversion project is a physical way for water

such as renewal time (Koutitonsky et al. ; Ribbe et al.

body restoration that can transfer freshwater into a polluted

), age (Li et al. ; Shen et al. ), residence time

lake for environment protection. This kind of engineering

(Arega et al. ) and exposure time (de Brauwere et al.
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; Delhez & Deleersnijder ). Many applications of

Code (EFDC) was used to investigate renewal timescales

water renewal timescales have focussed on rivers, estuaries

of dissolved tracers in Dragon Lake. Detailed tasks of this

and oceans with intense water exchange induced by tide

study are as follows. (1) To obtain the water renewal

and wind. Some cases of water renewal timescales are

capacity by calculating water renewal times under original

found on large lakes, such as Lake Tanganyika (Gourgue

and upgraded water diversion projects. The simulations

et al. ) and Lake Taihu (Li et al. ).

reported in this paper provide insight into the spatial distri-

The water renewal capacity was studied by using resi-

bution of basin to regional water renewal times. (2) To

dence time, exposure time and connectivity as timescales

investigate the impacts of original and upgraded water diver-

in an ecological reconstructed lagoon, which was mainly

sion projects on the spatial and temporal variability of water

inﬂuenced by wind and the depth of the tidal inlet in our

age. These estimates that provide better information for

previous study (Gao et al. ). In the tidal system, the

understanding the exchange and transport process should

exposure time may be a more informative measure of the

be of interest for the overall management and future devel-

time spent in a domain, because it allows water parcels

opments of the urban artiﬁcial lake, which can be used as

(or tracer) to leave and return to the domain of interest

urban landscape for city development.

(de Brauwere et al. ). Hence, it is challenging and important to select the appropriate timescales in water renewal
research of different types of water bodies. This paper

MATERIALS AND METHODS

aims in a similar manner to do some research work on the
water renewal capacity in an urban artiﬁcial lake, without

Study area

water returning to the domain of interest. In consideration
of this, alternative timescales, such as water renewal time

Dragon Lake is an artiﬁcial lake located in Zhengdong New

and water age, should preferably be calculated under

District, Zhengzhou, China (34 490 41.50″N, 113 430 9.49″E).

manual scheduled water diversion projects.

The lake occupies an area of 5.6 km2, with a volume of

W

W

The aim of this paper is to study water renewal capacity

roughly 26.8 million m3. Judging from the location and

using concepts of water renewal time and water age under

map of Dragon Lake (Figure 1), it is 6.3 km from north to

two groups of scheduled discharge scenarios to Dragon

south and 6 km from west to east with mean and maximum

Lake. A three-dimensional Environmental Fluid Dynamics

water depth of 4.5 m and 7.0 m, respectively. Central

Figure 1

|

Location and map of Dragon Lake: the inner lake (representative Station B), No. 1 and No. 2 inlets, Nos 1–4 river channels and the other 12 bays.
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Water renewal timescales

rounded by water of the inner lake and the outer lake.
Freshwater can be diverted from the Yellow River into the

Water renewal time

lake via two inlets at the end of the two river channels,
which are located, respectively, at the mouth and the back

Water renewal time, sometimes also referred to as the ﬂush-

of the dragon. Four outlets are placed at the end of the

ing or ventilation timescale, is an important quantity in

four river channels.

aiding the classiﬁcation of the environmental state (Ribbe

To maintain a good ecological environment when

et al. ). Three approaches can be used: the Lagrangian

environment problems occur, freshwater from the mighty

particle tracking approach, the dissolved tracer method or

Yellow River is transferred into the lake via two inlets to

a combination of both. The dissolved tracer method is

form speciﬁc water diversion projects, under which water

through extensive ﬁeld measurements, time series analysis,

exchange takes place so as to dilute the polluted water

and

and ﬂush pollutants out of the lake. Furthermore, due to

numerical modelling (Koutitonsky et al. ). To brieﬂy

the high concentration of sediment in the Yellow River,

describe the hydrodynamic functioning of the system and

water from the Yellow River will be puriﬁed to an available

to estimate the spatial distribution of the local renewal

standard, such that water transferred into the lake is fresh.

time (LRT) and its corresponding integral renewal time

The design inﬂow rate at each inlet is scheduled as 5 m3/s

(IRT) in Dragon Lake, the dissolved tracer method is used

by the administrative centre. Therefore, the maximum

in this study. For better understanding of the water exchange

3

inﬂow rate adds up to 10 m /s in the research.

coupled

hydrodynamic

and

advection-dispersion

induced by water diversion projects, the initial concentration of tracers within the whole lake is prescribed to be

Model description

1 (arbitrary units), representing the original water. Freshwater without tracers will be diverted into the lake.

The EFDC model incorporates hydrodynamics, salinity,

The decrease of the passive tracer is calculated after

temperature, dye, multi-size cohesive and non-cohesive sedi-

water diversion projects to form the basin to regional renewal

ments, toxicants and water quality state variable transport

timescales (IRT and LRT) of the lake. The renewal timescale

into a comprehensive model. The model has been exten-

Trenewal is deﬁned as the LRT when the initial tracer concen-

sively tested and applied to more than 100 modelling

tration at a certain point within the lake is reduced to a

studies worldwide for modelling circulation, thermal stratiﬁ-

certain threshold value. As well, IRT can be obtained as the

cation, sediment transport, water quality and eutrophication

time when 80% of the original waters in the lake have been

in reservoirs (Sebnem ; Zhang et al. , ), lakes

replaced by freshwater (Ribbe et al. ).

( Jin & Ji ; Li et al. , ), rivers (Shen & Haas
) and estuaries (Arega et al. ).

Trenewal ¼ T (Ci (t) < Cthreshold )

(1)

The model uses boundary-ﬁtted curvilinear-orthogonal
coordinates in the horizontal plane and a sigma (or stretched)

where Cthreshold represents the tracer concentration that

transformation in the vertical direction. It uses a combination

decreased to 20% of the initial concentration, i.e., 0.2 in

of ﬁnite-volume and ﬁnite-difference techniques to ensure

this study; Trenewal is the water renewal time to be estimated;

conservation of mass, which may pose a problem in ﬁnite-

Ci (t) is the calculated tracer concentration at cell i and time t.

element methods. Furthermore, a curvilinear-orthogonal

Water exchange rate is also an effective indicator to rep-

mesh can accurately represent the complex lake boundaries

resent how fast the water inside the lake is replaced by

and has the advantage of computational efﬁciency over

freshwater. Exchange rate is obtained by examining the

unstructured grid models. More details of the governing

spatially averaged dissolved tracer concentrations in all

equations for the EFDC model, the governing mass-balance

layers as a function of time. Speciﬁcally, the exchange rate

equation and the numerical schemes can be found in Ham-

is the percentage of new water transferred into the lake

rick () and Tetra Tech ().

that replaces the water remaining in the lake. The larger
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Þ
@αðt, x
Þ  K∇αðt, x
ÞÞ ¼ cðt, x
Þ
þ ∇ðuαðt, x
@t

(4)

where c is the tracer concentration; α is the age concen-

Vi (t) × Ci (t)

i¼1

|

, t ¼ [0, T ]

(2)

tration; u is the velocity ﬁlled; K is the diffusivity tensor;
 is coordinate. The mean water age ‘a’ can be calt is time; x
culated as follows:

where β t is the exchange rate, %; V is the total volume of the
lake, m3; Vi (t) is the individual volume at cell i and time t in
the numerical model of the lake; T is the total simulation

) ¼
a (t, x

)
α (t, x
)
c (t, x

(5)

time.
Equations (3)–(5) were used to compute the water age
using the EFDC model with speciﬁed initial and boundary

Water age

conditions.

In this paper, water age is deﬁned as ‘the time that has
elapsed since the particle under consideration left the
region in which its age is prescribed as being zero’. The concept of age of a water parcel has been usually used as a
timescale to quantify pollutant transport in lagoons, estuaries and oceans (Deleersnijder et al. ; Shen & Haas
). The age concept was applied to study the impacts of
water transfer on the transport of dissolved substances in
Lake Taihu (Li et al. , ). More speciﬁcally, the age
is zero at the inlets of the lake and the age at any given
location is representative of the time elapsed for a dissolved
substance to be transported from its source to that location
(Shen & Wang ). In this study, water age is applied as
an indicator to assess the water renewal capacity in the
lake induced by water renewal projects.
In renewal water studies, the total water is divided into
two contributions: the original water that is initially in the
domain of interest and the renewal water that progressively

Model application
Model setup
Dragon Lake is a typical shallow urban lake with gentle
slope. Variation of the ﬂow in the vertical direction is
much smaller than that of the other two directions. The
computational grid (Figure 2) was developed for the urban
lake, containing 2,808 active cells in the horizontal plane
with a length of 29–97 m in the x-axis and 15–52 m in the
y-axis oriented towards the north. Three evenly distributed
layers were employed in the vertical direction to better simulate the bottom topography.
The model is mainly driven by atmospheric forcing,
inﬂow/outﬂow and neglects the effect of surface wind
stress and others. Inﬂow/outﬂows include six river

replaces the original water. Clearly, the original water concentration C0 and that of the renewing water Ci must
satisfy the relation C0 þ Ci ¼ 1 at any location and time
(Delhez et al. ; Deleersnijder et al. ). Assuming
that there is only one tracer discharged into the lake and
no other sources and sinks of the tracer within the lake,
the transport equations for calculating the tracer and the
age concentrations can be written as follows (Shen &
Wang ):
)
@c (t, x
)  K∇c (t, x
)) ¼ 0
þ ∇(uc (t, x
@t
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channels. Initial conditions were set for surface elevation

height resulted in only small changes in the model results

and ﬂow velocity. Taking the normal water level 85.5 m as

such as water level and velocity.

the initial surface elevation and the initial water velocity is

Figure 3 shows comparisons of model-simulated water

0. The two inlets and four discharge outlets are controlled

levels against the observed data at each station. Table 1 sum-

by inﬂow/outﬂow. Water temperature is treated as a con-

marizes the results of the statistical error quantiﬁcation

stant during model simulation. The effect of the initial

methods for calibration and validation of water level at

conditions will disappear gradually as the computation

Stations S3 and S4. The values of RMSE for the two datasets

reaches a steady state after several hours of numerical simu-

are both 0.17 m. The values of CC vary from 0.94 to 0.98,

lation. The model was numerically integrated with a time

indicating an excellent agreement between model results

step of 100 s during the whole simulation period.

and observations. Overall, the model reproduces the main
features of the hydrodynamic conditions in the lake reason-

Model calibration and validation

ably well.

The Dragon Lake model was calibrated with the water level,

Model simulation scenarios

using the dataset measured at Stations S3 from 9 September
2013 to 11 January 2014. It is veriﬁed with the water level

In this study, three main factors were used to deﬁne the

using the dataset measured at Stations S4 from 28 March

scenarios: the diverted inﬂow water volume, the project dur-

to 6 June 2014. Statistical methods such as root-mean-

ation and engineering measurements in bays and the inner

squared error (RMSE), common statistical measures coefﬁ-

lake (Zou et al. ). Since transport processes highly

cient of correlation (CC), average error (AE) and average

depended on freshwater discharges from the two inlets,

absolute deviation δ were used for calibration and validation

wind and precipitation were not taken into account when

(Chau et al. ; Lin et al. ; Azamathulla et al. ).

setting up the various scenarios. For all scenarios, the

In the EFDC model, the Mellor–Yamada turbulence clo-

model conﬁgurations and other parameter settings men-

sure scheme (Mellor & Yamada ) is used to calculate the

tioned before except the driving factors (Figure 4), were

vertical turbulent viscosity Av and the vertical turbulent dif-

kept the same as Scenario A1.

fusivity Ab . The horizontal diffusion coefﬁcient AH is

In practical lake management, the diverted water volume

determined by Smagorinsky (), and the non-dimension-

from the Yellow River was scheduled as 25.92 km2 during the

less viscosity parameter in the Smagorinsky formula is set to

project time. Hence, the model experiments were to be con-

a constant value of 0.2 (Berntsen ). Bottom roughness

ducted for 30 days under the high ﬂow condition (10 m3/s)

(n in the Manning equation) was changed from 0.025 to

and for 60 days under the low ﬂow condition (5 m3/s),

0.032 until a reasonable agreement was reached between

which were illustrative of a typical fully operational monthly

the model and the observations. The sensitivity analysis

and bimonthly diversion schedule. Scenarios A1 and B1 were

results indicate that signiﬁcant changes in roughness

taken as the original water diversion projects. Taking the

Figure 3

|

Time series of simulated water levels (solid lines) and observed data (black squares) at Station S3 (a) and Station S4 (b).
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inlets to Dragon Lake. Within 1 month’s duration (30

The CC, RMSE, AE and δ for water level at S3 and S4

Parameter

Location

CC

RMSE (m)

AE (%)

δ(%)

Water levels

Station S3
Station S4

0.98
0.94

0.17
0.17

0.16
0.04

0.17
0.13

days), the two channels would transfer a total of
25.92 km3 water into the lake. The outﬂow rate of the four
river channels would vary with time as scheduled in the
scenarios. The total diversion ﬂow rate of the two inlets
(maximum ﬂow rate: 5 m3/s individually) was 10 m3/s.
The sum of outﬂow rates of the four outlets always equalled
to the total inﬂow rate so as to keep the water balance consistent. Scenario A2, as an upgraded case of A1, took
pumped inﬂows near the 12 bays into consideration for
the purpose of better water exchange in these sub-zones.
Water volume pumped out of the inner lake was the same
as the volume pumped in at the other 12 bays, with
0.34 m3/s ﬂow rate (not shown). This explanation also
applies to Scenarios B. However, inﬂow discharge from
the Yellow River halved to 5 m3/s compared to that of Scenarios A. Scenario B2 also involved pumped inﬂow at the 12
bays and outﬂows in the inner lake (Figure 4(b)).

RESULTS AND DISCUSSION
Characteristics of water renewal and pathways
Exchange rate of the four cases topped at 75.3%, 84.0%,
85.4% and 89.3%, respectively, when simulations terminated. It is apparent that the exchange rate of Scenario A1
did not reach the requirement of 80%, indicating insufﬁcient
water renewal under 30 days’ duration (Figure 5(a)). The
best water renewal was in Scenario B2 with the exchange
rate of 89.3% (Figure 5(b)). The average velocity in the
lake was very small with a unit below the scale of mm/s.
Places with water velocity below 0.0005 m/s or 0.001 m/s
are deﬁned as backwater areas, where water ﬂows extremely
Figure 4

|

Speciﬁc model simulation schemes for Scenarios A1 (a) and B1 (b). The total

slowly and water exchange hardly occurs. For each of the

inﬂow rate equals to the outﬂow rate. þ: inﬂow rate; : outﬂow rate. The
corresponding upgraded scenarios contain pumped inﬂows at the bays and

two types of scenarios, the average velocity of the second

pumped outﬂow at the inner lake (ﬁgures not shown).

was larger than the ﬁrst, i.e., 0.0026 m/s (Scenario A2)
>0.0024 m/s (Scenario A1). However, less backwater area

pumped inﬂow at the 12 bays and pumped outﬂow at the

was exhibited in the scenarios with larger average velocity

inner lake into consideration, Scenarios A2 and B2 were

(Table 2).

scheduled as the upgraded scenarios compared to the original
ones.

The reverse correlation between average velocity and
backwater area illustrates that the upgraded scenarios rep-

Scenario A1 (Figure 4(a)) involved diverting water from

resent better hydrodynamic features with higher exchange

the Yellow River by two channels via the No. 1 and No. 2

rates. Water exchange rate is proved to be a useful indicator
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Time series of old water exchanged by freshwater within the lake under Scenarios A and B during water diversion scheme time.

pay attention to is the occurrence of poor water transport

Statistic characters of ﬂow ﬁeld
Velocity  0.0005 m/s

Velocity  0.001 m/s

Backwater

Backwater

in the inner lake and this could mainly be attributed to the
inﬂuence of the complex conﬁguration of topography. Similarly, it held that the spatial distribution of renewal pathways

Model
scenario

Average
velocity (m/s)

area (BA)
(km2)

% of
BA

area (BA)
(km2)

% of
BA

A1

0.0024

1.84

35.1

2.87

54.6

A2

0.0026

1.06

20.2

2.13

40.5

B1

0.0013

1.67

32.0

3.11

59.2

B2

0.0015

1.10

21.0

2.54

48.3

was attributed to the bowl-shaped bathymetry of the Hervey
Bay and its orientation with its main opening facing northwards (Ribbe et al. ).
Inﬂuence of water diversion projects on water
renewal time

to assess the integral water renewal performance. The per-

The initial concentration of tracers was prescribed to be 1

centage of original waters remaining in an estuary as a

(arbitrary units) within the whole lake, standing for the orig-

function of time was obtained, demonstrating that higher

inal water. Freshwater without tracers would be diverted

exchange rates were achieved when more discharges were

into the lake. Once the simulation terminates, the concen-

included (Koutitonsky et al. ). It was argued that

tration evolution was examined in each grid cell to ﬁnd the

renewal was assumed when 90% of water within the

last time step at which it had dropped to or below 20% of

domain had been replaced, i.e., the initial concentration

its initial concentration. This time was recorded at each grid

was larger than the threshold value of 90 (Ribbe et al.

cell yielding a two-dimensional spatial distribution of the ver-

). As well, the change rate of water age was used for

tical mean LRT. The distribution of LRT within the lake after

the effectiveness of the improved Yangtze River Diversions

simulations terminate is interesting. The vertical mean LRT is

on mitigating eutrophication in Lake Taihu (Li et al. ).
The distribution of the passive tracer was captured for

shown as contour plots in Figure 7. The numbers shown on
the contour lines are the mean LRT at that location.

each scenario during the whole simulation time. The

It is apparent that the LRT changed spatially and

renewal pathway was indicative of the depth integrated

increased radially into the lake as freshwater moved towards

ﬂow throughout the lake. Most of the main lake had been

the outlets. Longer renewal times were observed in the inner

renewed by freshwater for the original scenarios (A1

lake, the four river channels and other bays. When pumped

and B1). Better exchange results occurred in the upgraded

inﬂows in the bays and outﬂows in the inner lake were

scenarios (A2 and B2) with freshwater reaching both the

included in the upgraded scenarios (A2 and B2) (Figure 7(b)

main lake and other bays (Figure 6). One point we should

and 7(d)), renewal times were considerably reduced, as
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Renewal pathways (vertically averaged and plotted at the last day) for: (a) A1, 10 m3/s, 30 days; (b) A2, 10 m3/s, 30 days, plus pumped inﬂows at the bays and pumped outﬂow at
the inner lake; (c) B1, 5 m3/s, 60 days; (d) B2, 5 m3/s, 60 days, plus pumped inﬂow at the bays and pumped outﬂow at the inner lake. Light colour represents ‘freshwater’ with a
value of ‘0’ indicating complete renewal.

Figure 7

|

Spatial distribution of the LRT within the lake for: (a) A1, 10 m3/s, 30 days; (b) A2, 10 m3/s, 30 days, plus pumped inﬂows at the bays and pumped outﬂow at the inner lake; (c) B1,
5 m3/s, 60 days; (d) B2, 5 m3/s, 60 days, plus pumped inﬂows at the bays and pumped outﬂow at the inner lake.
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expected. The renewal time near the inlets was about 5 days

series of the vertically averaged water age indicated that

under Scenarios A (30 days) (Figure 7(a) and 7(b)) to 20 days

water age varied with time and space (Figure 8). Water

under Scenarios B (60 days) (Figure 7(c) and 7 (d)). Shorter

age at Stations A (representative of the west of the lake)

renewal times were found nearby the mouth where fresh-

and C (representative of the bays) would decrease drastically

water was discharged and this result highlighted the

under the upgraded scenarios (A2 and B2) compared to the

sensitivity of LRT to the outﬂow discharge and correspond-

data under the original scenarios (Table 4). However, the

ing scheduled time. In Scenario B2, renewal times were in a

water age maximum at Station B (representative of the

sequence of 20–50 days (Figure 7(d)), except in the Nos 2–4

inner lake) was approximately equal to the simulation dur-

river channels and the inner lake. Water is preferably

ation with no signiﬁcant difference, demonstrating a

renewed under Scenario B2 with a water exchange of

longer time needed for freshwater to be renewed. The

89.3%, the highest compared to other scenarios (Table 3).

changes at Station C were larger than other stations, demon-

The IRT is presented with renewal assumed to be

strating a good water renewal effect occurred in the bays

achieved when 80% of the domain is ventilated (vertical

when taking pumped inﬂows into consideration. Neverthe-

arrows in Figure 5). However, it was argued that renewal

less, a long time was needed for freshwater to be renewed

timescales were obtained with renewal supposed to be ﬁn-

in the inner lake due to its complicated conﬁguration of

ished when 90% of a bay was renewed in Ribbe et al.

shape.

(). Both deﬁnitions are optional in practical appli-

The water age at Stations A and D (representative of the

cations. In this study, once 80% of the original water in

east lake) increased over time up to approximately 30 days

the lake is renewed, the renewal situation would be regarded

and 38 days, respectively, suggesting that water brought in

as a reasonably good state from a perspective of manage-

by the inﬂow tributaries did not reach either of the stations

ment requirements. This adjustable standard would be

until then. After that, water age varied within a range at

more feasible and worth recommending to practical lake

Stations A and D, respectively. For Scenarios B, relatively

management. IRT ranged from 28 days (Scenario A2) to

large ﬂuctuations in water age occurred between days 35

over 30 days, implying an insufﬁcient renewal in the lake

and 50 (the time when water was transferred out at the

within 30 days’ duration under Scenario A1 (Table 3). For

No. 3 outlet) at Station A, and days 30 (the time when

Scenarios B, IRT varied from 50 days to 52 days, both fulﬁll-

water transfer occurred at the No. 2 inlet) and 55 at

ing renewal requirement within 60 days’ simulation time.

Station B (Figure 8(c) and 8(d)). This justiﬁes the high
temporal heterogeneity and spatial variability of water age

Effect of water diversion projects on water age

depending

on

hydrodynamic

conditions

distribution

inﬂow/outﬂow tributaries (Figure 4).

induced

by

As shown in Figure 9, water age increased radially
Averaged water ages in Dragon Lake were calculated in

towards the open area of the lake, illustrating a strong

every lake region. Four experiments with the same model

impact on the water age distribution by the inﬂow dis-

3

conﬁguration were conducted to simulate high (10 m /s)

charged at the two inlets, especially in neighbouring areas

and medium discharge (5 m3/s) conditions within 30 days’

of the inlets. The lowest water ages were found at the

and 60 days’ duration, respectively. Tracers were continu-

entrances of the two inlets. Spatially, water ages ranged

ously released with a constant concentration of 1 unit

from 1.0 to 30.4 days, with averages of 18.2 and 17.5 days

(arbitrary units) at the two inlets to the lake. The time

under Scenarios A1 and A2, respectively. The range was
from 1.0 to 60 days, with averages of 32.9 and 30.0 days

Table 3

|

for Scenarios B1 and B2, correspondingly.

Summary of basin-averaged exchange rate and IRT

Scenario

Exchange rate
Renewal time (d)

A1

75.3%
>30

A2

B1

B2

84.0%

85.4%

89.3%

28

52

50
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As Delhez & Carabin () pointed out, the age should
be interpreted as the time needed for a marked change in the
characteristics of the source to affect signiﬁcantly the conditions at this point. Water age at any location can be
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Time series of water age (days) at Stations A, B, C and D for Scenarios A and B.

The average and maximum water age (days) of Stations A, B, C and D under Scenarios A and B

Station

A

B

Scenario

Ave.

A1

11.9

18.3

A2

8.2

11.6

B1

19.9

48.6

B2

14.9

29.8

Max.

Ave.

C

D

Max.

Ave.

14.4

28.7

15.5

14.4

26.2

7.8

26.6

59.0

30.5

60.0

20.5

38.3

25.7

56.3

9.7

12.2

20.8

38.2

representative of the average time elapsed for water parcels

Max.

Ave.

Max.

30

7.6

10.9

10.2

7.5

10.8

the clockwise-shaped pattern is evident over the northwest part

to be transported to that location from the inlets. Compared

of the lake by the 30-day and 40-day contours (Figure 10(a),

to this, the concept of water renewal time previously used is

dark-coloured part). Relatively low water age (Figure 10(a),

somewhat artiﬁcial since it is designated manually as the

light-coloured part) was exhibited in the centre of the clock-

time that 80% of the original water is exchanged in the lake.

wise pattern. This suggested that materials were transported

It is apparent that the water age distribution showed a

more rapidly inside the central area of this pattern and

clockwise-shaped pattern in Scenarios A2, B1 and B2. As

relatively slowly in the mainstem of the clockwise pattern

well, an anti-clockwise-shaped pattern also appeared in

and at the shallow areas adjacent to the riverside bank.

Scenario B2. Taking Scenario B2 as an example for analysis,

This clockwise pattern resembles the residual current
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Distributions of average water age at the last day of the simulation time for Scenarios A (30 days) and Scenarios B (60 days).

|

Zoom of the northwest part of Dragon Lake: (a) distributions of average water age for Scenario B2; (b) the surface residual current under Scenario B2. The unit of current scale is
cm/s.

distribution with low residual currents outwards (Figure 10(b),

materials are transported out of the estuary more rapidly

dark-coloured part) and large residual currents (Figure 10(b),

in the middle of the channel (Shen & Wang ; Wang

light-coloured part) inside the clockwise pattern. This

et al. ).

pattern of residual current distribution is expected to be

This interesting pattern of the spatial water age distribution

more pronounced under the 60 days’ ﬂow condition

in these areas may be explained by two causative factors. One

(Scenario B2). Relevant ﬁndings suggest that the age distri-

is the mixing hydrodynamic condition attributed to the inter-

bution shows a tongue-shaped pattern with low age in the

actions of rapid discharge rushing into the northwest Dragon

middle of the channel and relatively high age in shallow

Lake from No. 1 inlet and the tributary inﬂow subsequently

areas adjacent to the shoreline. The result illustrates that

discharged at No. 2 inlet. This suggests that the portion of
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