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Abstract
Enrichment of nutrients is believed to lead to coastal hypoxia which have become a

seasonal phenomenon over large river estuarine areas such as the Mississippi River-Northern
Gulf of Mexico and Changjiang-East China Sea. There is a similar nutrient enrichment process
in the Pearl River. However, hypoxia occurs only as episodic events over a relatively small area.
We hypothesize that frequent wind events play the interruptive mechanism in preventing the
seasonal formation of bottom hypoxia. We used 29 years time series data of dissolved oxygen
(DO) and winds in the Hong Kong coastal waters to test the hypothesis. Our results show that
bottom DO at 3 stations in southern waters of Hong Kong occasionally drops below the hypoxic
level (2 mg/L), lasting only for less than one month in summer. Episodic hypoxia events appear
to occur more frequently in recent years, but bottom DO does not show a significantly decreasing
trend. The wind speed of 6 m/s appears to be a threshold, above which a wind event could
destroy water column stratification and interrupt the formation of low-oxygen (DO <3 mg/L)
water mass. The wind events above the threshold occur 14.3 times in June, 14.2 times in July and
10.0 times in August during 1990-2018. This explains why episodic events of hypoxia hardly
occur in June and July, and only occasionally in August. The frequency of such the above-
threshold events appears to show a decreasing trend during 1990-2018, which coincides with an

increasing occurrences of episodic hypoxia events in recent years.

1. Introduction
Hypoxic environments are natural existence throughout geological time and distributed in

many coastal ecosystems around the world (Diaz and Rosenberg 2008). During the past half-
century, however, the duration, intensity and extent of coastal hypoxia have been exacerbated by

the increased nutrients input associated with human activities (Breitburg et al. 2018; Du et al.
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42 2018). Typical examples of large dead zones in coastal zones around the world include Baltic
43 Sea, northern Gulf of Mexico, northwestern shelf of the Black Sea and Changjiang-East China
44  Sea (Bianchi et al. 2010; Capet et al. 2013; Vali et al. 2013; Zhu et al. 2016).

45 The Pearl River is the second largest river in China and the 13" largest in the world. The
46 annual average river discharge is 10,524 m3s™ with 20% occurring during the dry season and 80%
47  during the wet season (Yin et al. 2004). The Pearl River estuary flows into the northern part of
48  the South China Sea. Hong Kong is part of its eastern shores (Figure 1). The Pearl River
49  estuarine coastal waters are very dynamic driven by factors such as river discharge, oceanic
50  waters, coastal currents and monsoons (Yin et al. 2004).

51 In recent years, the loading of anthropogenic nutrients has been increasing in the Pearl
52 River (Hu and Li 2009; Su et al. 2017), which is comparable to Mississippi and Yangtze where
53  hypoxia has become a seasonal phenomenon (Li et al. 2002; Rabalais et al. 1998, 2002, 2010;
54  Zhu et al. 2011; Wang et al. 2016). The increase in nutrients in the coastal waters is usually
55  assumed to result in hypoxia in the estuary and coastal waters. However, over the coastal scale of
56  the Pearl River estuarine influenced waters in the South China Sea, hypoxia has only occurred as
57  episodic events over small areas (Yin et al. 2004; Xu et al. 2010; Li et al. 2019). Recent
58  investigations reported a new occurrence of hypoxia in the coastal waters south of Macau (Ye et
59 al. 2013; Su et al. 2017; Lu et al. 2018; Qian et al. 2018), but the spatial scale is only a small part
60  of the Pearl River estuarine plume which influences the large part of the Northern South China
61  Sea.

62 Water column stratification and decomposition/oxygen consumption of organic matter in
63  the bottom water are two critical factors that lead to hypoxia, and both favourable conditions

64  must occur simultaneously for hypoxia to develop and persist (Diaz 2001). An event of episodic
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hypoxia in the Pearl River coastal waters was related to the hydrodynamics and water depth
(Zhou et al. 2012; Ye et al. 2013; Qian et al. 2018). In addition to the buoyancy flux induced by
freshwater discharge, local wind forcing plays a regulating role in the stratification stability.
Previous studies found that wind-driven vertical mixing accelerates the ventilation of water
column and increases oxygen replenishment in the bottom layer in the Pearl River estuarine
coastal waters (Zhou et al. 2012; Wang et al. 2015) and other regions (Wilson et al. 2008; Scully
2010, 2013). For example, bottom DO in hypoxic zone was observed to increase rapidly after the
passage of a typhoon (Ni et al. 2016; Su et al. 2017). However, the mixing effect of typhoons is
relatively short-lived in coastal ecosystems and the enhanced freshwater discharge can re-
establish stratification in only a few days (Zhou et al. 2012), which facilitates the re-formation of
hypoxia (Su et al. 2017). Therefore, whether strong wind events relieve the tendency of hypoxia
on a longer time scale depends partly on the frequency of wind events. Numerical modeling
studies have illustrated the effects of wind stress/speed variations on coastal hypoxia (Chen et al.
2015; Wei et al. 2016; Lu et al. 2018). However, the role of frequency of wind events on the
formation and maintenance of hypoxia is rarely studied, partly due to lack of long time series
data. In order to explain the lack of seasonal phenomenon of hypoxia over the coastal scale in the
Pearl River estuarine waters, we hypothesize that frequent wind events interrupt the formation of
bottom hypoxia and prevent hypoxia from becoming a persistent seasonal phenomenon in the
Pearl River estuarine coast. We used 29 years (1990-2018) time series data of dissolved oxygen
and winds in Hong Kong to test the hypothesis. The approach is to examine the temporal trend of
dissolved oxygen and frequency of wind speeds and to determine a threshold of wind speeds

above which a wind event is strong enough to interrupt the formation of hypoxia.
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2. Materials and Methods
The time series data of DO and other water quality variables at three stations SM17,

SM18 and SM19 during 1990-2018 are obtained from the Environmental Protection Department
(EPD) which has maintained a comprehensive marine water quality monitoring programm since
1986 at 86 stations (Figure 1). The marine monitoring vessel “Dr. Catherine Lam” is equipped
with a CTD profiler and a computer-controlled rosette water sampler to measure salinity,
temperature and dissolved oxygen in situ and collect water samples for nutrients for later
analysis in the laboratory. The water samples were analyzed in the EPD’s laboratory (EPD
Report 2017). The three stations SM17, SM18 and SM19 are located in the southern waters of
Hong Kong in coastal area of the Northern South China Sea, with depths being 12 m, 21 m and
24 m, respectively (Figure 1). They are visited monthly for sampling. They are heavily
influenced by the Pearl River estuarine plume during summer. Station SM18 is located in the
southern end of Lamma Channel, the north end of which receives the sewage effluents from the
outfalls of the CEPT (Chemically Enhanced Primary Treatment) of Stonecutter’s Island Works.
The daily averaged wind speeds and prevailing wind directions at Waglan Island (N
22°10'56", E 114°18’12", Figure 1) are obtained from the Hong Kong Observatory (HKO), and
are assumed to represent the overall wind field over southern waters of Hong Kong including
station SM17, SM18 and SM19. The period of 29 years (from1990 to 2018) is divided into six
groups with 5 years per group to illustrate the variations in wind speeds and the frequency of

wind events in the long term.

3. Results

3.1. Time series of DO at surface and bottom
The time series of DO during 1990-2018 at SM17, SM18 and SM19 showed that both the

surface and bottom DO fluctuated, usually being high in winter and low in summer (Figure 2). In

5
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summer, the bottom DO was all low in June, July and August, and drops to the hypoxic levels
occasionally in August. Hypoxic DO occurred more frequently at SM18 than SM17 and SM19,
with 2, 4 and 2 times at SM17, SM18 and SM19, respectively, during 29 years. A hypoxic event
has never lasted over 2 months in a year at one station and it does not usually occur at the 3
stations in the same month with the exception in August 2011 when the bottom DO was 0.4
mg/L and 0.9 mg/L at SM18 and SM19, respectively. These indicate that hypoxic events are
episodic and have not developed a seasonal phenomenon over a coastal scale covering the 3
stations. Furthermore, the bottom DO does not show any clear decreasing trend over the past

decades as the linear regression over time (the red dashed line) is not significant (Figure 2).

3.2. The relationships between bottom DO, stratification and winds
In summer, the water column is usually stratified in estuarine and coastal areas due to

river outflow and surface heating. In this study, we use the differences in sigma density between

surface and bottom layers (/o) to describe the strength of water column stratification. We use

the differences in DO between surface and bottom layers (ADO) and Apparent Oxygen
Utilization (AOU) to indicate DO consumption due to decomposition of organic matter in the
bottom water mass. The correlation analysis (Table 1) shows that bottom DO is correlated to Ac
at the 3 stations with correlation coefficient, r, being ~0.70 at p <0.01. The correlation coefficient
r between ADO and Ao is all significant at 3 Stns, reaching 0.8 at SM19. Similarly, AOU is

significantly correlated to Ao as AOU increases with Ao increasing. These relationships

indicate that the strength of water column stratification plays a regulating role in the DO
variability.

Since it takes some time for DO to be consumed to a low level from the surface DO,
wind speeds over 7 days are placed before a bottom DO value in summer during 1990-2018 at

6
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SM17, SM18 and SM19 (Figure 3) to inspect visually the wind effect on the low bottom DO.
Generally, bottom DO is seen to decrease during a period of low wind speeds and is elevated
obviously after each episodic high wind period. For example, the bottom DO increased, reaching
7.8 mg/L and 6.8 mg/L in June 1990 at SM17 and SM18, respectively, after the daily averaged
wind speed blew for 7 days at 14.9, 15.2, 11.5, 8.2, 6.8, 3.8 and 9.6 m/s. When an event of
hypoxia occurs, it is usually after a period of low winds. For example, bottom DO was 0.4 mg/L
and 0.9 mg/L in August 2011 at SM18 and SM19, respectively, after the daily averaged wind
speed blew for 7 days at 4.0, 3.8, 4.4, 3.4, 5.7, 4.5 and 3.6 m/s. This reflects the close connection
between bottom DO and wind speed. The correlation analysis of bottom DO, AOU, ADO, Ac vs.
wind speeds for 1-7 preceding days before a low DO event (Table 2) shows that correlation is
better between these DO related parameters and 5-7 days averaged wind speed before sampling
than 1-3 days averaged wind speed before sampling. We choose V7 (7 days averaged wind speed
before sampling) to represent the preceding wind speed. Bottom DO is positively correlated to
wind speeds while AOU, ADO and Ac are negatively and significantly correlated to wind
speeds.

The time series of V7 for DO in summer at SM17, SM18 and SM19 (Figure 4) does not
show any decreasing trend during 1990-2018. The relationship between bottom DO, Ac and V7
during 1990-2018 at three stations (Figure 5) shows that when the wind speed is higher than 8
m/s, Ao is almost close to 0 and bottom DO is usually 5-6 mg/L. The frequency of wind speed
V7 vs bottom DO during 1990-2018 in summer at SM17, SM18 and SM19 (Table 3(a)) shows
that occurrences of bottom DO <3 mg/L is 0 when the averaged wind speed in preceding 7 days

is >8 m/s.
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However, when wind speed is between 5 and 7 m/s, the bottom DO drops to the hypoxic
level occasionally. Since hypoxic events (DO <2 mg/L) occurred rarely in the Pearl River
estuarine coastal waters, we take 3 mg/L as the indicator or an event of low-oxygen water mass
formation. The frequency of the low-oxygen events varies at different wind speeds, being 9.4%,
4.9%, 1.7% and 0 of bottom DO in summer of 29 years for >5, >6, >7 and >8 m/s in wind speed,
respectively. We consider an event with a probability <5% as a small-probability event. When
wind speed is >6 m/s, the water column can be largely mixed and the probability of bottom
hypoxic events have a <5% chance to occur. Therefore, wind speeds >6 m/s are strong enough to
interrupt the water column stratification. The accumulative frequency of the aoc-descending
group vs the ascending wind speed V7 groups during 1990-2018 in summer (Table 3(b)) shows
that occurrences of Ac >15 and the other 3 groups decrease when the wind speed increases. For
example, occurrences of Ac >15 is 0% at SM19 and <5% at SM17 and SM18 when the averaged

wind speed in preceding 7 days is >6 m/s.

3.3. The frequency of wind events
Winds >6 m/s are found to be a wind event that is strong enough to mix the water column

(Figure 5). Wind events were very frequent over southern waters of Hong Kong (Figure 3). The
frequency vs. wind speeds in June, July, August and September during 1990-2018 shows that
wind speeds are usually between 2 m/s and 9 m/s and wind speeds <2 m/s or >9 m/s occur rarely
(Figure 6). In June and July, wind speeds are mostly 4-7 m/s and are reduced to 2-5 m/s in
August. In September, strong wind speeds occur more frequently than August. The accumulative
frequency of wind speeds >6 m/s is 14.3, 14.2, 10.0 and 13.0 days per month in June, July,
August and September, respectively. Compared to other months, the wind condition is much

weaker in August. This means that August is most vulnerable to episodic events of hypoxia.
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The monthly averages of wind speeds for July and August decrease significantly during
29 years (Figure 7). It is more apparent that there appears to be a decrease in wind speeds >6 m/s
and an increase in wind speeds <6 m/s in August based on 5 years grouping of wind speeds
during 1990-2018 while no major changes in wind speeds are apparent in June, July and
September (Figure 8). This suggests that the strong wind events occur less frequently in August
than other months during the last 10 years (Figure 6). Among the five groups, the frequency of
wind speeds >6 m/s appears to show a decreasing trend, especially in June, July and August. For
example, in August, the frequency of wind speeds >6 m/s is 12.6, 12.4, 8.4, 10.6, 7 and 9 days
per month during 1990-1994, 1995-1999, 2000-2004, 2005-2009, 2010-2014 and 2015-2018,
respectively. In the long period of time, this decreasing trend means that low winds may be more

frequent, which potentially results in an increase in the frequency of hypoxia in summer.

4. Discussion
There is a lack of a significantly decreasing trend in DO in the southern water of Hong

Kong during 1990-2018 with occasional drops below the hypoxic level a few times in summer.
Nutrients in the southern waters are non-limiting (EPD Report 2017). However, the drop has not
lasted for two consecutive months at one station and has not happened at 2 stations in the same
month. This demonstrates that the temporal scale of hypoxia occurring in southern waters of
Hong Kong are episodic, not a seasonal phenomenon and the spatial scale is small, not even
covering the two stations within 12 km. Yin et al. (2013) proposed the concept of ecosystem
buffering capacity against hypoxia, which are determined by a number of drivers and processes
(Yin and Harrison 2007, 2008; Harrison et al. 2008; Ho et al. 2008; Yin et al. 2010). Wind
events of typhoons have been reported to mix the water column and subsequently increase

bottom DO (Paerl et al. 1998, 2001; Yin and Harrison 2007; Zhou et al. 2012, 2014; Ni et al.
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2016). This study gives evidence to testify the hypothesis that frequent strong winds interrupt the

stratification and slow down the formation of hypoxia.

4.1. The formation of low DO water mass
It is the residence time of the bottom layer and DO consumption rate that determine the

formation of hypoxia in the bottom. The former depends on the physical processes of water
advection, vertical mixing, and air-sea exchange and the latter photosynthesis, chemolithotrophic
production, and respiration in the water column and sediment oxygen demand (Paerl 2006; Chen
et al. 2015). When the supply of oxygen is cut off to bottom waters, usually due to stratification
of the water column, and consumption of DO through respiration exceeds resupply during a
sufficiently long period of time, DO will decrease, reaching the level of hypoxia if organic
matter is sufficient (Diaz 2001). In many estuarine and coastal systems, excess nutrients lead to
increased primary production, adding new organic matter to the coastal waters. Generally, a
coastal water body receiving a large freshwater input with basic features of low physical energy

(tidal, currents, or wind) is prone to hypoxia (Diaz 2001).

4.2. The interruptive role of wind events on hypoxia formation
Many studies have demonstrated that physical processes such as estuarine circulation,

tide and wind determine the residence time of bottom water and play a crucial role in the
establishment, maintenance and termination of hypoxia (Simpson et al. 1981, 1990; Yin and
Harrison 2007; Rabouille et al. 2008; Wang et al. 2012). Whether an estuary is stratified or
mixed depends on the transformation between kinetic energy and potential energy induced by
these physical factors (Simpson et al. 1981, 1990). The freshwater from the river flows above the
seawater, and hence exerts a buoyancy/stratifying influence in the estuary. The tides affect the

water column in two ways: tidal straining and tidal stirring (Simpson et al. 2005). Winds can

10



https://doi.org/10.5194/bg-2020-188
Preprint. Discussion started: 8 June 2020
(© Author(s) 2020. CC BY 4.0 License.

227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

249

affect the turbulent mixing in several ways, including (1) direct mixing due to shear imposed at
the surface by the wind stress, (2) generation of waves and wave breaking, and (3) modification
of the plume velocity profile, and shear, through coastal set-up and/or straining of isopycnals (Li
et al. 2007; Wilson et al. 2008; Wang et al. 2015; Pan and Gu 2016). Chen et al. (2015) pointed
that wind speed and direction are the most important among the physical factors influencing
oxygen dynamics in the Yangtze Estuary. A 10% increase in wind speed reduced the areal extent
of hypoxia by 46.66%, and a 10% reduction increased the hypoxic area by 67.28% (Chen et al.
2015). A previous study has shown the effect of a typhoon event on interrupting the formation of
hypoxia in the Hong Kong waters (Zhou et al. 2012). In the Mississippi River-Northern Gulf of
Mexico, the size of the ‘dead zone’ was found to be strongly correlated with high river
discharges and strong stratification (Justic et al. 1996). The Baltic Sea with persistent
stratification is prone to the occurrences of hypoxia (Conley et al. 2002; Diaz and Rosenberg
2008; Lehmann et al. 2014). The lack of wind events is a favourable condition for the formation
of hypoxia when organic matter supply is sufficient. Our results show that the occurrences of
hypoxia are usually after a long period of low winds (Figure 3). The wind speed of 6 m/s can be
considered as the threshold of a wind event, above which the stratified water column can be
mixed to interrupt the formation of the bottom hypoxia in coastal waters south of Hong Kong.
The examination of the monthly frequency of such wind events (>6 m/s) reveals that wind
events >6 m/s occur every two or three days on average during June, July and September, which
appears to be frequent enough to raise the bottom DO in southern waters of Hong Kong. The
wind speed is the lowest in August, which explains why most hypoxic events at SM17, SM18
and SM19 occurred in August (Figure 2). The formation process of hypoxia is interrupted, reset

and starts over again after such a wind event. The consumption of bottom DO to the hypoxic

11
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level will take some time as the development of phytoplankton blooms and the bacteria
degradation of dissolved organic matter require a period of time, saying 7 days at least. Previous
study found that phytoplankton in bottled waters took 3-4 days to reach the maximum during the
incubation of the estuarine water (Yin et al. 2000, 2008) and similarly, DO consumption in
bottled samples of estuarine surface waters takes 3-4 days to consume 5-7 mg/L to 2 mg/L
during dark closed incubation, but DO consumption in bottled bottom water to 2 mg/L took
longer time (J. Yao unpubl). Each time when the bottom hypoxia is going to be developed,
strong winds slow down its formation. A stronger episodic wind event will interrupt its
formation completely. The resuming processes may not be a simple recovery as estuarine coastal
water masses are highly variable, which influences phytoplankton growth and its organic matter
sinking to the bottom water. In addition, the consumption of DO may also be variable.
Apparently, each wind event supplies oxygen to bottom layer, which resets the bottom to a
higher initial DO value for consumption and hence, leads to longer formation time for the next
hypoxia event to occur. This explains why seasonal and coastal scale hypoxic events have rarely
occurred in Hong Kong waters despite of the large nutrient inputs.

Due to the southwest monsoon, the Pearl River estuarine freshwater flows across the
southern waters of Hong Kong. SM17 is most affected by the river outflow. SM18 is located in
the southern end of Lamma Channel. In the northern end of it, the sewage effluent outfalls of the
biggest sewage treatment plant (Stonecutter’s CEPT Plant) in Hong Kong are laid in the bottom.
Part of the treated effluent flows through the Lamma Channel to the southern waters. Thus,
SM18 is most influenced by the sewage effluent. The shallow depth of 12 m at SM17 makes

wind mixing more effective at SM17. SM19 appears to be least influenced by the estuarine

12
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plume and sewage effluent, and by a wind event due to its deepest depth (24 m). This explains

low occurrences of hypoxia at SM19 at wind speeds >5 m/s (Table 3).

4.3. Ecosystem buffering capacity
Cloern (2001) pointed out that some coastal ecosystems can accommodate an excess

nutrient enrichment without showing apparent eutrophication symptoms. Yin et al. (2013)
proposed that it is the ecosystem buffering that makes the Pearl River estuary “robust” to N
enrichment. It is determined by physical driving forces such as monsoons, river outflow, tidal
cycles and rainfall, and some of them become dominant over different temporal and spatial
scales, which induce circulation, stratification and turbulent mixing. As a result, the fields of
light, salinity, temperature and nutrients vary, thus influencing algal growth and DO
consumption. When anthropogenic nutrients enter coastal waters, there would be a series of
physical and biological processes before nutrient enrichment causes any ecological impacts. If
the ecosystem buffering capacity is large enough, the input may not lead to any impacts.
Inversely, algae bloom and hypoxia may occur.

Lacking of a seasonal hypoxia over the coastal scale in the Pearl River estuarine
influenced waters suggests that the ecosystem buffering capacity plays a regulating role in
controlling the production and accumulation of algal blooms and DO consumption and potential
occurrence of hypoxia (Lee et al. 2006; Harrison et al. 2008). In addition to these physical
controls on hypoxia, the low PO4 concentrations relative to nitrogen (N:P~100:1) may limit the
phytoplankton biomass production through P limitation and hence the amount of organic matter
sinking to depth (Yin et al. 2004). Zooplankton grazing pressure could also be an influencing
factor in limiting the phytoplankton biomass via the top down control in HK waters in summer

(Ho et al. 2008). Strong solar radiation can reach the shallow bottom layer of HK waters

13
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(although it might still be limiting) and support some growth of phytoplankton at depth that can
release and partially replenish DO (Ho et al. 2008). In summary, hypoxia might therefore
develop only when bottom DO consumption exceeds the buffering capacity maintained by all
these physical and biochemical factors above.

The frequency of wind events (>6 m/s) appears to show a decreasing trend in summer in
the long term, which may be well related to global climate change. Climate change is likely
contributing to the increase in dead zones, by influencing factors such as winds, precipitation and
temperature (Altieri and Gedan 2015). For example, changes in the direction and strength of
seasonal wind patterns can modify hypoxic conditions by affecting circulation patterns that
determine nutrient delivery and water column stratification (Conley et al. 2007; Altieri and
Gedan 2015). Changes in rainfall patterns can increase discharges of freshwater and nutrients to
coastal ecosystems (Diaz and Rosenberg 2008). Recently, global warming is predicted to
enhance stratification, decrease oxygen solubility and accelerate respiration, thus exacerbating
the oxygen depletion in nutrient-enriched coastal systems (Breitburg et al. 2018). If the weak
wind condition or the tendency of decreasing wind speeds continues in the future, the occurrence
of hypoxia in this system may become more frequent, and likely develops into large areas of
seasonal hypoxia. This may contribute to a relatively large hypoxic zone in the south water of
Macau reported recently (Su et al. 2017; Lu et al. 2018; Qian et al. 2018). This raises an alarming
signal and an urgent need to fully understand the influence of climate change and how multiple

factors interact to drive the dead zone dynamics.

5. Conclusions

Due to population growth and economic development in last 60 years, riverine nutrients

have increased dramatically, which leads to increased organic matter production in estuarine and

14
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coastal waters. However, not all estuaries or coastal waters show eutrophication symptoms such
as red tides or hypoxia (Cloern 2001). Nutrients in the Pearl River have been steadily increasing
in the last 4 decades, but hypoxic water mass has not developed into a seasonal phenomenon in a
large scale over the plume influenced waters in the Northern South China Sea. Our study
testified the hypothesis that frequent strong wind events destroy the water column stratification
and interrupt the formation of hypoxia. The wind speed >6 m/s can be considered to be the
threshold of an interruptive wind event in Hong Kong waters. Our finding demonstrates the role
winds play in the ecosystem buffering capacity against enrichment of nutrients. The finding is
significant because climate change may have resulted in the decreasing trend in the frequency of
wind speeds >6 m/s in the recent years, which is an alarming signal for more occurrences of
hypoxic events in the region. The water quality management needs to keep long-term monitoring
and develop strategies for controlling and regulating the input of nutrients in coastal waters to the

level that is below the threshold for triggering the hypoxia in the downstream of the estuary.

15
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Figure legends

Figure 1. Map of the Pearl River estuary and Hong Kong waters and Waglan Island showing the
selected EPD water quality monitoring stations.

Figure 2. The time series of surface and bottom DO during 1990-2018 at SM17, SM18 and
SM19 (the red dashed line indicates that the linear regression is not significant).

Figure 3(a). Time series of wind speed and bottom DO during 1990-2004 in summer at SM17,
SM18 and SM19 (the red dashed line denotes the level of DO=2 mg/L).

Figure 3(b). Time series of wind speed and bottom DO during 2005-2018 in summer at SM17,
SM18 and SM19 (the red dashed line denotes the level of DO=2 mg/L).

Figure 4. Time series of averaged wind speed V7 before sampling during 1990-2018 in summer
at SM17, SM18 and SM19. There is no significant trend by linear regression.

Figure 5. The relationship between bottom DO, Ac and V7 during 1990-2018 at SM17, SM18

and SM19.
Figure 6. The frequency of grouped wind speeds during 1990-2018 in summer (left panel) and
accumulative frequency of grouped wind speeds (accumulated from the largest wind speed group

to the smallest one) (right panel).
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534  Figure 7. The monthly averages of wind speeds for June, July, August and September,
535  respectively, over 29 years (the red and blue solid lines denote the significant regression).
536  Figure 8. The averaged monthly frequency of wind speeds <6 and >6 m/s at Waglan Island in

537  summer (the red dashed line denotes the frequency of wind speeds >6 m/s over 29 years).
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538 Table 1. The Correlation Coefficient, r, between bottom DO, AOU, ADO and Ac.

Variables SM17 (n=287) SM18 (n=292) SM19 (n=292)

DO vs. Ac -0.71™ -0.69 ™ -0.68 ™"
AQU vs. Ac 0.69 ™ 0.67 ™ 0.67™
ADO vs. Ac 0.75™ 077 0.80 ™

539  Note. nis the total number of samples, and the asterisk ** indicates the significant level of p <0.01.
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540  Table 2. The Correlation Coefficient, r, between bottom DO, AOU, ADO, Ao and wind speed in summer.

SM17 (n=94) SM18 (n=97) SM19 (n=97)
DO AOU  ADO Ao DO AOU ADO Ao DO AOU ADO Ac
\Z 023 023 -027" 007 047° 049" 036"  -0.14 0.46™ 048”  -036™  -0.19
Ve 023 024 -033™  0.001 047  049™  -040" 017 047" 0.49™  -040"  -0.23"
Vs 023" 0238  -036" -0.08 0.46™ 048~ 043"  -0.21" 0.48™ 050™ 047" -0.26"
Va 0.20 021" -033"  -0.15 043"  -046™ 043" 021 048" 050" 049" 023
Vs 0.18 2019  -0277  -0.19 041"  -043™  -040" 021 041" 0447 0447 2022
\Z 0.13 014  -020  -017 032"  -034™  -032”  -0.18 0.28" 031" -035" 017
Vi 0.09 2011  -015  -0.16 0.16 -0.18 -0.16 -0.09 0.09 -0.12 -0.21 -0.08

541  Note. The Vi means i days averaged wind speed before sampling, and n is the total number of samples, the asterisk * or ** indicates the significant level

542  of p <0.05 or p <0.01, the underline labels the maximum of each column.
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543  Table 3(a). The Frequency (%) of bottom DO at different V7 Wind Speeds during 1990-2018 in summer.

(mg/L) >5m/s >6 m/s >7 m/s >8 m/s
3<DO <4 16.0 75 4.3 11
SM17 2<DO <3 8.5 5.3 1.1 0.0
DO <2 2.1 0.0 0.0 0.0
3<DO 4 134 8.3 21 10
SM18 2< DO <3 10.3 5.2 31 0.0
DO <2 2.1 1.0 0.0 0.0
3<D0O <4 217 11.3 31 0.0
SM19 2< DO <3 4.1 21 0.0 0.0
DO <2 1.0 1.0 1.0 0.0
Average DO <3 9.4 4.9 1.7 0.0
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544  Table 3(b). The Accumulative Frequency (%) of Ac in the 4 descending groups vs 4 ascending groupings of

545 V7 Wind Speeds during 1990-2018 in summer (June-August). Group =5 m/s includes the other 3 groups,

546  group =6 m/s includes the other 2 groups and so on.

(kg/m?3) >5m/s >6 m/s >7 m/s >8 m/s
A6 >15 3.2 3.2 0.0 0.0
SM17 10< A0 <15 14.9 10.6 6.4 11
5< A6 <10 29.8 18.1 7.4 5.3
r6 <5 255 16.0 9.6 4.3
Ao >15 4.1 4.1 21 10
SM18 10< A0 <15 134 9.3 41 1.0
5< A6 <10 17.5 10.3 5.2 2.1
r6 <5 24.7 16.5 134 5.2
ArG >15 1.0 0.0 0.0 0.0
SM19 10< Ao <15 12.4 11.3 31 10
5< A6 <10 18.6 9.3 41 0.0
A6 <5 33.0 23.7 175 8.2
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548  Figure 1. Map of the Pearl River estuary and Hong Kong waters and Waglan Island showing the selected EPD

549  water quality monitoring stations.
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555  Figure 3(a). Time series of Wind speed and bottom DO during 1990-2004 in summer at SM17, SM18 and SM19 (the

556  red dashed line denotes the level of DO=2 mg/L).
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558 Figure 3(b). Time series of Wind speed and bottom DO during 2005-2018 in summer at SM17, SM18 and SM19 (the

559 red dashed line denotes the level of DO=2 mg/L).
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560
561  Figure 4. Time series of averaged wind speed V7 before sampling during 1990-2018 in summer at SM17, SM18 and

562 SM19. There is no significant trend by linear regression.
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564  Figure 5. The relationship between bottom DO, Ao and V7 during 1990-2018 at SM17, SM18 and SM19.
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566 Figure 6. The frequency of grouped wind speeds during 1990-2018 in summer (left panel) and accumulative

567  frequency of grouped wind speeds (accumulated from the largest wind speed group to the smallest one) (right panel)
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569  Figure 7. The monthly averages of wind speeds for June, July, August and September, respectively, over 29 years
570 (the red and blue solid lines denote the significant regression).
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572
573  Figure 8. The averaged monthly frequency of wind speeds <6 and >6 m/s at Waglan Island in summer (the red

574 dashed line denotes the frequency of wind speeds >6 m/s over 29 years).
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