
water

Article

Study on the Transport of Terrestrial Dissolved
Substances in the Pearl River Estuary Using
Passive Tracers

Bo Hong 1,2,*, Guangyu Wang 1, Hongzhou Xu 3,* and Dongxiao Wang 2,4

1 School of Civil and Transportation Engineering, South China University of Technology, Wushan Rd.,
Tianhe District, Guangzhou 510641, China; mswgy@mail.scut.edu.cn

2 Southern Laboratory of Ocean Science and Engineering (Guangdong, Zhuhai), Zhuhai, 519000, China;
dxwang@scsio.ac.cn

3 Institute of Deep-sea Science and Engineering, Chinese Academy of Sciences, Luhuitou Rd., Sanya 572000,
China

4 State Key Laboratory of Tropical Oceanography, South China Sea Institute of Oceanology, Chinese Academy
of Science, Guangzhou 510301, China

* Correspondence: bohong@scut.edu.cn (B.H.); hzxu@sidsse.ac.cn (H.X.)

Received: 12 November 2019; Accepted: 23 April 2020; Published: 26 April 2020
����������
�������

Abstract: Highly populated river deltas are experiencing marine environment degradation resulting
from the tremendous input of terrestrial dissolved substances (TeDS). The Pearl River Delta is one of
the deltas with degradation of the water quality and ecological condition. The Pearl River Estuary
(PRE) was investigated to reveal the fate and transport timescales of TeDS in order to provide guidance
on water resource management and pollutant transport prediction. By using passive tracers in a
calibrated 3D numerical model, the TeDS transports from five different outlet groups were investigated
systematically. The TeDS transport time was computed by using the concept of water age, which is a
measure of the time that has elapsed since the tracer was transported from the upstream boundary
to the downstream concerned area. The tracer impacted area was defined by the area with tracer
concentrations > 0.2 (arbitrary unit). The domains that were impacted by the tracer coming from
each outlet group were identified separately. In the wet season, the impacted area was larger than in
other seasons. The most prominent variations appeared in the Jiaomen–Hengmen–Hongqili (JHH)
and Modaomen (MD) outlets. The hydrodynamic conditions controlled the offshore spreading of the
TeDS. Assuming the TeDS were conservative, it took approximately 10–20 days for the TeDS to be
transported from the head water to the entrance of the outlet. For the TeDS coming from the head
water of the Humen outlet, it took approximately 40 (80) days for the TeDS to be transported out of
the mouth of the Lingding Bay during the wet (dry) season. For the case of the TeDS coming from
the head water of the JHH outlets, it took approximately 20 (40) days for the TeDS to be transported
out of the Lingding Bay during the wet (dry) season. For the MD, Jiti and Yamen–Hutiao outlets,
it usually took approximately 10 days for the TeDS to be transported from the head water to the
inner shelf. The correlation coefficient between the river flow and tracer concentrations was 0.78,
and between the river flow and transport time it was −0.70 at a station in the lower Lingding Bay.
At the estuary mouth, the impacts of other forcing fields got stronger.
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1. Introduction

In recent decades, a number of studies have shown evidence of coastal marine environment
degradation resulting from tremendous inputs of terrestrial dissolved substances (TeDS), which include
pollutants, nutrients, organic matter, etc. [1–4]. In developing countries, 80% of domestic sewage is
discharged into rivers, lakes and oceans without any treatment [5]. A growing number of anthropogenic
activities create more environmental pressures on river deltas compared to other regions [6,7].
Understanding the fate and transport dynamics of TeDS in river deltas is especially urgent in dealing
with coastal marine pollution and eutrophication and making efficient policies to alleviate the impact
of human activities.

The transport of water and dissolved substances in an estuary is influenced by numerous
factors, such as river discharge, tides, winds, bottom topography, the Coriolis effect, etc. It is usually
difficult to track TeDS coming from different source regions, since hydrodynamic processes usually
result in a mixture of them. Meanwhile, it is also challenging to estimate the transport timescales
of TeDS, because the calculation of spatially and temporally varied TeDS transport times is not
straightforward when using traditional data like velocity, salinity or nutrient concentration. However,
accurately mapping the fate and transport timescales of these biogeochemical substances is essential to
both oceanographic research and environmental management. Using artificial tracers in numerical
modeling is one of the feasible methods that can be used to adequately quantify the transport of TeDS
in complicated coastal marine environments.

The advantages of using artificial tracers in marine environments have been demonstrated in
several previous studies. For example, Du and Shen [8] used passive tracers (dye) to understand the
influence of estuarine circulation on the redistribution of riverine materials from different sources.
Hirst [9] examined the penetration and fate of North Atlantic deep water in a global ocean model.
Delhez and Deleersnijder [10] simulated the advection–dispersion of tracers discharged at the nuclear
fuel reprocessing plant of Cap de La Hague and demonstrated the advantages of the method in the
description of temporal variations of the mean age. Both particle trajectories and passive tracers were
used in a three-dimensional circulation model by Döös and Engqvist [11] to estimate the potential
fate and distribution of radio-nuclides released in the coastal region of the Baltic Sea. Hong et al. [12]
used passive tracers to investigate the water exchange between Baltimore Harbor and Chesapeake Bay.
Additionally, transport times are frequently used to diagnose circulation and mixing in estuaries and
the ventilation rates of lakes, estuaries and ocean basins. Shen and Haas [13] used a three-dimensional
numerical model to calculate the age distribution for the substances released from the head waters
of the York River Estuary under different hydrodynamic conditions. Through age tracer modeling,
Gustafsson and Bendtsen [14] quantified the timescales of downward (upward) mixing of surface
(bottom) water in a shallow fjord. Hong and Shen [15] also used passive tracer transport timescales
to estimate the sea-level rise effect on the gravitational circulation of Chesapeake Bay. The vertical
transport timescale was used as an index to estimate bottom water dissolved oxygen replenishment in
Chesapeake Bay by Hong and Shen [16]. Karna and Baptista [17] applied the concept of water age to
investigate water renewal timescales in the Columbia River Estuary. A recent study by Du et al. [18]
used passive particles to study the fate and retention of pollutants in Galveston Bay. They used a new
transport timescale, called the local exposure time, to quantify the spatially varying susceptibility to
released pollutants.

In recent decades, concerns about the fate and transport timescales of TeDS have risen in highly
populated river delta areas. Being an estuary with complex river networks and profound anthropogenic
impacts, the Pearl River Estuary (PRE) is a good candidate to investigate TeDS transport processes.
The PRE is a large and productive estuary located in the Guangdong–Hong Kong–Macao Greater
Bay Area of southern China (Figure 1). The PRE has eight outlets (Humen, Jiaomen, Hongqili,
Hengmen, Modaomen, Jitimen, Hutiaomen and Yamen) and several bays and sub-estuaries (Lingding
Bay, Modaomen estuary, Jitimen estuary, Huangmao Bay, and Shenzhen Bay). The Lingding Bay
is the largest bay in the PRE. The water body of the PRE receives a high load of anthropogenic
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organic pollutants from increased industry, agricultural activities, fish dike farming and sewage
effluents [19–21]. The degradation of the water quality and ecological condition of the PRE has been
frequently reported [21–24]. Data released by the 2016 Guangdong Marine Environment Bulletin
indicated that the total mass of pollutants released into the Pearl River in 2016 was 2.03 × 106 tons,
which includes chemical oxygen at 1.52 × 106 tons, ammonia at 2.82 × 104 tons, nitrate at 4.12 × 105 tons,
nitrite nitrogen at 2.74 × 104 tons and total phosphorus at 2.40 × 104 tons. Because of the large number
of rivers and streams and frequent precipitations events in the Pearl River Delta (PRD), surface runoff

is a major source of contaminants and nutrient loads in the adjacent coastal water. Large amounts
of wastes and nutrients are continuously generated throughout the PRD, resulting in a substantial
increase in the number of contamination sources and a deterioration of water quality and ecological
conditions in the PRE.

Water 2019, 11, x FOR PEER REVIEW 3 of 21 

 

PRE has been frequently reported [21–24]. Data released by the 2016 Guangdong Marine 
Environment Bulletin indicated that the total mass of pollutants released into the Pearl River in 2016 
was 2.03 × 106 tons, which includes chemical oxygen at 1.52 × 106 tons, ammonia at 2.82 × 104 tons, 
nitrate at 4.12 × 105 tons, nitrite nitrogen at 2.74 × 104 tons and total phosphorus at 2.40 × 104 tons. 
Because of the large number of rivers and streams and frequent precipitations events in the Pearl 
River Delta (PRD), surface runoff is a major source of contaminants and nutrient loads in the adjacent 
coastal water. Large amounts of wastes and nutrients are continuously generated throughout the 
PRD, resulting in a substantial increase in the number of contamination sources and a deterioration 
of water quality and ecological conditions in the PRE. 
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The color scale represents the elevation above mean sea level in meters; (c) the bathymetry of the PRE. 
The PRE includes eight outlets (Humen, Jiaomen, Hongqili, Hengmen, Modaomen, Jitimen, 
Hutiaomen and Yamen) that bring fresh water to the estuary. The Lingding Bay is the largest bay in 
the PRE. Stations (red squares, named 1–5 from upstream to downstream) and transects (yellow lines, 
named HM, JHH, MD, JT and YH from east to west) are used for later analyses. Major cities 
(Guangzhou, Foshan, Dongguan, Shenzhen, Jiangmen, Zhuhai, Hong Kong and Macao) around the 
river delta are also marked (red circles). Among these cities, Guangzhou and Shenzhen are 
megalopolises. 

To date, the fate and transport timescales of TeDS in the PRE have not been fully investigated. 
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TeDS have entered an outlet, how to locate their impacted area? This type of information, however, 
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can be modulated by both physical and biochemical processes that vary over time scales ranging 
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several previous studies have indicated that the contributions of physical processes are especially 
important in controlling the transport of nutrients and pollutants, and that a complete understanding 
of the physical processes is essential to quantify the impact of biochemical processes on estuarine 

Figure 1. (a) The Pearl River Estuary (PRE) on the southern coast of China; (b) the Pearl River basin.
The color scale represents the elevation above mean sea level in meters; (c) the bathymetry of the PRE.
The PRE includes eight outlets (Humen, Jiaomen, Hongqili, Hengmen, Modaomen, Jitimen, Hutiaomen
and Yamen) that bring fresh water to the estuary. The Lingding Bay is the largest bay in the PRE.
Stations (red squares, named 1–5 from upstream to downstream) and transects (yellow lines, named
HM, JHH, MD, JT and YH from east to west) are used for later analyses. Major cities (Guangzhou,
Foshan, Dongguan, Shenzhen, Jiangmen, Zhuhai, Hong Kong and Macao) around the river delta are
also marked (red circles). Among these cities, Guangzhou and Shenzhen are megalopolises.

To date, the fate and transport timescales of TeDS in the PRE have not been fully investigated.
With a drainage area of approximately 4.5 × 105 km2, the Pearl River discharges both freshwater and
TeDS into the continental shelf of the northern South China Sea (SCS) through eight outlets (Figure 1c).
It is usually difficult to isolate pollutants coming from the different outlets of the PRE. Once the TeDS
have entered an outlet, how to locate their impacted area? This type of information, however, would
help to identify the dominant sources of pollutants in the inner shelf. Additionally, once the pollution
event has happened in the upstream, how long will it take for pollutants to be transported into the
concerned area and what are their major pathways? To answer these questions, a systematic assessment
of TeDS transport processes in response to various hydrodynamic conditions is required. In this
study, a three-dimensional hydrodynamic model with a passive tracer transport module was applied
to investigate the transport processes of TeDS under realistic hydrodynamic conditions in the PRE.
By using passive tracers, both the temporal and spatial variations of TeDS and their corresponding
transport timescales could be calculated within assumptions. The transport of TeDS can be modulated
by both physical and biochemical processes that vary over time scales ranging from minutes to decades.
The physical and biochemical processes are tightly coupled. However, several previous studies have
indicated that the contributions of physical processes are especially important in controlling the
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transport of nutrients and pollutants, and that a complete understanding of the physical processes is
essential to quantify the impact of biochemical processes on estuarine systems [16,25,26]. To isolate
the biochemical processes from the physical processes in the PRE, the biochemical processes were
excluded from the three-dimensional numerical model and the TeDS were simulated by passive tracers
only. This was an efficient way to evaluate the modulation of physical processes on the fate and
transport timescales of the TeDS. Detailed information on the TeDS simulation can be found in Section 2.
The findings of this study will provide important information and function as a scientific reference
for the management of water resources and marine environment protection in the Guangdong–Hong
Kong–Macao Greater Bay Area.

The paper is organized as follows. Section 2 describes the model configuration and strategy of
modeling the tracer transport processes to understand the transport of TeDS. Section 3 presents the
results. Discussion and conclusions are presented in Sections 4 and 5, respectively.

2. Materials and Methods

2.1. Numerical Model Description

The three-dimensional Hydrodynamic-Eutrophication Model (HEM-3D) developed by the Virginia
Institute of Marine Science was used for this study. The hydrodynamic portion of the HEM-3D model
is the Environmental Fluid Dynamics Code (EFDC) [27]. It uses boundary-fitted curvilinear grids
in the horizontal and sigma grids in the vertical. This model has been successfully applied in
Chesapeake Bay [8,15], estuaries in Virginia, USA [13,28,29], and the PRE [30]. In its application in
the PRE, the model was fully calibrated for tides, salinity and current velocity against all available
observations [30]. The same model configurations and external forcing fields were used in this study.
As shown in Figure 2, the model domain covered the entire PRE and the adjacent upstream river
network. The horizontal resolution of the model grids ranged from approximately 40 m inside the PRE
to approximately 1000 m in the shelf area. The open boundary was extended far from the PRE mouth
to exclude potential numerical noise from the open boundary conditions. The radiation open boundary
condition was used at the open ocean boundary. There were 20 vertical sigma layers with high
resolutions near the surface and bottom layers, respectively. The model was initialized by interpolating
the cruise-observed winter-time salinity and temperature profiles to the model grids. The red dots in
Figure 2 mark the locations where the upstream river flow entered the model domain. These open
boundaries were located in an area with crisscrossed water channels. Because no long-term data
were available to directly specify the open boundary conditions in these crisscrossed water channels,
both the daily river discharge data observed at stations in the major tributaries of the Pearl River (blue
dots in Figure 2, data obtained from the Pearl River Information Center of Water Resources of PR
China) and the ratios of freshwater distribution among the eight outlets [31,32] were used to determine
the distribution of river discharge in each water channel. More detailed information about the model
configuration can be found in Hong et al. [30].
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Figure 2. Model grids. The red dots mark the locations where the upstream river flow entered the model
domain and the blue dots represent the gauge stations where in situ daily river flow measurements
were obtained in the major tributaries of the Pearl River.

2.2. Strategy for Modeling the Transport of Terrestrial Dissolved Substances

The Pearl River is the second largest river in China. The total river discharge reaches a maximum
in summer (~2.1 × 104 m3 s−1) and a minimum in winter (~3.4 × 103 m3 s−1) [33]. From the hydrological
perspective, pollutants and nutrients from the Pearl River basin are transported to the PRE and finally
enter the open shelf of the northern SCS. TeDS from the Pearl River basin are transported to the estuary
through eight outlets (marked in Figure 1c). According to their geographic locations, these outlets can be
divided into five groups, i.e., the Humen (HM) outlet, the Jiaomen–Hengmen–Hongqili (JHH) outlets,
the Modaomen (MD) outlet, the Jiti (JT) outlet, and the Yamen–Hutiao (YH) outlets. The transport
of TeDS from upstream to the open sea was simulated by the numerical model, with passive tracers
entering the domain through upstream open boundaries. The locations where the upstream river
flow entered the model domain (red dots, Figure 2) were also where the passive tracers were released.
For a specific outlet group, the TeDS were simulated by the model run, with passive tracers entering
the domain from the corresponding river inflow spots that entered a given outlet group. In each
case, the tracers came from different outlet groups, but the hydrodynamic conditions were identical.
The model was run from 2006 to 2007, and only the results from 2007 were used for analyses in order
to exclude the impact of the model spin-up. There are two aspects that must be addressed in the
monitoring of TeDS transport. One is the amount of TeDS, which was represented in a simplified way
by the tracer concentration. The other is the TeDS transport timescale, which was calculated using
the concept of water age. The age of a particle of water constituent was defined as the time elapsed
since the particle under consideration left the region in which its age was prescribed to be zero [34,35].
Besides the water age, the flushing time and residence time are the two other fundamental concepts of
transport time [36–39]. The flushing time is usually regarded as a bulk or integrative property that
describes the overall exchange or renewal capability of a water body [40,41]. The flushing time can be
used to estimate the overall flushing capability of a water body and it establishes the time scale for
the physical transport of river-borne material [42]. The residence time of a water parcel is defined as
the time needed for the water parcel to reach the outlet [43]. The residence time is usually used to
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measure the time that a water parcel remains in a waterbody [36]. The residence time is not suitable for
measuring the timescales of a water parcel that was transported from the upstream head point to the
downstream concerned area. In our case, the water ages were computed as a measure of the time that
had elapsed since the TeDS were transported from the upstream open boundary to the downstream
concerned area. Using the water age allowed us to show the spatial and temporal variations of TeDS
transport time in the PRE.

The movement of the TeDS was traced by artificial passive tracers governed by the following
equation [10,34]:

∂c/∂t + V·∇c−∇·(K·∇c) = 0 (1)

Here, c is the tracer concentration, V is the velocity vector, K is the diffusivity tensor, ∇ = i∂/∂x +
j∂/∂y + k∂/∂k and t is time. There was no sinking of the tracer within the study area. According
to Deleersnijder et al. [34] and Delhez et al. [35], the evolution of age concentration (α(t, x, y, z)) is
described as

∂α/∂t + V·∇α−∇·(K·∇α) = c (2)

The transport time (water age) can be calculated as τ = α/c. At the upstream boundary where
the tracer entered the computation domain, the tracer concentration was prescribed as 1 (arbitrary
unit) and the water age was prescribed as 0 (days) in each model layer. When the tracer concentration
in the downstream estuary was 0.5, it meant that at this location the tracer concentration was 50% of
the concentration measured at the upstream boundary. The river discharge was converted to velocity
and used as the normal velocity at the upstream boundary.

Unlike other estuaries with a single river discharge spot from the head, the PRE has a very
complicated river network and several river discharge spots (see red dots in Figure 2). When simulating
the TeDS transport time (water age), the tracers were released from the upstream boundary of each
outlet group. Different outlet groups were calculated separately. Although there was more than one
release spot per outlet group, these spots were regarded as one unit that brought TeDS to this outlet
group. It should be noted that the tracer concentrations and transport times from the model results
represented the spatial and temporal distributions of a single nutrient or contaminant, not the mixture
of different nutrients or different contaminants. However, for different nutrients or contaminants,
the concentration distribution in the estuary depended on the total loading at the release spots of a
given outlet group (regarded as a unity, tracer concentration = 1). A more precise method would
be to investigate each release spot separately. However, for the crisscrossed river network of the
PRE, dividing these spots into five outlet groups was a more efficient method to conduct a systematic
assessment. Our results indicated that the water age difference within the head water of a given outlet
group was minor. Our strategy was therefore feasible and efficient for investigating the transport
timescales of TeDS coming from different outlets.

The artificial passive tracers defined here represented a generic constituent with boundary
concentrations specified to be 1 and kept constant with time. The boundary tracer concentration could
be taken to represent the normalized TeDS concentration, which was normalized by the incoming TeDS
concentration at the river boundary. The simulated tracer concentrations could be used to quantify
the redistribution of TeDS in the PRE. The five outlet groups divided the sources into five groups by
location. Many real TeDS undergo transformations and are accompanied by other source/sink processes
along their journey from the river head to the open sea. As biogeochemical processes were not included
in this model, the high tracer concentrations meant only potentially high TeDS concentrations in the
estuary. The transport time (water age) defined here represented the time elapsed since the dissolved
substances entered the domain through the upstream boundary. Because the modeling all of the
relevant TeDS transport processes was not feasible, we chose to model the tracer behavior to provide
diagnostic information relevant to the transport of TeDS under the impact of physical forcing. Reliance
on generic tracers and their associated diagnostics is now standard practice in similar studies (e.g.,
Shen and Hass [13]; Kärnä and Baptista [17]; deBrye et al. [44]; Li et al. [45]).
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The spatial and temporal variations of the tracer concentrations and transport times were used in
the following to quantify the transport of TeDS in the PRE under realistic hydrodynamic conditions.
The advantage of this method was that the results could be used to index any kind of dissolved
substances coming from upstream, including pollutants or nutrients. Once they entered the aquatic
system, the tracers tracked their pathway and revealed their responses to physical processes in the
calibrated 3D numerical model. The spatial–temporal variations of the tracer concentrations provided
a clear map of the TeDS concentration variations controlled by the physical forcing fields. Although
biochemical processes were excluded from our model, the results are still very instructive for water
resource management and pollutant transport prediction.

3. Results

3.1. Distribution of Terrestrial Dissolved Substances Coming from Different Outlets

Analyses of the transport of TeDS coming from different outlets were conducted first to identify
areas that could be influenced by the TeDS from each outlet. Because the monthly mean river discharge
in 2007 was slightly lower than the long-term mean data (Figure 3), the hydrodynamic conditions in
2007 can be regarded as a normal year versus a typical wet or dry year. The monthly mean results in
January and June were selected to represent the typical dry and wet season, respectively. The TeDS were
simulated by tracers released from different outlet groups under identical hydrodynamic conditions.
The tracer concentrations during the typical wet and dry seasons are shown in Figure 4. Obvious
seasonal variations can be clearly identified. High concentrations of tracers appeared during the wet
season and occupied a much larger area than during the dry season. The high tracer concentrations
indicated potentially high TeDS concentrations in the PRE.

It can be discerned from the tracer distribution (Figure 4) that TeDS coming from the head water of
the HM outlet mainly impact the Humen channel and the upper eastern portion of the PRE. Even during
the wet season, the tracer mainly lingered along the eastern coast of the Lingding Bay. TeDS coming
from the head water of the JHH outlets potentially have the largest impact area among all of the outlet
groups. These tracers occupied a large portion of the Lingding Bay. More importantly, TeDS from
the JHH outlets have a potentially strong impact on the inner shelf. These TeDS can be transported
southeastward toward the open sea during the wet season and westward along the coastline during the
dry season. At Shenzhen Bay and in the area around Hong Kong Island, both the HM and JHH outlets
are potentially important sources of TeDS. The MD outlet provides an important potential source of
TeDS to the coastal area, especially during the wet season, as at that time large amounts of tracer were
injected toward the shelf and spread southeastward to the open sea. TeDS from the JT and YH outlets
are expected to have limited impacts and mainly remain in the area close to the mouth of the outlets.
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To clarify the domains that can be influenced by each outlet, we calculated the total percentage of
time that the tracer concentrations were greater than 0.2 (arbitrary unit) in a year. It could be expected
that the direct influence of each outlet group disappeared in areas when the percentage was zero, while
the major influenced spots could be identified as those with a high percentage. The results (Figure 5)
revealed that the influence of the HM outlet only dominated in the upper eastern part of the Lingding
Bay, as the lower bay experienced tracer concentrations greater than 0.2 (arbitrary unit) only 20%–30%
of the time during one year. For tracers coming from the JHH outlets, the major influenced area (with a
percentage greater than 60%) covered a significant portion of the Lingding Bay. This indicates that
high concentrations of TeDS could be observed very frequently in this area. In the coastal area adjacent
to the PRE mouth, the percentage was around 40%. The westward and southeastward transport
showed relatively higher percentages than other directions did. The MD outlet resulted in a high
percentage along the coastline. This indicates that the impacts of TeDS decrease toward the offshore
regions. The percentages of westward and southeastward tracer transport were relatively higher than
that in other directions. The JT and YH outlet groups had a limited impact, with significant seaward
spreading occurring less than 10% of the time during one year.Water 2019, 11, x FOR PEER REVIEW 10 of 21 
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case of tracers coming from the HM (a), JHH (b), MD (c), JT (d) and YM (e) outlets.
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3.2. Transport Time of Terrestrial Dissolved Substances from Each Outlet

The transport time (water age) of the tracers coming from the head waters of each outlet group
could be calculated (Figure 6). The spots for tracers entering the domain in each case are marked by
red dots, which are part of the river inflow spots shown in Figure 2. Significant spatial variations
can be observed. For the case of tracers coming from the head waters of the HM outlet during the
wet season (Figure 6a), it took approximately 20 days for the tracers to be transported from the head
waters to the entrance of the outlet, and approximately 40 days from the head waters to the mouth
of Lingding Bay. During the dry season (Figure 6b), such transport will take approximately 60 days
and 80 days, respectively. During the dry season, transport requires a long time in the HM channel,
which means that the TeDS will move slowly from the head waters to the entrance of the HM outlet.
This indicates that the TeDS could stay in the channel for a long time. Previous studies indicated that
low dissolved oxygen levels (reaching the threshold of hypoxia) can be observed all year in the upper
reaches of the PRE, extending from the Guangzhou Channel to downstream of the HM outlet [19,46],
which is consistent with our results showing a long transport time of tracer in this area. Our numerical
model experiments indicated that the downstream water age differences between the individual spot
release locations in the model run were minor. Therefore, although there are six tracer releasing spots
for the HM outlet in our calculations, they can be regarded as one unit.

In the case of the tracers released from the head waters of the JHH outlets, it took less than 10 days
to reach the outlet entrance and about 20 days to reach the Lingding Bay mouth during the wet season,
and approximately 20 and 40 days to reach the outlet entrance and Lingding Bay mouth, respectively,
during the dry season. This indicates that the seaward transport of TeDS from the JHH outlets is faster
than their transport from the HM outlet. It is interesting that the dry season hydrodynamic conditions
resulted in a large difference in water age between the western and eastern parts of Lingding Bay.
Transport along the eastern part took an extra 20 days to reach the open shelf. The MD, JT and YH
outlets discharged the tracers directly at the inner shelf; during the wet season it took approximately
10 days for the tracers to be transported from the head water of these outlets to the inner shelf, and
approximately 20–30 days for the TeDS to be spread over the shelf. During the dry season, the seaward
spreading of the tracers from these outlets was limited to the inner shelf.

Transects of the transport time are plotted in Figure 7 to show the various transport time scales
of TeDS coming from different outlets. The locations of these transects are indicated in Figure 1c,
which follow the major pathways of tracers according to the results in Section 3.1. The results are
averaged for June or January are used to represent the typical results in wet or dry season conditions.
The vertical structure of the transport time (water age) can be clearly discerned. The HM (Figure 7a,b)
and JHH transects (Figure 7c,d) show the transport time of TeDS coming from the HM and JHH outlets,
respectively. The transport process during the wet season is faster than during the dry season. The dry
season transport takes 50 days longer than the wet season to progress from the head water to the inner
shelf. Along the MD outlet transect, less than 5 days are required for the TeDS to be transported from
the head water to the entrance of the MD outlet during the wet season. The water age difference, and
therefore the TeDS transport time, between the MD mouth and the open shelf is approximately 10 days.
The offshore transport adjacent to the MD mouth is relatively slow and the tracer concentrations are
relatively high (Figure 4e). Hypoxia can occasionally be observed in this area in summer [47], which
may be due to the slow transport process of nutrients. During the dry season, transport from the head
water to the MD mouth takes approximately 10 days. Transport along the JT and YH outlets shows
similar behavior to the MD outlet. The dry season transport time along the YH outlet is very slow
compared with the wet season. It can be expected that the dry season longitudinal circulation in this
outlet is the weakest of all the studied outlets.
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Figure 6. Transport time (days) of tracers coming from the HM (a,b), JHH (c,d), MD (e,f), JT (g,h) and
YH (i,j) outlets. Left panel: typical wet season (monthly mean result in June). Right panel: typical dry
season (monthly mean result in January). The spots for tracers entering the domain are marked by the
red dots in each case, and are also part of the river inflow locations shown in Figure 2.
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Figure 7. Transport time (days) along the five transects: (a,b) HM; (c,d) JHH; (e,f) MD; (g,h) JT; (i,j)
YH. For each transect, the wet season (left column, averaged in June) and dry season (right column,
averaged in January) conditions are plotted. The locations of these transects are indicated in Figure 1c,
which follows the major pathways of the tracers according to the results in Section 3.1. The upstream
and downstream directions are indicated. The red triangles (in (e–j)) indicate the entrance of each outlet.

4. Discussion

4.1. Variations in Impacted Area

The impacted area is defined as an area with tracer concentrations > 0.2. If the initial tracer
concentration at the upstream releasing point is defined as 1, the tracer concentration will have decayed
to 0.2 (which is 20% of the initial concentration, implying that the impact of the TeDS has been greatly
decreased) at the edge of the impacted area. For comparison, the area with a tracer concentration > 0.1
was also calculated. Figure 8a–e shows the variations in the impacted area for each outlet group and
Figure 8f shows the total impacted area in the PRE. The total impacted area was calculated by adding
the impacted areas of each outlet group, with the overlapped area excluded. The increase in the area
can be clearly observed during the wet season. The most prominent variations appear in the JHH and
MD outlets. The increase in the impacted area (black lines in Figure 8) during the wet season can be
several thousand km2 for the JHH (Figure 8b) and MD (Figure 8c) outlets. For the other outlet groups,
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the increase can be several hundred km2 (Figure 8a,d,e). Compared with the river flow (shown in
Figure 8f), the flow peak leads the area peak by approximately 14 days. This time scale is consistent
with the mean wet season TeDS transport time shown in Figure 6.
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Figure 8. Tracer impacted area (km2), calculated by the area with a tracer concentration greater than 0.2
(black lines). For comparison, the area with a tracer concentration > 0.1 (gray lines) was also calculated.
(a) HM; (b) JHH; (c) MD; (d) JT; (e) YH. The areas were calculated from the model run of each case.
(f) The total impacted area was calculated by adding the impacted area of each outlet group, with the
overlapped area excluded. The river flow is also superimposed.

4.2. Effect of Hydrodynamic Condition

From the results of the impact areas shown in Figure 8, we selected days 163, 176 and 219
as representative days to show the variation in the impacted areas (marked by vertical gray lines
in Figure 8). On day 163, the river flow reaches its peak. On day 176, the total impacted area
reaches its peak (Figure 8f). Day 219 was selected to show the condition without river flow pulses.
The distributions of the tracer at the selected days are demonstrated in Figure 9. The wind conditions
on the corresponding day are also given in each panel. The river flow starts to increase from day 156
and reaches its peak on day 163. High tracer concentrations can be observed, especially at the JHH,
MD and YH outlets. At day 176, large amounts of the tracers are transported offshore to the open
sea. The strong southwesterly wind generates offshore Ekman transport, which plays an important
role. On day 219, the river flow is relatively stable and the effect of the river pulse has disappeared.
The tracers are transported out of the estuary along the west coast of the PRE. The southeasterly wind
forcing also prevents the offshore transport of the tracers. These results indicate that TeDS coming from
different outlet groups follow different pathways and that their impacted areas vary under different
hydrodynamic conditions.
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Figure 9. Transport of tracers on day 163 (left column), 176 (mid column) and 219 (right column),
indexed by the tracer concentration (arbitrary unit) coming from the HM (a–c), JHH (d–f), MD (g–i), JT
(j–l) and YH (m–o) outlet groups. The labeled isolines are 0.8, 0.5, 0.2 and 0.1. The wind vector on the
corresponding day is also presented.



Water 2020, 12, 1235 15 of 20

We noticed that the pathways, tracer concentrations and the impacted area showed large variations
under different hydrodynamic conditions. The circulation and salinity conditions on day 163, 176 and
219 are presented in Figure 10. On day 176 (Figure 10c), the current directions of the lower estuary and
the inner shelf are mostly eastward, with a strong southeastward flow appearing in the area adjacent
to the PRE mouth. Such eastward flow disappears on days 163 and 219. However, the southwestward
flow is strong along the west coast of the PRE on days 163 and 219 (Figure 10a,e), while the circulation
on day 219 is much weaker. The distribution of salinity (Figure 10b,d,f) is used to show the freshwater
distribution. It seems that the southwesterly wind facilitates offshore transport of the river plume,
while the southeasterly wind tends to push the river plume flow westward along the west coast of the
PRE. More detailed analyses on the wind effects will be performed in a separate paper. In this study,
we focused on identifying the relative contributions of each outlet group and their impacted domains.
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Figure 10. Daily averaged current (a,c,e; cm/s) and salinity (b,d,f; ppt) from the model results on day
163 (top row), 176 (center row) and 219 (bottom row). The shaded plots in (a,c,e) are the current speed,
showing the strength of circulation.
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Table 1 presents statistics on the tracer occupation days at stations 1–5 (marked in Figure 1c).
The days with daily mean tracer concentrations > 0.2 are counted. Stations 1, 2, 3 and 4 were selected
to represent the conditions from the upper estuary to lower estuary. Stn. 5 is located in the inner
shelf adjacent to the MD outlet. It can be seen that the tracer coming from the JHH outlets has the
largest number of occupation days. From the upper estuary to the inner shelf, the tracer occupation
days range from 365 days to 154 days. The impact of the HM outlet mainly lies in the upper reaches
of the estuary. In the lower estuary (Stns. 3, 4), its impact ranges from 20 days to only a few days.
The impact of the MD outlet on Stn. 5 reaches up to 293 days. At Stn. 4, the impact of the MD outlet
can occasionally be observed, with only 10 days’ occupation in 2007. The impact of the JT and YH
outlets cannot be observed at Stns. 1–5, which implies that the TeDS coming from these outlets are
seldom transported into Lingding Bay and the inner shelf adjacent to the MD outlet.

Table 1. Days with tracer concentrations greater than 0.2 (arbitrary unit) in 2007 at stations 1, 2, 3, 4
and 5. Tracers coming from the Humen (HM), Jiaomen–Hengmen–Hongqili (JHH), Modaomen (MD),
Jiti (JT) and Yamen–Hutiao (YH) outlets are calculated separately.

Station HM JHH MD JT YH

Stn. 1 365 365 0 0 0
Stn. 2 71 365 0 0 0
Stn. 3 21 197 0 0 0
Stn. 4 2 170 10 0 0
Stn. 5 0 154 293 0 0

4.3. Correlation Analysis

Owing to the high levels of nutrients at the HM and JHH outlets [19,22,24], and the fact that
the TeDS coming from these outlets are firstly discharged into Lingding Bay then the open sea,
we conducted a model run with the tracer coming from both HM and JHH simultaneously. This was
reasonable because the impacts of the MD, JT and YH outlets are very minor inside Lingding Bay.
The model was run from 2005–2009. Figure 11a,b presents the correlation analyses of the river flow,
tracer concentration and transport time at Stn. 3, a station in lower Lingding Bay. The correlation
coefficient of the river flow and tracer concentration is 0.78 (at the 95% confidence level). According to
Section 4.1, a 14-day time lag exists between the river flow and the impacted area. We conducted the
time-lag correlation between the river flow and tracer concentration at Stn. 3. The highest correlation
coefficient (=0.79) can be obtained with a tracer concentration time series lag of 2 days. A negative
correlation between the river flow and transport time was found, with a correlation coefficient of −0.70.
The river pulses could reduce the transport time (water age) in a very short time. The curvilinear fits of
the river flow, tracer concentration (Figure 11c–e) and transport time (Figure 11f–h) at Stns. 2, 3 and 4
shows that from the upper to the lower estuary, the correlation of the river flow with the TeDS transport
process weakens. At Stn. 4, the diagram is more scattered than at Stns. 2 and 3, which means that
the impacts of other forcing fields (like wind, open sea circulation, etc.) are getting stronger. Being a
bell-shaped estuary, the hydrodynamic circulation in the lower PRE is different from the traditional
estuarine circulation, and the interaction with the open shelf is very active and complicated. It is
worthwhile to thoroughly investigate the external forcing effect on the estuary–ocean exchange of the
PRE, which will be conducted in a separate paper.
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is 0.78; (b) Time series of the flows and transport times at station 3. The correlation coefficient is −0.70.
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of the flow and transport times at stations 2, 3 and 4. The polynomial fitting is superimposed for (c–h).

5. Conclusions

Understanding the fate and transport processes of TeDS in the PRE is essential for dealing with
the coastal marine pollution and alleviating the impact of human activities on marine environments.
In this study, the outlets of the PRD are divided into five groups according to their geographic locations.
By adding passive tracers in a calibrated three-dimensional numerical model, the potential TeDS
transport from each outlet group was investigated systematically under realistic forcing conditions.
The major conclusions include: (1) During the wet season, the potential impacted area is much larger
than during other seasons of the year, and the offshore transport of TeDS to the open sea can be
frequently discerned. During the dry season, the tracers were transported mainly along the west coast
of the PRE. (2) The JHH outlet has the largest impact among all of the outlet groups. The TeDS coming
from the HM outlet are likely to mainly impact the Humen channel and the upper eastern portion of the
PRE. Inside Lingding Bay, the impact of the tracers from the MD outlet can occasionally be observed,
while the impact of the JT and YH outlets can seldom be observed. (3) For tracers coming from the
head water of the HM outlet, it takes approximately 20 days for the tracer to be transported from the
head water to the entrance of the outlet and approximately 40 days for the tracer to be transported
to the mouth of Lingding Bay during the wet season. During the dry season, these times increase to
60 and 80 days, respectively. For the case of tracers released from the head water of the JHH outlets,
the potential seaward transport of TeDS is fast. It takes less than 10 days for tracers to reach the outlet
entrance and approximately 20 days to reach Lingding Bay mouth during the wet season, while in
the dry season it takes 20 and 40 days, respectively. For the MD, JT and YH outlets, it usually takes
approximately 10 days for the tracer to be transported from the head water to the inner shelf, and it
takes 20–30 days for the tracer to be spread over the shelf during the wet season. Transport from the
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MD outlet is fast, but at the inner shelf adjacent to the MD outlet mouth, the offshore transport is slow.
(4) The correlation coefficients between the river flow and tracer concentration (transport time) is 0.78
(−0.70) inside the PRE. In the areas adjacent to the estuary mouth, the impacts of other forcing fields
are stronger. Although biochemical processes are excluded from our model, the results are still very
instructive for water resource management and pollution transport prediction in the Pearl River Delta.
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