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Abstract The water quality in Poyang Lake, the largest fresh-
water lake in China, has deteriorated steadily in recent years
and local governments have made efforts to manage the po-
tential eutrophication. In order to investigate the transport and
retention processes of dissolved substances, the hydrodynam-
ic model, Environmental Fluid Dynamics Code (EFDC) was
applied by using the concept of water age. The simulated
results showed agreement with the measured water level, dis-
charge, and inundation area. The water age in Poyang Lake
was significantly influenced by the variations of hydrological
conditions. The annual analysis revealed that the largest aver-
aged water age was observed during the wet year (2010) with
28.4 days at Hukou, the junction of the Yangtze River and
Poyang Lake. In the normal season (April), the youngest age
with 9.1 days was found. The spatial distribution of water
quality derived from the remote sensing images suggested that
a higher chlorophyll-a concentration, lower turbidity, and
smaller water age in the eastern area of Poyang Lake might

threaten the regional aquatic health. The particle tracking sim-
ulation reproduced the trajectories of the dissolved substances,
indicating that the water mass with greater nutrient loading
would further lead to potential environmental problems in
the east lake. Moreover, the water transfer ability would be
weakened due to dam (Poyang Project) construction resulting
in the rising water levels in periods of regulation. Generally,
this study quantified an indicative transport timescale, which
could help to better understand the complex hydrodynamic
processes and manage wetland ecosystems similar to Poyang
Lake.
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Introduction

Eutrophication has threatened many inland lakes in China,
particularly those located in the middle and lower Yangtze
River (Chen et al. 2003; Jin 2003). This eutrophication has
accompanied the economic development and human activities
in the watershed upstream of these lakes. Although there have
been few eutrophication reports for Poyang Lake in recent
years, the excessive resource exploitation in the Poyang
Lake basin has caused considerable increase in the nitrogen
and phosphorus discharge and the water quality has been
steadily deteriorating (Deng et al. 2011; Wang et al. 2008a).
Additionally, the drought periods in the last decade for Poyang
Lake have lasted much longer than in the twentieth century
due to several reasons such as sand mining, Three Gorges
Dam establishment, and climate change (Feng et al. 2012; Lai
et al. 2014). Therefore, the Jiangxi Provincial Government de-
veloped the Poyang Lake Water Conservancy Project (Poyang
Project) in 2008. It was suggested to build a series of sluice gates
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across the narrow channel at the northern end of lake to
alleviate water level declines resulting from the frequent
droughts (Fig. 1). The effects of the dam construction on
the lake ecosystem is also of great concern to local resi-
dents. Some researchers believe that the project would
bring negative effect on the entire ecosystem including
the water quality, biodiversity of fish, and habitats for mi-
grating birds (Barzen 2008; Harris and Zhuang 2010; Lai
et al. 2014). Because of these multiple natural and anthro-
pogenic factors influencing the ecological system of
Poyang Lake, it is important to monitor and estimate how
healthy the lake is from different perspectives.

Many studies have indicated that the inflow discharges will
affect the variations of nutrients and phytoplankton growth

(Jordan et al. 2003; Shen and Haas 2004). The reason is that
the time required for the pollutants or nutrients to be
transported to a specific location greatly correlates with the
discharges. Thus, an indicator related to the water parcel trans-
port time will provide valuable information in evaluating the
water ecological environment. Various timescales such as the
flushing time, turnover time, residence time, and water age
have been applied to many water bodies with the aim of
assessing the transport process of nutrients (Li et al. 2010;
Monsen et al. 2002; Shen et al. 2011). Water age is defined
as Bthe time that has elapsed since the particle under consid-
eration left the region in which its age is prescribed as being
zero^ (Delhez et al. 1999), which has been regarded as a
useful index for analyzing the distributions of pollutants under

Fig. 1 The location of Poyang
Lake, inflow tributaries, the
proposed dam, and hydrological
stations
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various conditions based on the spatio-temporal heterogeneity
(de Brauwere et al. 2011; Li et al. 2011; Monsen et al. 2002;
Liu et al. 2012). As a complementary definition of water age,
the residence time describes the duration of time for the water
parcel at any location will remain in the system. The flushing
time and turnover time involve an overall dynamic condition
of the water. However, both of them cannot be used to inves-
tigate the pollutant transport comprehensively because they do
not take the spatial variations into account. The age of water
can be calculated using different means including in situ ex-
periments, theoretical analysis, and numerical simulation
(Adkins and Boyle 1997; Gong et al. 2009; Kershaw et al.
2004), among which the numerical method is the most effi-
cient and convenient. The constituent-oriented age and resi-
dence time theory (CART) method was developed by
Deleersnijder et al. (2001) with the advantage of directly
predicting the water age by simulating the change of tracer
concentration. Also, it has been embedded in various hy-
drodynamic models and widely used in many water bodies
(Gong et al. 2009; Liu et al. 2012; Shen and Haas 2004;
Shen et al. 2011).

The aforementioned timescales are helpful to estimate the
water mass exchange ability and also can be treated as an
effective factor to investigate the spatial pattern of water
quality constituents. Delesalle and Sournia (1992) found a
positive linear relation between phytoplankton biomass and
the residence time in coral reef lagoons. Burford et al.
(2012) proposed that chlorophyll-a (chl-a) concentration and
phytoplankton productivity rates probably were correlated
with the water residence time in a wet-dry tropical estuary.
Zhang et al. (2010) also attempted to establish an empirical
relation between water age and satellite measurements, which
was sensitive to the colored dissolved organic matter (CDOM)
and phytoplankton optical signatures. With regard to Poyang
Lake, the grade of the eutrophication state is generally
assessed by means of remote sensing techniques and field
observations. Wang et al. (2015) and Wu et al. (2014a,
2014b) investigated the chl-a concentration from 2009 to
2012 in Poyang Lake by employing remotely sensed images
and in situ observations, respectively. However, available sat-
ellite data are scarce and the cost of field sampling is relatively
high. Moreover, unlike other freshwater lakes in China, re-
trieval algorithms for water quality constituents are commonly
restricted by the atmospheric correction uncertainty in water
with high turbidity like Poyang Lake. Therefore, the applica-
tion of remotely sensed images in combination with numerical
simulation provides a better prediction for water environment
conditions (Zhang et al. 2015). Given the gradual deteriora-
tion of water quality in such a significant and valuable lake
system, the water age concept is used here to investigate the
hydrodynamic processes and transport timescales of dissolved
substances by applying the three-dimensional Environmental
Fluid Dynamics Code (EFDC) model (Hamrick 1992). The

potential impacts of water age on water quality are then ana-
lyzed with the aid of satellite images and the particle tracking.
Finally, the impact of the proposed Poyang Project on the
water age is also discussed.

Materials and methods

Study area

Poyang Lake (115°50′ E∼116°50′E, 28°00′ N∼29°50′ N) is
located in north central Jiangxi Province, and it constitutes a
major hydrological subsystem of the middle and lower
Yangtze River basin in central China (Fig. 1). It provides a
habitat for many species including endangered ones. The lake
is also well known as a unique freshwater wetland with high
variability in water level and the land-water boundary. The
inundation area shows an extreme disparity between dry and
wet seasons, fluctuating from less than 1000 to over 3000 km2

(Feng et al. 2012). When the water level at Hukou is 21.71 m
in flood periods, the average water depth and lake capacity can
reach 8.4 m and 27.6 billion m3, respectively. In dry seasons,
the lake separates into a number of small unconnected wet-
lands, floodplains, and even grasslands.

Five major tributaries flow into Poyang Lake (Fig. 1) in-
cluding Xiushui (1), Ganjiang (2, 3, and 4 represent the north,
middle, and south branches, respectively), Fuhe (5 and 6 rep-
resent east and west branches, respectively), Xinjiang (7), and
Raohe (8 and 9 represent south and north branches, respec-
tively) rivers. Discharges from these tributaries drain into the
Yangtze River passing through a narrow channel in the north
lake with Hukou as the only outlet. The Yangtze River can at
times exert a great influence in regulating the flows from
Poyang Lake. The water discharging from the lake will pos-
sibly be blocked and flow may reverse. This phenomenon
usually occurs from July to September with a frequency of
708 days in 45 years (Gao et al. 2014).

The daily measured hydrological data including water level
(the elevation system used in this study is the Wusong Datum,
namely, above the sea level of the China East Sea) and runoff
from 2004 to 2011 (after the construction of the Three Gorges
Dam) are collected from the Yangtze River Water Resources
Commission and Hydrological Bureau of Jiangxi Province.
The annual and monthly average are calculated to present
the variations in total inflow from all tributaries, water level,
and outflow at the Hukou station (Fig. 2).

With the rapid economic growth of gross domestic product
(GDP) in Jiangxi Province during the last 30 years, the eutro-
phication condition has increased in Poyang Lake (Deng et al.
2011). The excess of nutrients and pollutants discharged into
the lake comes from the downstream portion of the tributaries,
where large numbers of industrial facilities have been
established. Through field sampling, many studies have
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indicated that the total nitrogen (TN) and total phosphorus
(TP) has exceeded the eutrophication level in some regions
(Chen et al. 2013; Zhang et al. 2014). Also, a regional
cyanobacteria bloom was observed by the wetland protection
agency in 2012 (Feng et al. 2014), which has made the local
government aware of the water quality problem.

Further, in response to the frequent severe droughts in re-
cent years, a 2.8-km long structure proposed in the Poyang
Project was planned to be built across the waterway near
Xingzi (Fig. 1). It would be open during wet seasons allowing
the flow to drain into the Yangtze River, while the dam would
be controlled to restrict the discharge and keep a specified
water level threshold in dry seasons. Table 1 lists the reg-
ulation scheme in detail over a hydrological year (provided
by Hydrological Bureau of Jiangxi Province in May 2013),
the main purpose being to raise the water level in dry
periods.

Model description

The EFDC hydrodynamic model has been successfully
used in simulating sediment transport, particle tracing,
water quality, thermal stratification, and salinity intrusion
in different types of aquatic systems (Li et al. 2011; Su
et al. 2014). The model works with orthogonal curvilin-
ear coordinates in the horizontal direction and sigma co-
ordinates in the vertical direction. It solves the three-

dimensional momentum equations (1–3), continuity
equations (4–5), and state equation (6) as follows:

∂t mHuð Þ þ ∂x myHuu
� �þ ∂y mxHvuð Þ þ ∂z mwuð Þ

− mf þ v∂xmy−v∂ymx

� �
Hv ¼ −myH∂x gξ þ pð Þ

−my ∂xh−z∂xHð Þ∂zpþ ∂z mH−1Av∂zu
� �þ Qu

ð1Þ

∂t mHvð Þ þ ∂x myHuv
� �þ ∂y mxHvvð Þ þ ∂z mwvð Þ

− mf þ v∂xmy−v∂ymx

� �
Hu ¼ −myH∂y gξ þ pð Þ

−mx ∂yh−z∂yH
� �

∂zpþ ∂z mH−1Av∂zu
� �þ Qv

ð2Þ

∂zp ¼ −gH ρ−ρ0ð Þρ0−1 ¼ −gHb ð3Þ
∂t mξð Þ þ ∂x myHu

� �þ ∂y mxHuð Þ þ ∂z mwð Þ ¼ 0 ð4Þ

∂t mξð Þ þ ∂x myH

Z 1

0
udz

� �
þ ∂y mxH

Z 1

0
vdz

� �
¼ 0 ð5Þ

ρ ¼ ρ p; S; Tð Þ ð6Þ
where g is the gravitational acceleration; u, v, and w are veloc-
ity components in orthogonal coordinates x, y, and z; mx and
my represent the square roots of the diagonal components of
the matrix tensor; m=mxmy is the square root of the metric
tensor determinant. The total depth,H=h+ ξ is the sum of the
water depth h and the free surface displacement ξ. p denotes
the physical pressure in excess of the reference density hydro-
static pressure divided by the reference density ρ0. The

Fig. 2 Total inflow, outflow, and water level at the Hukou station from 2004 to 2011: a annual average data, b monthly average data

Table 1 Regulation scheme of
the Poyang Project over an entire
year

Date Regulation scheme

Mar 11∼Aug 31 All sluices open, allowing free passage of water, energy, and organisms.

Sep 1∼Sep 15 Water level is controlled at 15.7∼16.7 m after the flood season.

Sep 16∼Oct 10 Water level decreases to 13.7 m considering the demand of irrigation.

Oct 11∼Oct 31 Water level decreases to 12.7 m.

Nov 1∼Jan 10 Water level fluctuates around 12.7 m.

Jan 11∼Mar 10 Water level decreases gradually to 11.7 m from Jan 11 to Feb 10, and then
fluctuates between 11.7 m to 12.7 m from Feb 11 to Mar 10.
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density, ρ, is a function of temperature, T, and salinity, S, while
b is the buoyancywhich is defined as the normalized deviation
of density from the reference value. In the momentum equa-
tions, f and AV represent the Coriolis parameter and the vertical
eddy viscosity, respectively. Qu and Qv are momentum
source–sink terms in the x and y direction, respectively.
Moreover, the EFDC calculates vertical eddy diffusivity and
vertical kinematic viscosity based on the Mellor–Yamada tur-
bulence closure scheme (Mellor and Yamada 1982).

The age of water is calculated based on the hydrodynamic
module. Assume that there is only one conservative tracer
discharged to the water body and the sources and sinks are
neglected, two advection–diffusion equations for calculating
the concentration and the age concentration can be written as
follows (Deleersnijder et al. 2001):

∂c t; x
*

 !

∂t
þ ∇ uc t; x

*
 !

−K∇c t; x
*

 ! !
¼ 0 ð7Þ

∂α t; x
*

 !

∂t
þ ∇ uα t; x

*
 !

−K∇α t; x
*

 ! !
¼ c t; x

*
 !

ð8Þ

where c and α are the tracer and age concentration, respec-
tively, u represents the velocity field, K is the diffusivity ten-
sor, t and x

*
are time and distance. The water age a at any

specific location and time is defined as:

a t; x
*

 !
¼

α t; x
*

 !

c t; x
*

 ! ð9Þ

In addition, the flushing time of the lake was also taken into
account to provide an overall evaluation for water renewal
capacity. It describes the exchange characteristics of a water
body without identifying underlying physical processes and
spatial distribution (Monsen et al. 2002). The concept was
defined by Geyer et al. (2000), meaning the Bthe ratio of the
mass of a scalar to the rate of renewal of the scalar^, which
could be calculated as the volume of a water system, V, divid-
ed by the volumetric flow rate, Qout. In the current model, it
was written as follows:

T f ¼ V

Qout
¼

X
k

Nk ⋅Depk

Qout
ð10Þ

where V is the total capacity of the lake, Qout is the daily
outflow from the lake, Nk and Depk are the area and the water
depth of the k th grid point.

Model setup

Satellite images during the extraordinary flood period in 1998
were used to delineate the land–water boundary. The study
site was divided into 19,481 rectangular grid cells horizontally
with the resolution ranging from 300 to 500 m and five sigma
layers in the vertical were applied to better adapt to the tre-
mendous change in topography. The observed daily discharge
of the five major incoming tributary rivers were set as the
upstream boundary conditions and the downstream boundary
condition was specified as the daily average water surface
level at the Hukou station. The water level at each hydrolog-
ical grid cell on the first day of simulation was interpolated
over the lake as the initial condition using an inverse distance
weighting scheme. Atmospheric data at the Boyang meteoro-
logical station (Fig. 1) was collected from the China
Meteorological Data Sharing Service System (http://cdc.
nmic.cn/) including daily precipitation, temperature, relative
humidity, and atmospheric pressure. For wind data, a six
hourly reanalysis product was acquired from the European
Centre for Medium-Range Weather Forecasts (ECMWF,
http://www.ecmwf.int/) at five locations around Poyang
Lake as multiple inputs.

Considering the Courant–Friedrichs–Lewy (CFL) condi-
tion and computing costs, a dynamic time step solution was
applied with a base increment of 1 s. The water age model was
established based on the dye/age module in the EFDC.
Passive tracers with a constant concentration of one unit were
continuously released together with the discharges from all the
inflows after a spin-up period of 2 months and the initial tracer
concentration at each grid cell was set as zero.

Model application

From a management perspective, understanding the timescale
for pollutants and nutrients discharged into a water body to be
transported to another location or out of the system under
different hydrological conditions is important, and thus, one
can diagnose the contributions of underlying dynamic pro-
cesses (Shen and Haas 2004; Shen and Wang 2007). In order
to investigate the influence of the hydrological condition on
the water age for Poyang Lake, a series of scenarios was set up
based on the inflows, water levels, and meteorological data for
different representative periods. A summary of these scenarios
is listed in Table 2.

Scenarios 1 to 3 were used to present the inter-annual var-
iations of the water transfer and exchange process. In 2010,
serious floods occurred and the maximum inundation was
found in 6 of 12 months during the last decade in Poyang
Lake (Feng et al. 2012), while the most severe drought during
the past 60 years happened in 2011. Therefore, the year of
2010 and 2011 were used to present the wet and the dry year,
respectively. Additionally, with an annual mean water level
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with approximately 11.5 m in 2009 could be regarded as the
normal year according to historical surveys. All the three sce-
narios were run for 365 days by applying the continuous time
series data in the corresponding period. Similarly, the months
of January, April, and June were selected as representing the
dry, normal, and wet seasons, respectively (scenarios 4 to 6)
by investigating the hydrological data from 2004 to 2011.
Driven by the monthly averaged inflows and water level, each
scenario was run for 50 days to reach a state of equilibrium.
The wind and other atmospheric conditions were excluded for
simplicity because the sensitivity analysis showed the meteo-
rological effect played minor roles on water age features. The
same condition was used in scenario 7 as in scenario 2, except
the water level time series at the downstream boundary was
regulated by the Poyang Project. The regional changes in wa-
ter exchange in the normal year after the completion of the
project could be obtained by comparing the water age in the
two scenarios.

Although the transport capacity for dissolved substances
could be estimated by the time series and spatial distribution
of water age, monitoring how such substances moved and
then exported or resided in the water body could not intuitive-
ly be determined. Therefore, in order to investigate the path-
ways of water mass imported from each inflow, a Lagrangian
particle tracking method in the EFDC was applied (Hamrick
1994). At the exit of each tributary, 200 particles were released
into Poyang Lake with a fixed water depth of 1 m considering
a random walk process and the results were obtained for a
state of equilibrium.

Satellite images

Moderate Resolution Imaging Spectroradiometer (MODIS)
images have provided daily global measurements over the last
decade. The temporal-spatial resolution of these data is suit-
able for hydrology and water quality monitoring in large-scale
water bodies (Wu et al. 2013). The MODIS 8-day reflectance
products, MOD09Q1 (http://ladsweb.nascom.nasa.gov) were

applied to extract the total inundation area for Poyang Lake
from 2009 to 2011 to verify the model results. A simple
normalized difference vegetation index (NDVI) threshold
method proposed by Huete et al. (2002) combined with
visual interpretat ion was appl ied for water area
classification.

To investigate the relation between water age and wa-
ter quality in spatial distribution, MODIS daily reflec-
tance product (MOD09GA) was collected to derive the
chl-a and sediment concentration using a semi-analytical
method proposed by Wang et al. (2015) and Cui et al.
(2013), respectively. It has been demonstrated that the
chl-a concentration is higher in autumn and summer
due to suitable water temperatures for phytoplankton
growth (Wu et al. 2014a). Additionally, available data
were limited by the sensor-induced noise and cloud cov-
er. Consequently, two cloud free images with high qual-
ity were chosen for analysis, namely those from October
2009 and October 2010.

Results and discussion

Model verification

Three methods are often used in the parameter calibration
process: manual trial-and-error, automatic optimal search,
and man–computer interactive search (Chen et al. 2010).
The manual trial-and-error method was applied in this study,
namely, the simulated water level and discharges were com-
pared with the measurements repeatedly by adjusting the pri-
mary physical and empirical parameters in a recommended
range. The bottom roughness height was taken as uniform
and set at a typical value of 0.02 m (Berntsen 2002). The
horizontal momentum diffusivity was adjusted as 0.2
(Hamrick 1992) and the critical wet/dry depth of 0.5 m was
specified in order to better simulate the extreme variation of
inundation area during drought and flood periods.

Table 2 A summary of different simulation scenarios

Simulation Description Inflow (m3/s) Water level at Hukou (m) Meteorological conditions

Xiushui Ganjiang Fuhe Xinjiang Raohe

Scenario 1 Wet year 2010 series 2010 series 2010 series

Scenario 2 Normal year 2009 series 2009 series 2009 series

Scenario 3 Dry year 2011 series 2011 series 2011 series

Scenario 4 Wet season 400 4686 928 1298 784 15.39 Not included

Scenario 5 Normal season 431 3119 623 935 509 11.24 Not included

Scenario 6 Dry season 309 860 141 229 115 8.18 Not included

Scenario 7 Poyang Project 2009 series Regulated series 2009 series
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The simulated water surface elevation shows close
agreement with the observations at four gauging stations
(Fig. 3a–d). The coefficient of determination (R2) of the
results at Xingzi, Duchang, Kangshan, and Wucheng was
0.996, 0.983, 0.895, and 0.939, respectively, and the root
mean square error (RMSE) varied from 0.245 m (Xingzi)
to 0.843 m (Wucheng), which indicates that the EFDC
model has the capability to reproduce the high-dynamic
changes in water level for different periods. These results
also showed that the water levels were overestimated in dry
periods, which could be attributed to the following: (1) the
bathymetric data used in this study was measured in 2000
and the excess artificial sand dredging activities from 2001
to 2008 has changed the lake bed (Lai et al. 2014), or (2)
the gradual recession of water changed the morphology of
shorelines from a lake into a river channel. Consequently, a

proportion of the dry grid cells in the model was not in-
volved in the numerical computation and might cause an
inaccurate prediction (about 70 % dry grids in the lowest
water level period).

Discharges at the Hukou station in 2010 and 2011 were
also calculated to investigate the water exchange process be-
tween the Yangtze River and Poyang Lake. The simulated
discharge was in reasonable agreement with the gauged out-
flow with RMSE and R2 of 1463.7 m3 and 0.891 (Fig. 3e).
Particularly, the blocking effect of the Yangtze River water
levels could be observed during the period when reverse flow
occurred in October and September 2011. Figure 3f also
shows a good agreement between model prediction and
MODIS extraction of the inundation area with RMSE and
R2 of 326.5 m2 and 0.925, suggesting that the calibratedmodel
could be further applied in water age estimation.

Fig. 3 Comparison between model results and observations: a–d water level at different hydrological stations, e daily discharge at the Hukou station,
f inundation area extracted by MODIS images

Environ Sci Pollut Res (2016) 23:13327–13341 13333



Water age in Poyang Lake

Inter-annual variations of water age

The depth averaged water age at five hydrological stations for
three representative years (scenarios 1∼3) is shown in Fig. 4.
In general, the water age exhibited a fundamental trend of
Duchang>Hukou>Xingzi >Kangshan>Wucheng. The rea-
son for this great disparity was attributed to the distance be-
tween the five tributaries and the stations. Duchang is north of
Songmen Mountain, which is separated from all the inflows,
while Kangshan and Wucheng are located near the outflows
of the Xinjiang and Ganjiang rivers (Fig. 1). As a result, the
minimum averaged water age for all three years was found at
Wucheng and was less than 27.0 days, while the maximum
was located at Duchang, ranging from 8.5 to 166.1 days. A
longer water age was usually observed in the water recession
periods (September and October), while the shorter ages most-
ly occurred during an overflow period in each year.

The water surface elevation of Poyang Lake varied signif-
icantly in different seasons. This variation led to a large num-
ber of dry grid cells in drought periods and consequentlymade
it difficult to evaluate the water age over the entire lake.
Besides, the model was driven by time-dependent inflows
and could not reach a state of equilibrium. Therefore, flushing
time and the water age at the sole outlet became the focus of
this study. The latter concept also is known as the transit time
(Bolin and Rodhe 1973), which was considered as a special
case of the water age. Table 3 lists the water age at Hukou and
the flushing time for the three years to express the discrepancy
resulting from different characteristics of the years. The basic
tendency of water age and flushing time is that wet
year>normal year>dry year and the relation at other stations
was almost the same (Fig. 4), suggesting the water mass is
more Bactive^ in dry years than either of the other two years. A
standard deviation was also calculated and plotted, showing

that the largest variation range of the water age at five stations
throughout an entire year was in the normal year scenario
(21∼60 % higher than other years). Overall, the features of
water age highly depend on the hydrodynamic process varia-
tions caused by different hydrological conditions such as in-
flow and water level.

Seasonal variations of water age

Seasonal variations affect the water transport process substan-
tially inmanywater bodies, especially those with high dynam-
ics. The balance and regulation of biochemical characteristics
might be further influenced by these variations. Figure 5
shows that the water age pattern is similar in different seasons
although the spatial coverage of water varied extremely. The
channel in the north lake showed a shorter water age with an
average of about 15 days compared to other regions. The east
lake and some branches of the south lake presented the largest
water age with more than 40 days in all seasons. Notice that as
the total simulation time increased (for example, 365 days),
the water age in these areas went up steadily and could reach
more than 300 days on Julian day 365, whereas other parts of
the lake hold a constant level ranging from 10 to 30 days. This
suggests that there is less water mass brought in by each in-
flow to such regions. Particularly, the Banghu Lake section

Fig. 4 Mean and standard
deviation of simulated water age
at five hydrological stations for
scenarios 1 to 3. The standard
deviation (S.D.) was derived from
the daily water age for each year

Table 3 Annual averaged hydrological data, flushing time and water
age at Hukou for scenarios 1 to 3

Dry year Normal year Wet year

Period 2011 2009 2010

Measured inflows (m3/s) 2777 3212 5669

Measured water level (m) 10.73 11.71 13.47

Water age (day) 19.0 25.1 28.4

Flushing time (day) 21.2 25.0 26.0
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(Fig. 1) in the west zone showed a higher age in the dry season
than the other two seasons because the separation from the
main lake made it unconnected with the inflows, leading to
little freshwater exchange with the main water body. In addi-
tion, the water age difference in normal and wet seasons be-
tween the west and east bank in the north lake could be as-
cribed to the different arrival times of each source of water, the
bathymetry, and the Coriolis force. The two sections were
partitioned by a deep channel along the north lake, resulting
in a stronger capacity for the west bank to export water to the
Yangtze River.

The maximum flushing time and water age at the Hukou
station are observed in wet seasons, while the minimum
values are obtained in normal seasons (Table 4). The results
indicate that once contaminants are brought into the lake from
inflows, they tend to be transported out of the lake more rap-
idly during the normal season. Commonly, the water age at the
mouth of an estuary is regulated by the discharge of rivers, and
higher flows always correspond to a shorter water age and
residence time (Liu et al. 2011). However, no obvious relation
was found between water age and inflows for Poyang Lake.
The reason is that the seasonal runoff and precipitation control
the fluctuations of water level and hydraulic slope across the
lake. The topography differences between south and north
lake cause a greater water level difference in dry seasons.
During the transition period from dry to wet, the water surface
gradient gradually decreases and the water level at all the
stations becomes nearly identical over the entire lake in the
wet season due to the blocking impact of the Yangtze River
(Fig. 3a–d). As a result, even though the discharge is relatively
larger in wet seasons, the water exchange rate is usually re-
stricted, which is evidenced by the hydrodynamics. Here, the
whole lake was divided into four sections including north,

center, south, and east according to the flow characteristics
(Fig. 1, Fig. 6). Clearly, the depth averaged velocity is the
highest during the normal season in different regions except
for the center lake, where the dry season and normal season
have similar values. In terms of the four sections, the largest
velocity can be observed in the north lake with values of 0.20,
0.27, and 0.21 m/s for dry, normal, and wet season, respec-
tively. The velocity was almost equal in the center and south
lake with values around 0.1 m/s. Finally, a circulation pattern
with a minimum velocity was found in the east lake. A turbu-
lent current was more conducive to stimulate material trans-
port in the water and accordingly the spatial heterogeneity of
the velocity field could be the main reason explaining the
water age distribution.

Water age impact on chlorophyll-a distribution

It has been proven that the planktonic biomass and contami-
nant distributions are related to the water renewing timescales
in many water bodies (Lucas et al. 2009; Monsen et al. 2002;
Muylaert et al. 2000). As a consequence, the prediction of
water age is helpful to evaluate the phytoplankton growth

Fig. 5 Spatial pattern of water age (in days) for the 50th day of the simulation for scenarios 4 to 6

Table 4 Monthly averaged hydrological data, flushing time, and water
age at Hukou for scenarios 4 to 6

Dry season Normal season Wet season

Period January April June

Measured inflow (m3/s) 1642 5611 8106

Measured water level (m) 8.18 11.24 15.39

Water age (day) ∼12.7 ∼9.1 ∼15.9
Flushing time (day) ∼14.1 ∼9.9 ∼16.3
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intensity in different areas. Figure 7a, b, d, and e displays the
similarities in patterns of remote sensing retrieved chl-a con-
centration and water age. A larger age and higher chl-a con-
centration in the east lake was notable, whereas the north lake
maintained a relatively lower chl-a concentration in accor-
dance with the younger water age. Moreover, the water age
distribution was also highly consistent with the spatial inter-
polation of chl-a based on the 4-year field observation (Fig. 2
in Wu et al. 2014b). Such spatial agreement suggests that the
underlying cause of water quality heterogeneity could be the
retention of substances induced by hydrodynamic conditions.
A water body with a smaller residence time would export

nutrients more rapidly to downstream and inhibit the forma-
tion of algal blooms (Ji 2008), resulting in lower chl-a
concentrations.

In addition, the excessive dredging activity in the lake and
the construction of the Three Gorges Dam has caused a dra-
matic change in water transparency, the lake storage capacity,
and the river–lake sediment exchange (Wu et al. 2007; Gao
et al. 2014; Lai et al. 2014). Although sandmining disturbs the
bed load and brings abundant nitrogen and phosphorous up to
the water column, the weak transmission of light would limit
the phytoplankton growth by insufficient photosynthesis.
Zhang et al. (2014) indicated that the chl-a concentration in

Fig. 6 Depth averaged velocity
(m/s) in different sections of the
lake for scenarios 4∼6. The
standard deviation (S.D.) was
derived from the water ages for all
the grid cells in the corresponding
section
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the east lake was higher than other regions with a lower
sediment concentration and Wu et al. (2014a) also pointed
out that the chl-a concentration was related to the shade
index (the ratio of water depth to water transparency) in
such regions. Fig. 7c, f shows that a lower sediment con-
centration (<20 mg/L) in the east lake was evident com-
pared with other sections. Note that dredging vessels exca-
vated mainly around the Songmen Mountain (Fig. 1) and
the sediment concentration was mostly affected by the hu-
man activities at these locations. Basically, an area with
higher chl-a concentration has lower sediment concentra-
tion in Poyang Lake, as well as a larger water age.

In principle, more rigorous analyses are required to deter-
mine whether the water age is the most important driving
factor for chl-a concentration because several natural condi-
tions and anthropogenic influences can affect the growth of
aquatic plants, such as the solar radiation and sewage dis-
charge. Nevertheless, the spatial distribution of water age

reflects the water retention timescale in different zones, which
provides a valuable indicator for diagnosing biological and
chemical processes and monitoring the regional aquatic
environment.

Trajectories of water parcel from tributaries

It is well known that most of the dissolved substances enter a
water body from the upstream watershed of each tributary via
the river flow. If the biological processes are not taken into
consideration, the Lagrangian particles simulation can be used
for tracking the trajectories of pollutants and nutrients. Given
that larger discharges from the upper stream usually carry
more substances into the lake, the particle tracking simulation
was achieved based on the wet season scenario (scenario 4).
Figure 8 shows that the majority of the particle transport
routes were heading to the outlet (Hukou) rather than a non-
directional flow pattern. There were few particles retained in

Fig. 7 Spatial distribution of water age, chl-a concentration (mg/L), and
sediment concentration (mg/L): a water age on Oct 25, 2009, b chl-a
concentration on Oct 25, 2009, c sediment concentration on Oct 25,

2009, d water age on Oct 3, 2010, e chl-a concentration on Oct 3,
2010, f sediment concentration on Oct 3, 2010
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the lake for most tributaries except for the Raohe River, where
a portion of particles from the north branch resided in the
east lake (Fig. 8i). The particles did not reach certain re-
gions of the lake, like the narrow enclosed channel of the
south and east section, in which higher water age could be
observed (Figs. 8 and 5).

From a perspective of management, more attention should
be paid to the regions near these particle trails when industrial
waste or domestic sewage from river inflows contains a higher
nutrient or pollutant load. Studies indicated that developing
industries and agriculture in the upstream watershed produced
a large quantity of polluted water entering Poyang Lake, es-
pecially from the Xinjiang and Raohe rivers that suffer severe
pollution from the large numbers of copper mines (He et al.
2001, 2013). Furthermore, as the largest tributary of Poyang
Lake, the Ganjiang River passes through the major agriculture
land in Jiangxi Province. The river carries non-point source
pollution into the lake, which results in higher nutrient con-
centrations than for other rivers (Wang et al. 2008b). This high
nutrient loading could also be one possible reason for a higher
chl-a concentration around outlets of Xinjiang, Raohe, and
Ganjiang, even though the water age at these locations are
smaller (Fig. 8d). It was demonstrated by field sampling that
not only were the nutrients sufficient for eutrophication (Chen
et al. 2013), but the concentration of TN/TP also peaked in the
east area (Wu et al. 2014a). Based on the synthetic effect of the

retained substances from the Raohe River, non-turbid water
column, higher water age, and sufficient nutrients for phyto-
plankton growth in the east lake, there might be a potential
threat for water quality deterioration, even for eutrophication.

The effect of Poyang Project on water age

After the Poyang Project is completed, the regional hydrodynam-
ic processes will be altered. The raising water level in the north
lake will cause a decrease in the south–north water surface gra-
dient and affect the flow rate and the water self-purification abil-
ity. Hu et al. (2012) also indicated that the TN/TP concentration
in the entire lake will increase by more than 12 % after the
establishment of the dam. In the view of the water age, the
increase will enhance the water exchange ability and dilute the
nutrient loading, while the decline suggests weaker water move-
ment and more appropriate conditions may be reached for phy-
toplankton growth. The difference in the water age time series
between scenario 2 and scenario 7 at the Hukou station indicates
that such timescale was significantly influenced by the water
conservancy project (Fig. 9a). In the flood season, namely, from
April to October, the water ages in the two cases were similar
because of the open sluices (free discharge). The backflow from
the Yangtze River gave rise to the sudden reduction of water age
on 10 August, which meant that the Yangtze River became an
additional inflow. In contrast, the water age in the regulation

Fig. 8 Trajectories (blue lines) and end positions of water mass from each tributary (red inverted triangles)
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period altered dramatically because of the controlled water level.
The mean water age in the regulation period at Hukou was
40.8 days with Poyang Project, which was about 13.6 days more
than the non-project case. The spatial difference of water age
between the two circumstances also was investigated under an
extreme drought conditionwith awater level of 8m at theHukou
station (Fig. 9b). In general, thewater age increased at all sections
on average. The inundation area with increasing ages occupied
15.3 % more than that with decreasing ages. Especially for parts
of the east lake, the establishment of the dam would raise the
water age most remarkably by more than 50 days. Due to the
weaker water exchange ability in these specific regions, there
might be higher risks for water quality deterioration.

Conclusions

The main purpose of this study was to reveal the water mass
transport ability in Poyang Lake, the largest freshwater lake
with high risks of eutrophication in China. The water age was
computed based on the three-dimensional hydrodynamicmodel
EFDC under several representative hydrological conditions. At
an annual scale, the water age at the sole outlet of Poyang Lake
peaked in wet years (28.4 days) indicating that the water mass
was more likely to reside longer in the lake for wet years than
for normal (25.1 days) and dry years (19.0 days). The water
exchange ability in Poyang Lake was dominantly controlled by
both inflows and water level, which provided evidence that the
water age in a normal season (9.1 days) is younger than that in
wet (15.9 days) and dry seasons (12.7 days).

The spatial heterogeneity of water age was pronounced in
spite of the dynamic inundation changes. In most areas of the
lake, the age ranged from 10 to 30 days, while it reached more
than 300 days in the east lake and some enclosed channels of
the south lake. The spatial distribution of water age was highly
correlated with the pattern of chl-a and sediment concentrations
derived from satellite images, which illustrates that the water
quality variations at different sites could be predicted by the
water age. With the aid of Lagrangian particle tracking, it was
found that the water with higher nutrient concentrations from
the Raohe River could be trapped within the east lake. Coupled
with the higher water age and lower turbidity, the potential risks
of eutrophication might exist in such region. Additionally, the
proposed Poyang Project would decrease the mobility of dis-
solved substances during dry periods in most areas even though
the droughts could be alleviated. On the whole, a valuable
timescale indicator has been provided for environment moni-
toring and it could also help policy makers to better understand
the physical and hydrodynamic processes in Poyang Lake.
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