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A B S T R A C T   

Driven by interactive multiscale motions, the water exchange between the Pearl River Estuary (PRE) and coastal 
seas exhibits complex spatial structures and significant temporal variability. In this study, the exposure time (θ) 
was calculated using the adjoint method to examine the spatiotemporal characteristics of water exchange and 
illustrate the substance movement pathway in the PRE and the adjacent shelf. Seasonal variations in water 
exchange are generally determined by subtidal motion in the estuary and adjacent shelf. In summer, the θ 
gradually increases from approximately 5 days near the lower estuary to 15 days in the upper estuary. In winter, 
associated with the weaker river discharge and prevailing northeasterly winds, the water exchange is suppressed 
and θ increases to approximately 35 days in the upper estuary. Owing to the surface/bottom subtidal offshore/ 
onshore transport in the water column, the θ of the bottom water increases by 10 days compared to the surface 
water. Outside the estuary, the seasonally reversing shelf current and onshore transport move the shelf substance 
back into the PRE. The θ to the southwest and northeast of the PRE is approximately 5 and 10 days in summer 
and winter, respectively. Temporally, the interplay between the periodic tidal motion and shelf current induces a 
significant intra-tidal variation of θ, predominantly in the middle estuary, where the water exchange is sensitive 
to the initial release time. The θ with the initial release time of high/low tide generally has shorter/longer values. 
The intra-tidal variation of θ is approximately three days and two weeks in summer and winter, respectively. The 
distinct three-dimensional structure and intra-tidal variability of water exchange illustrated in this study help to 
better utilize fluid motion that refreshes the water inside the estuary.   

1. Introduction 

The Pearl River Estuary (PRE) is located on the southern coast of 
Guangdong, adjacent to the continental shelf of the northern South 
China Sea (NSCS; Fig. 1). The triangle-shaped PRE narrows northward in 
the upper estuary, with a width of only several kilometers. From the 
upper to the lower estuary (Fig. 1), the width of the PRE gradually 
increased to approximately 60 km between Macau (MO) and Hong Kong 
(HK). According to the monitoring report of the rivers flowing into seas 
in the Guangdong Province (http://gdee.gd.gov.cn/jhszl/index.html), 

the PRE receives high concentrations of nutrients, with annual 
ammonia, nitrate, and phosphate loads of 2.64 ± 0.76 × 104, 4.30 ±
0.67 × 105, and 2.55 ± 0.15 × 104 tons, respectively. Thus, the marine 
ecosystem in the PRE suffers from serious water pollution (Chen et al., 
2012; Li et al., 2020a). The water motion inside the estuary is jointly 
driven by the winds, tides, and riverine discharge (Liu et al., 2020; Lai 
et al., 2018). Moreover, circulation in the lower estuary can be directly 
modulated by the strong shelf current in the NSCS (Gan et al., 2009b, 
2013; Zu and Gan, 2015). 

Water exchange associated with the estuarine and shelf circulation 
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was found to greatly determine the water renewal and biogeochemical 
processes (e.g., DiMarco et al., 2010; Li et al., 2020a, 2020b). To better 
quantify the water exchange, various time scales, such as water age, 
turnover time, and residence time, have been defined (Liu et al., 2004; 
Zhang et al., 2010; Safak et al., 2015; Lin et al., 2020; Luo et al., 2021; 
Lucas and Eric, 2020). Among these different concepts, the residence 
time is widely used (Du and Shen, 2016; Zhang et al., 2010). It is defined 
as the time required for the released substance to leave the domain of 
interest for the first time (e.g., Delhez et al., 2004; Delhez, 2006). Under 
the effect of the periodic tidal current, the substance may reenter the 
estuary. If the reentry process is considered, the exposure time is used to 
represent the total time taken by the substance to permanently leave the 
domain. By definition, the exposure time varies with the initial release 
time, release location, and size of the domain of interest. Additionally, 
the time spent in the different subdomains along the transport pathway 
could be further examined to illustrate the water exchange structure in 
the domain (Lin and Liu, 2019). Therefore, it provides a useful approach 
for understanding the complex dynamics associated with complicated 
circulation. Knowledge of the transport time scale can be used to esti-
mate the transport rate of dissolved substances and has great signifi-
cance in coastal marine environments. 

Few studies have been conducted to explore the water exchange in 
the PRE region. Using a simplified two-dimensional depth-integrated 
hydrodynamic model and based on the remnant function (Blanton et al., 
2010), Sun et al. (2014) explored the mean residence time and exposure 
time of the PRE without investigating their spatial structure. Ren et al. 
(2014) studied the age of the Pearl River water and found that the water 
age gradually increased from the upper to the lower estuary and 
decreased with a larger river discharge. However, the three-dimensional 
structure of water exchange in the PRE and its temporal variability 
remain unclear. 

In this study, we calculated the exposure time using the adjoint 
method to illustrate the spatiotemporal structure of water exchange in 
the PRE and adjacent shelf. The pathway of the substance inside the PRE 
was examined based on the time spent in the different subdomains. In 

Section 2, the hydrodynamic model and exposure time simulation 
method are introduced. Section 3 discusses the hydrodynamic condi-
tions in the PRE and the adjacent shelf based on a numerical simulation 
using the representative forcings. Section 4 discusses the spatial and 
temporal characteristics and variability of the exposure time. Their 
distributions in different districts with contrasting flow dynamics con-
figurations are also discussed. Finally, Section 5 concludes the study. 

2. Ocean model and methodology 

2.1. Ocean model 

The Regional Ocean Modeling System (ROMS) (Shchepetkin and 
McWilliams, 2005) was used to simulate the hydrodynamics in the study 
area. The computational domain covers the NSCS from the basin slope 
and shelf to the estuary to resolve the multi-scale interactive processes in 
the PRE and the adjacent shelf. The horizontal grid spacing gradually 
decreased from approximately 3 km over the slope region to less than 1 
km inside the estuary. We used the terrain-following s-ordinate (Song 
and Haidvogel, 1994) to discretize the water column into 60 levels, and 
a higher resolution was used in both the surface and bottom boundary 
layers. To better illustrate the representative characteristics of the 
exposure time in the study area, we conducted process-oriented studies 
with climatologically monthly averaged atmospheric forcing and river 
discharges (Fig. 1b; Gan et al., 2009b). Atmospheric forcing data, 
including wind (Fig. 1c and d), heat flux, and precipitation, were pro-
vided by the ERA5 atmospheric reanalysis data from the European 
Center for Medium-Range Weather Forecasts (ECMWF), and applied to 
force the ocean circulation using the bulk flux computation algorithm 
(Fairall et al., 2003). The monthly averaged riverine discharge data were 
provided by the Ministry of Water Resources of China. The subtidal 
flows and hydrographic properties were extracted from the Hybrid Co-
ordinate Ocean Model (HYCOM) global 1/12◦ analysis (GLBv0.08; htt 
ps://www.hycom.org/) with the Navy Coupled Ocean Data Assimila-
tion (NCODA). To better represent the climatological seasonality of the 

Fig. 1. (a) Topography (m) of the Pearl River Estuary and adjacent shelf. The red line represents the seaside boundary of the domain (ω) used to calculate the 
exposure time (θ). SZB, MDM, and LDY represent the Shenzhen Bay, Modaomen, and Lingding Yang, respectively. MB and DYB represent the Mirs Bay and Daya Bay, 
respectively. Orange solid lines separate the PRE into: Upper estuary (R1), Middle estuary (R2), Western estuary (R3), and Lower estuary (R4). (b) The monthly PRE 
river discharge (104 ⋅ m3/s). (c–d) The seasonal mean wind speed (m/s) during summer (June–August) and winter (December–February). (For interpretation of the 
references to color in this figure legend, the reader is referred to the Web version of this article.) 
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shelf circulation, we applied the monthly averaged shelf circulation as 
the sub-tidal forcing along the southern and western open boundaries of 
the computation domain. The harmonic constants of tides in the 
computational domain were computed and validated by Zu et al. (2008), 
using the Oregon Tide Inverse Software (Egbert and Erofeeva, 2002). 
The tidal current was included along the open boundaries using the 
advanced dual-wave transmission permitting algorithm proposed by Liu 
and Gan (2016, 2020). The major constituents of the semidiurnal (M2, 
S2, K2, and N2) and diurnal (K1, O1, P1, and Q1) tides, and the M4 tide are 
applied along the open boundary to impose tidal forcing in the 
computational domain. We exported the ocean current data with an 
interval of 1 h (h) in summer (June–August) and winter (Decem-
ber–February) to better resolve the exposure time of water due to mo-
tions determined by the complicated forcings. 

2.2. Calculation of exposure time 

The exposure time (θ) used in this study represents the time taken by 
the substance to leave the domain of the PRE (Fig. 1). Owing to the 
turbulent diffusion, different portions of the released substance take 
different times to leave the domain of interest, and the θ here indicates 
their mean transport time scale (Takeoka, 1984) as: 

θ(x0, y0, z0, t0)=
1

m(t0)

∫∞

t0

m(t)dt (1)  

where m(t) is the mass remaining in the domain after a unit point release 
at location of (x0, y0, z0) and an initial release time of t0. Under stable 
hydrodynamic conditions, the θ is independent of the initial release time 
(t0) but varies with the release location. In a system with multi-scale 
motions, such as the PRE, both the t0 and (x0, y0, z0) have a significant 
effect on the water exchange processes. Thus, the adjoint method was 
adopted to obtain the spatial-temporal structure of the θ (Delhez et al., 
2004; Delhez and Deleersnijder, 2006): 

∂θ
∂t

+ δω + V→ ⋅∇θ+∇(K ⋅∇θ)= 0 (2)  

where θ is the exposure time, V→ is the three-dimensional velocity vector, 
K is the turbulent diffusion coefficient, and δω is the characteristic 
function of the domain of interest ω, which has δω(x, y, z) =
{

1 (x, y, z) ∈ ω
0 (x, y, z) ∕∈ ω . The domain ω included the Lingding Yang (LDY), 

Shenzhen Bay (SZB), Modaomen (MDM), and administrative waters of 
HK and MO, and the seaside boundary was set as the 25 m isobath line 
(Fig. 1). The domain ω can be further divided into several subdomains e 
(ωi) to quantify the time spent in the different subdomains before 
leaving ω permanently. This time scale is called the partial exposure 
time (θi) (Lin and Liu, 2019), and it helps to better understand how 
substances move among the different subdomains in the estuary. The θi 
was calculated using the same adjoint method. 

∂θi

∂t
+ δωi + V→ ⋅∇θi +∇(K ⋅∇θi)= 0 (3)  

where δωi is the characteristic function of the ωi, such that δωi (x,y,z) =
{

1 (x, y, z) ∈ ωi
0 (x, y, z) ∕∈ ωi

, and the other variables are the same as those 

expressed in Equation (2). Using the same pre-given V→ and K, the 
linearity nature of Equations (2) and (3) will guarantee that the sum of 

the partial exposure time equals the total exposure time, namely, 
∑n

i=1
θi =

θ, which is also validated in our calculation. 
In the adjoint method, Equations (2) and (3) should be integrated 

backward in time (from the present to the past) with the reverse flow. 

The results provide the θ everywhere in the simulation domain for any 
time within the simulation window. The initial θ was set to zero as the 
effect of the initial condition disappeared during the simulation (Delhez 
et al., 2004; Zhang et al., 2010). To reveal the seasonality of the water 
exchange, the summer/winter velocity and diffusion coefficient were 
saved from the hydrodynamics model and used from the last data file (i. 
e., the present) to the first data file (i.e., the past) in the integration of 
Equations (2) and (3). To ensure that the seasonal θ reached the equi-
librium state, the last data file was used cyclically after using the first 
one. The calculation reached an equilibrium state after 270 days, and the 
results for the last 60 days were used for further analysis. 

3. Results and discussion 

3.1. Estuarine and shelf circulation 

The water exchange and θ are controlled by the fluid motion in the 
PRE and the adjacent shelf of the NSCS; thus, we at first checked the 
representative hydrodynamic conditions in the study area in summer 
and winter (Figs. 2–3), which captured the mean features of circulations 
neighboring the PRE, as illustrated in previous studies (e.g., Liu and Gan, 
2020; Zu and Gan, 2015). 

Summer: Strong river discharge induces gravitational circulation 
and largely influences the subtidal current inside the estuary. The sur-
face/bottom waters flow in the off-shore/onshore direction with the 
southeastward/northwestward current, except in the upper estuary, 
where both the surface and bottom currents flow in the off-shore di-
rection (Fig. 2 a-b). In the lower estuary, the fluid motion closely in-
teracts with the shelf current and affects the water exchange between 
the PRE and shelf waters. 

Driven by the prevailing southwesterly monsoon, shelf circulation 
flows northeastward with extensive upwelling in the cross-shore direc-
tion (Tang et al., 2009). Spatially, the shelf current is strengthened over 
the shelf to the east of the PRE owing to the river plume from the 
buoyant water discharge. Regulated by the alongshore irregularity of 
the bottom topography, the along-shore pressure gradient in the 
counter-current direction was established, which intensified the intru-
sion of shelf waters toward the east coast of Guangzhou Province (Gan 
et al., 2009a). This intrusion can alter the circulation in the estuary and 
delay the export of substances from the estuary in the bottom layers, 
thus increases the θ. Over the shelf, freshwater induces the front and 
spreads northeastward, which intensifies the shelf current to the east of 
the PRE (Liu et al., 2018). The sea surface temperature and salinity 
generally exhibit characteristics of the upwelled shelf waters, which 
generate a belt of cold and salty waters in the coastal seas to the east of 
the PRE (Fig. 3a and c). 

Winter: With the reduced river discharge, the gravitational circula-
tion composed of the offshore/onshore motions in the surface/bottom 
layer is preserved, while its intensity is weakened. Owing to the stronger 
northeasterly wind, the shelf current flows southwestward with a larger 
magnitude than that in summer (Fig. 2c–d). A notable onshore transport 
of shelf water is observed in the surface layers to the east of the PRE and 
has the potential to prevent the offshore export of substances from the 
PRE. Generally, affected by the northeasterly wind, the buoyant water 
from the PRE flows southwestward in the estuary. This buoyant water is 
arrested by the shelf current after leaving the estuary to flow south-
westward along the west coast of Guangdong Province (Fig. 3b and d). 
The response of the shelf current to the variable bottom topography 
induces the formation of the along-shelf pressure gradient (Gan et al., 
2013) and generates an intensified offshore transport in the bottom 
layers (Fig. 2d). 

3.2. Spatial characteristics of the seasonal exposure time 

The θ value is a function of the initial release location (x0, y0, z0) and 
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Fig. 2. (a–b) Horizontal map of the mean surface and bottom currents in summer; the arrow and color represent the direction and magnitude (m/s) of the velocity, 
respectively. (c–d) are same as (a–b), except that they represent winter. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 

Fig. 3. (a–b) Horizontal maps of the sea surface salinity (SSS, PSU) in summer and winter, respectively. (c–d) are same as (a–b), expect for the sea surface tem-
perature (SST, ◦C). 
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the release time of t0. For simplicity, we, at first, examined the season-
ally averaged θ to illustrate the spatial structure of the water exchange in 
summer and winter (Fig. 4). 

Summer: The θ gradually increases from less than 5 days, near the 
seaside boundary of the estuary (25 m isobath line shown in Fig. 1), to 
more than 15 days in the upper estuary (Fig. 4a). This suggests that the 
average time required for the substance initially released at the estuary 
head to leave the PRE is approximately 15–20 days, while that at the 
seaside boundary of the estuary, the θ is only 5 days. The θ at the estuary 
head is qualitatively consistent with the age of riverine waters at the 
seaside boundary of the estuary (approximately 15 days), as mentioned 
by Ren et al. (2014). Compared to the subtidal current (Fig. 2 a-b), the 
isolines of θ are generally perpendicular to the southeastward current in 
the surface layer, and the θ on the eastern side of the PRE is slightly 
longer than that on the western side. A longer θ (>20 days) also exists in 
the SZB owing to the coastline constraint and the weak current inside. 

Notably, the θ is not zero outside the PRE, particularly over the shelf 
to the southwest of the estuary. According to the definition of θ, these 
non-zero values indicate that even when the substance is released 
outside the PRE, it reenters the estuary owing to the fluid motion and 
stays for more than 5 days. With the northeastward shelf currents, the θ 
over the shelf to the east of the estuary is almost zero. To quantify the 
contribution to the water exchange by the reentry process, the relative 

difference (ε) between the θ (with reentry) and residence time (θ
′

, 
without reentry) is calculated as follows: 

ε= θ − θ
′

θ
(4)  

where θ
′

indicates the time required for the substance to leave the PRE 
for the first time. Once these substances leave, we assume that they do 

not return. Thus, θ is generally longer than θ
′

due to reentry with, for 
example, the periodic tidal currents and deep intrusion of shelf waters. 

The θ
′

is calculated using the same method as θ, but is set as zero outside 
the area of interest (ω in Equation (2)). As shown in Fig. 4c, the reentry 
process largely affects the water exchange of substances released in the 
southwestern part of the PRE and elongates the θ by at least 30%. Even 
on the western side of the middle estuary, the influence of the reentry 
process on θ was approximately 20%. As the θ is not only influenced by 
the current at the initial release location, but also by the current along 
the movement pathway, the region largely influenced by the reentry 
process is not exactly the same as that with strong deep intrusion. 

In the water column, the magnitude of θ changes vertically, but the 
surface and bottom layers share a similar spatial pattern. Generally, the 
θ in bottom layer is longer than that in the surface layer because of the 
weaker current, and more importantly, the shoreward upwelling current 
makes the water mass stay longer (Fig. 5a). In the upper and middle 
estuary, as indicated by the along estuary transect A, owing to the 
shallow depth and strong seaward motion by the river discharge in both 
the upper and deep layers (Fig. 2b, d), the vertical difference is relatively 
limited (Fig. 6a). Over the shelf to the southwest of the estuary, the 
bottom onshore intrusion delays the exchange of the estuarine water, 
and consequently induces a larger θ in the deep layer (Fig. 6c). The 
vertical difference in θ is approximately one week. 

Winter: θ in winter was much longer than that in summer. This 
finding indicates a weaker water exchange (Fig. 4b). From the seaside 
boundary of the estuary to the upper estuary, θ gradually increased from 
approximately 5 to 35 days. As also noted in previous investigations 
(Sun et al., 2014), the transport time is longer with a reduced river 
discharge. Spatially, the isolines of θ inside the estuary generally in-
clined northwest-southeastward, owing to the southwestward surface 
flow shown in Fig. 2c. Similar to that in summer, the largest θ occurs in 
the SZB with a θ close to 2 months, owing to the weak current and 
coastline obstruction. 

Given that the shelf current generally flows southwestward, a 
nonzero θ exists with a value of approximately 10 days in the coastal 
seas to the northeast of the PRE, such as in Mirs Bay (MB) and Daya Bay 

Fig. 4. (a–b) Depth-averaged exposure time (θ, day) averaged in summer and winter. (c–d) Effect of the reentry process on the depth-averaged θ.  
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(DYB) (Fig. 1). Thus, the waters inside the neighboring coastal seas and 
embayments have a potentially considerable effect on the biogeo-
chemical processes inside the PRE. In contrast to the findings in summer, 
the reentry processes primarily affect the θ in the lower estuary near the 
seaside boundary (25 m isobath); however, for most areas in the studied 
region, they have a limited effect on the θ, with ε < 0.1. This suggests 
that once the substance released inside the PRE reaches the seaside 
boundary, it is extensively arrested by the strong shelf current and flows 
southwestward with little re-entry. Correspondingly, the substance from 
the outer shelf with depths greater than 25 m rarely enters the PRE, as 
indicated by the negligible θ. Thus, the motion inside the PRE is more 
instrumental in determining the water exchange in winter than the 
outside factors. 

Vertical differences in the θ mainly exist in the upper and middle 

estuaries, where the bottom θ is larger than the surface by approximately 
10 days (Figs. 5d and 6b). As mentioned previously, associated with the 
reduced river discharge, the seaward and shoreward subtidal motions in 
the surface and bottom layers are intensified in the upper and middle 
estuary, and induce the contrasting vertical distribution of θ in transect 
A (Fig. 6b). Over the shelf, owing to the weaker stratification and 
stronger shelf current, θ is relatively uniform in the water column 
without notable vertical difference (Fig. 6d). As the shelf current flows 
southwestward, a larger θ occurs at the eastern side of transect B. 

3.3. Tidally-induced variability 

As previously demonstrated, the subtidal motions in the estuary and 
adjacent shelf determine the general characteristics of the water ex-

Fig. 5. Vertical difference in the seasonally averaged exposure time (θ, day) in (a) summer and (b) winter. Blue dashed lines indicate the locations of transects A 
(along the estuary axis) and B (seaside boundary of estuary). (For interpretation of the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 6. Vertical structure of seasonally averaged exposure time (θ, day) in transect A in (a) summer and (b) winter; (c–d) are same as (a–b), except for the seasonally 
averaged exposure time in transect B. The locations of transects A and B are shown in Fig. 5a. 
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change. Furthermore, strong tidal currents induce intra-tidal and spring- 
neap variabilities. To further illustrate these variabilities at higher fre-
quencies, the temporal standard deviation (STD) of the θ with different 
initial release times of t0 was calculated for summer and winter (Fig. 7). 

Summer: A larger temporal STD of θ exists in the middle estuary 
where the tidal variability is stronger, in the HK water and along the 25 
m isobath where the front is located (Fig. 7a). A higher STD indicates 
that in these regions, the water exchange time scale with different initial 
release times varied significantly. In the upper estuary, the θ is relatively 
large, but with a considerably smaller STD. 

We selected a representative position, where a larger temporal STD 
of θ was observed in the middle estuary (black cross in Fig. 7a) to better 
indicate the intra-tidal variabilities and those in the spring-neap tide 
scales. Similar intra-tidal variability occurs in regions beyond this po-
sition but with a smaller intensity. The time series of the surface and 
bottom θ with different initial release times are shown in Fig. 7c. 
Generally, the θ in the surface and bottom layers varies over a period of 
approximately 25 h. The variability of θ in this timescale is induced by 
the tidal current, which is shorter and longer at high and low tides, 
respectively. The intra-tidal variability and difference in θ in the surface 
and bottom layers vary according to the oscillation of current intensity 
in the spring and neap tides. During the spring tide with a stronger tidal 
current (e.g., initially at 150–200 h in Fig. 7c), the intra-tidal changes in 
θ are approximately three days with a period of 25 h. The strong tidal 
current reduces the vertical difference between the surface and bottom 
θ. During the neap tide, the intra-tidal variability exhibits a smaller 
magnitude owing to the weaker tidal current, while the vertical differ-
ence of θ becomes larger. 

The intra-tidal variability of θ in the PRE is largely related to the 
interaction between the periodic tidal current and the subtidal shelf 
current. The substance released at the high tide initially moves seaward 
during the following ebbing of tidal currents; once it arrives at the shelf 
region, it is arrested by the relatively stable shelf current and rapidly 
leaves the estuary. The tidal excursion, which indicates the horizontal 
distance traveled during the flood/ebb tidal period, has predominantly 
larger values in the middle estuary (Fig. 8). The spring high tide and low 
tide times (black circles in Fig. 7c) were chosen as examples to further 

illustrate the basic spatial distribution changes among different tidal 
phases. As shown in Fig. 9a, the isolines of θ released at high tide in-
clined shoreward toward the upper estuary, primarily in regions with 
larger tidal excursions. Therefore, the negative anomaly in θ mainly 
exists in the middle estuary and in waters south of HK (Fig. 9c). In 
contrast, if the substance is released at low tide, it moves onshore during 
the following flood tide and requires a longer time to arrive the seaside 
boundary. As shown in Fig. 9b, the isolines of θ at the low tide moved 
seaward, and they experienced positive anomalies from the summer 
average θ in the middle estuary, the waters to the south of HK, and along 
the 25 m isobath (Fig. 9d). 

Winter: A large STD of θ appears primarily in the middle estuary 
(Fig. 7b), where the fluid motion is highly sensitive to the initial release 
time, which is jointly control by the periodic tidal current and subtidal 
shelf circulation. In the upper estuary, similar to that observed in sum-
mer, the water requires a much longer time to reach the seaside 
boundary of the estuary and be arrested by the shelf current. In the lower 
estuary, the substance leaves the study area rapidly because of the strong 
shelf current without a significant dependence on the initial release 
time. 

The time series of θ in winter is dominated by strong tides with 
significant intra-tidal and neap-spring variabilities. During the spring 
tide, a difference of several hours in the initial time of release induces a 
difference of approximately 2 weeks in the θ (Fig. 7d). From the spring to 
the neap tide, the intra-tidal variability decreased, while the vertical 
difference increased. Similar to those in summer, the isolines of θ at high 
and low tides moved shoreward and seaward with negative and positive 
anomalies in the middle estuary, respectively (Fig. 10). The locations of 
the positive/negative anomalies were generally consistent with the re-
gions with a higher STD and larger tidal excursions. This finding in-
dicates that the temporal variability of θ, induced by the initial release 
time, is dominated by intra-tidal variations in the water. 

3.4. Partial exposure time 

During the movement inside the PRE, the substance stays in the 
various subdomains for different times (partial exposure time, θi) before 

Fig. 7. (a–b) Standard derivation of the depth-averaged θ in summer and winter; (c–d) timeseries of the surface and bottom θ at the representative station in the 
middle estuary. The x axis indicates the initial time of release and the black line represents the corresponding sea level at the initial time of release. The sea level is 
normalized to the same scale as that of θ. The location of the representative station is indicated by the black cross in (a). Black circles in c-d represent the spring high 
tide and low tide times used to illustrate the spatial distribution of θ in Figs. 9–10. 
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permanently leaving the PRE. The θi helps to better understand the 
pathways of the waters in response to the spatially variable flow fields 
and the connectivity among different zones in the PRE. The estuary was 
divided into four subdomains (Fig. 1): the upper estuary (R1), the 
middle estuary (R2), the western estuary (R3), and the lower estuary 
(R4) to represent the spatial variability in the estuary and over the shelf. 

Fig. 11 shows the average θi, which represents the time spent in the 
four different subdomains in summer and winter. 

3.4.1. Spatial characteristics of θi 
Region 1: Owing to the large river discharge in summer, the sub-

stance leaves R1 rapidly, and the θ1 increases from 1 day near the 
seaside boundary of R1 to approximately 5 days in the estuary head 
(Fig. 11a). Outside R1, the θ1 was short (<1 day). In winter, the θ1 

increases to approximately 10 days in the estuary neighboring the 
seaside boundary of R1 and 20 days in the estuary head (Fig. 11e). 
Notably, associated with the reduced river discharge and the prevailing 
northeasterly winds, the θ1 outside R1 increases in winter; for instance, 
HK water could enter the upper estuary and stay there for approximately 
5 days during winter. 

Region 2: θ2 has the largest value in the SZB during summer 
(approximately 15 days) and gradually decreases southwestward 
(Fig. 11 b). In the upper estuary, θ2 is fairly uniform as the time spent in 
R1 is not counted in the calculation of the exposure time before the 
water arrives at the middle estuary. As the outflow of water on the 
eastern side is blocked by the coastlines of HK, θ2 considerably increased 
on this side. In winter, θ2 has a spatial pattern similar to that in summer, 
except that the θ2 is longer (Fig. 11f). Outside the estuary, a non-zero θ2 

Fig. 8. Depth-averaged tidal excursion (km) in (a) summer and (b) winter.  

Fig. 9. (a–b) Depth-averaged θ (day) at the typical spring high tide and spring low tide in summer. (c–d) Depth-averaged exposure time anomaly (θa, day) at the 
typical spring high tide and low tide, with respect to the summer averaged θ. The location of the high tide and low tide times are indicated by the black circles 
in Fig. 7c. 
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is observed in the southeast and northeast of the estuary in summer and 
winter, owing to the prevailing northeast and southwest shelf currents, 
respectively. 

Region 3: θ3 is relatively short because R3 is geographically closer to 
the strong shelf current (Fig. 11c and g). Owing to the more extensive 
shelf current in winter, θ3 is smaller than that in summer. In contrast, 
inside the LDY, θ3 in winter was larger than that in summer. This in-
dicates that in summer, LDY water predominantly leaves the estuary 
through the eastern flank of the lower estuary and has a small effect on 
the coastal seas to the west of the LDY. 

Region 4: θ4 is longer in HK waters: approximately 5 and 10 days in 
summer and winter (Fig. 11d and h), respectively. In the upper and 
middle estuaries, θ4 is longer on the eastern side as the outflux is blocked 
by the coastline of HK. As previously illustrated, owing to the seasonally 
reversing shelf currents, a non-zero θ4 occurs to the southeast and 
northeast of the estuary in summer and winter, respectively. 

3.4.2. Contribution of subdomains to the θ 
As θi indicates the time spent in each subdomain during the move-

ment of the substance inside the PRE, it has 
∑4

i=1
θi(x0,y0,z0,t0) = θ(x0,y0,

z0, t0). We further examined the contribution of each subdomain to the 
total θ in the PRE and indicated the net substance movement pathway 
(Fig. 12). 

In summer (Fig. 12a and b), the substance released in the upper and 
middle estuaries (R1 and R2) spent more time in the middle estuary (R2) 
and left the PRE predominantly through the lower estuary (R4). 
Therefore, for θ in R1 and R2 (the total time spent in the entire PRE for 
the substance released in R1 and R2), θ2 has the largest contribution, 
and the contribution of θ4 is larger than that of θ3 (Fig. 12b). In the 
western and lower estuaries, most of the substance is directly arrested by 

the northeastward shelf current and leaves the PRE rapidly, except when 
a small portion of water recirculates back to the middle estuary. The 
contributions of θ1 and θ2 to θ in R3 and R4 were limited (Fig. 12a and 
b). To the southwest of the PRE (outside the estuary), θ4 has the largest 
contribution to the total θ. This indicates that the substance released 
there spends more time in the lower estuary (R4) after entering the PRE 
through bottom intrusion, even though it is directly connected to the 
western estuary (R3). 

In winter (Fig. 12c and d), owing to the reduced river discharge, the 
riverine waters spend a longer time in the upper estuary, and the 
contribution of θ1 to θ in R1 and R2 is more than that in summer. Even in 
the lower estuary (R4), the net contribution of θ1 + θ2 was larger than 
θ4. Thus, there is stronger connectivity between the lower and upper 
estuaries, so that, the substance released in the lower estuary can move 
back to the upper estuary. Under the southwestward shelf current, the 
substance in the coastal seas to the northeast of the PRE (e.g., MB and 
DYB) reaches all subdomains, wherein the proportion of θ1–θ4 in the 
total θ is generally comparable with each other. In the western estuary 
(R3), the substance release hardly affected the remaining subdomains, 
and the θ was naturally dominated by θ3. 

4. Conclusions 

This study presents, for the first time, the seasonality and intra-tidal 
variability of the three-dimensional water exchange inferred by the 
exposure time (θ) in the PRE using the adjoint method. The contribution 
of waters from different districts of the estuary to the θ and the substance 
movement pathway in the PRE and the adjacent shelf were investigated. 
The subtidal motions in the PRE and over the adjacent shelf generally 
determine the seasonally contrasting characteristics of water exchange, 
while the interplay of the tidal current and subtidal shelf circulation 

Fig. 10. (a–b) Depth-averaged θ (day) at the typical spring high tide and spring low tide in winter. (c–d) Depth-averaged exposure time anomaly (θa, day) at the 
typical spring high tide and low tide, with respect to the winter averaged θ. The locations of the high tide and low tide times are indicated by the black circles 
in Fig. 7d. 
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imposes higher frequency variabilities, as shown in the sketch map 
(Fig. 13). 

In summer, the θ gradually increases from approximately 5 days near 
the seaside boundary of the estuary to more than 15 days in the upper 
estuary. A longer θ (approximately 15 days) exists in the SZB owing to 
the constraint of the coastline and weak current inside it. In the water 
column, the subtidal offshore/onshore motions of surface/bottom wa-
ters led to a longer θ in the bottom layer compared to the surface layer. 
With the extensive buoyancy forcing and southwesterly monsoon, the 
substance released in the upper and middle estuaries spends more time 
in the middle estuary and primarily leaves the PRE through the lower 
estuary. In the lower and western estuaries, most of the substance 
released is arrested by the northeastward shelf current and leaves the 
PRE rapidly. Outside the estuary, the northeastward shelf current and 
cross-isobath exchange current transport the substance from the shelf to 
the estuary with a θ of approximately 5 days. 

In winter, the water exchange in the PRE was suppressed. The θ 
gradually increases from approximately 5 days at the seaside boundary 
of the estuary to 35 days in the upper estuary, with the isolines of θ 
inclining northwest-southeastward. The longest θ is observed in the SZB, 

with a value of approximately two months. Similar to that in summer, θ 
in the bottom layers was longer than that in the surface layers by 
approximately 10 days. Associated with the weaker river discharge and 
prevailing northeasterly winds, there is stronger connectivity between 
the lower and upper estuaries. As the shelf current generally flows 
southwestward, the substance over the shelf to the northeast of the PRE 
could travel through the subdomains with a θ of approximately 10 days. 
This finding indicates the considerable external influence of coastal seas 
off the east coast of Guangdong Province on the water inside the PRE. 
However, the substance in the western flank of the estuary scarcely 
affected the other regions. 

The interaction between the periodic tidal current and the subtidal 
shelf circulation makes the water exchange quite sensitive to the initial 
release time, particularly in the middle estuary, which has a larger tidal 
excursion. The intra-tidal variation of θ is approximately 3 days in 
summer and two weeks in winter. A larger temporal STD of θ also ap-
pears along the 25 m isobath and in HK waters in summer, where the 
front is located. The distinct characteristics of water changes revealed in 
this study can help optimize the disposal of wastes or polluted water, 
and the intermittent discharge during a tidal cycle should be further 

Fig. 11. Depth-averaged partial exposure time (θ1–θ4, day) in (a–d) summer and (e–h) winter.  
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considered. This helps to better utilize fluid motion to refresh the water 
inside the estuary. This study focused on the spatial-temporal charac-
teristics of water exchange in the PRE and explored the substance 
movement pathway, and further investigation is required to illustrate 
the role of different forcing factors. 
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