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A B S T R A C T

This research examines the phenomenon of saltwater intrusion in the Yellow River estuary (YRE) through uti
lization of shipboard surveys and mooring investigations. Hydrographic data were gathered in May and October 
2023 to elucidate the relationship between saltwater intrusion in YRE and various factors, including tides, winds, 
and river discharge. The fortnightly cycle of the diurnal tide within the estuary is controlled by the declination of 
the moon above and below the equator, rather than by the lunar phase, as is the case in a semidiurnal system. 
The spring tides occur two days after the maximum lunar declination and neap tides occur two days following the 
zero value of lunar declination. Surface salinity within estuary demonstrates semidiurnal fluctuations, with an 
initial peak occurring prior to high tide and a subsequent peak during early ebb phase. The earlier peak is 
attributed to interplay between upstream tidal currents and downstream fluvial flow, while the later peak is 
likely influenced by saltwater which has intruded into river channel. Conversely, bottom salinity exhibits diurnal 
variations, as seawater is driven into and out of river channel by diurnal tidal currents. The peak salinity levels in 
the estuary correspond to fortnightly variations in water elevation, indicating stronger intrusion during spring 
tides than in neap tides. Additionally, strong northeasterly winds can enhance saltwater intrusion; however, 
intrusion is hindered once the winds subside in following day. This phenomenon of wind-induced hindrance has 
not been previously documented and may be attributed to significant accumulation of freshwater within the river 
due to northeasterly winds. Overall, saltwater intrusion is more intense during winter and spring than in summer 
and autumn.

1. Introduction

Saltwater intrusion is a prevalent phenomenon in estuaries where 
freshwater and seawater converge, playing a crucial role in the estuarine 
density gradient, circulation, and mixing processes. It significantly alters 
the transport of sediments, pollutants, and waterborne materials (Hao 
et al., 2024; MacCready and Geyer, 2010; Xing et al., 2013), as well as 
the distribution of estuarine vegetation and ecosystem habitats 
(Neubauer, 2013). Enhanced saltwater intrusion can disrupt freshwater 
intake for domestic and industrial uses in surrounding areas (Liu et al., 
2019), and may even threaten the survival of certain aquatic species 
within the estuary, such as Leuciscus aspius (Kujawa and Piech, 2022; 

Goe et al., 2025). Consequently, this can lead to substantial economic 
losses and degradation of transitional habitats (Tully et al., 2019; Zhu 
et al., 2020). Therefore, saltwater intrusion has long been a globally 
significant research focus, attracting extensive scholarly attention.

The pattern of saltwater intrusion is significantly influenced by a 
variety of critical factors, including riverine input, tidal movements, 
wind patterns, estuarine topography, climatic changes (such as storm 
events and sea level rise), and anthropogenic activities (Chen et al., 
2016; Liu et al., 2007; Loc et al., 2021; Lyu and Zhu, 2019; Per
ales-Valdivia et al., 2018; Qiu and Zhu, 2015; Savenije, 2012; Veerapaga 
et al., 2019). Wherein, riverine input plays a pivotal role in determining 
the extent of saltwater intrusion. Specifically, river discharge serves to 
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mitigate the upstream transport of saltwater within an estuary, and it is 
widely accepted that saltwater intrusion is inversely correlated with 
riverine input (Liu et al., 2007; Wang et al., 2019). Numerous studies 
have indicated that the saltwater intrusion length, typically defined by 
the 2-PSU isohaline, adheres to a power law relationship with river 
discharge, where the power dependence coefficient varies in a wide 
range in different estuarine conditions (Abood, 1974; Monismith et al., 
2002; Ralston et al., 2010). Furthermore, the sensitivity of saltwater 
intrusion length to fluctuations in river discharge will increase during 
high flow conditions, with a smaller coefficient compared to low flow 
scenarios (Ralston et al., 2010).

Tides exert a significant influence on saltwater intrusion across 
various timescales. On intra-tidal timescales, saltwater intrudes into the 
estuary during flood-tide periods and is expelled from the estuary during 
ebb-tide periods. As a result, the maximum salt intrusion occurs at flood 
slack, while the minimum salt intrusion is observed at ebb slack. The 
fortnightly fluctuations in tidal range modulate the extent of saltwater 
intrusion, exhibiting distinct patterns in estuaries with different salt 
transport mechanisms (Payo-Payo et al., 2022). Stronger saltwater 
intrusion is typically observed during neap tides in estuaries charac
terized by exchange flow (Gong and Shen, 2011), whereas in estuaries 
where tidal dispersion dominates, larger intrusion lengths are noted 
during spring tides (Wu et al., 2010). Additionally, numerical modelling 
conducted by Qiu et al. (2012) indicates that the seasonal variability of 
tides enhances saltwater intrusion in the Changjiang estuary, with the 
most significant tidal range occurring during the spring tides in March.

In addition to runoff and tidal influences, winds also play a signifi
cant role in the alteration of saltwater intrusion. Winds can induce cir
culation and promote mixing within the water column, particularly in 
the surface layer. The impact of wind can be divided into two distinct 
components: local wind and remote wind (Gong et al., 2022; Wong and 
Lu, 1994). Local wind exerts a direct influence on the water surface of 
the estuary, thereby modifying the mixing and circulation dynamics 
within the estuary, which in turn affects the extent of saltwater intru
sion. Specifically, local wind stress can facilitate the advancement of 
saltwater into estuaries when directed upstream, whereas down-estuary 
winds can reduce the extent of saltwater intrusion (Perales-Valdivia 
et al., 2018). Conversely, remote winds modulate the water elevation 
and salinity at the estuary mouth, thereby exerting an indirect effect on 
saltwater intrusion. In addition, climate change is also recognized as one 
of the primary factors that will influence estuary saltwater intrusion in 
the future, since the global warming is causing sea level to rise signifi
cantly (Wei et al., 2015).

The modern Yellow River (YR) Delta is located in the southwestern 
region of the semi-enclosed Bohai Sea and plays a crucial role in flood 
regulation and economic development (Zhang et al., 2016). It also serves 
as a vital habitat for numerous precious plant species such as wild 
soybean, and endangered avian populations such as Black-faced 
Spoonbill and Mute Swan (Zhang et al., 2016). Xia et al. (2021) indi
cated that the Yellow River Delta is encountering severe saline intrusion 
in its coastal aquifer, which poses great threats to water quality and the 
ecological integrity of the wetland area. However, there are very few 
studies about the saltwater intrusion within the river channel of Yellow 
River Estuary (YRE). Most of salt-related studies about the estuary have 
focused on the behaviour of low-salinity water in the offshore area of the 
estuary. Given the increasing concerns on maintaining species diversity 
and safeguarding water resources, this issue has become critical from the 
perspective of coastal management and conservation.

Moreover, the Yellow River Delta is characterized by unique hy
drodynamic features that differentiate it from other major deltas. The 
evolution of the Yellow River has established a high-energy fluvial 
system within the estuary, where seasonal floods drive significant 
sediment delivery to the Bohai Sea (Lin et al., 2025). Both field in
vestigations and numerical modelling have identified the existence of an 
M2 amphidromic point near the mouth of the Yellow River, a 
geographical location with zero tidal amplitude for M2 constituent 

(Huang et al., 2015; Ji et al., 2020). This reduced M2 amplitude leads to 
a micro tidal range and a diurnal tidal regime dominated by K1 and O1 
within the Yellow River estuary. Aside from precipitation patterns 
related to monsoon and other atmospheric processes in the upper rea
ches (Zhao et al., 2024), the river's runoff is also largely modulated by 
human activities, particularly through the Water-Sediment Regulation 
Scheme (WSRS) implemented upstream. This scheme releases up to 30% 
of the annual runoff into the Bohai sea within a short period of two 
weeks, thereby substantially altering the natural seasonal variability of 
river discharge and the water-sediment processes in the lower reaches 
(Ji et al., 2018; Jia and Yi, 2023; Lin et al., 2024). As river discharge and 
tidal forcing are recognized as the primary controls of estuarine salt
water intrusion, these dynamic characteristics are likely to create a 
distinct pattern of saltwater intrusion in the YRE compared to other 
middle-latitude estuaries, such as the widely-studied Changjiang Estu
ary (Qiu et al., 2012) and Hudson River Estuary (Ralston et al., 2019). 
Therefore, investigating saltwater intrusion within the YRE holds great 
scientific significance.

To date, several observational and numerical studies have examined 
the salinity distribution in the Yellow River Estuary, although most have 
focused on the offshore areas of the estuary. Principally, the distribution 
of low-salinity water in the estuary corresponding to the Yellow River 
plume exhibits clear seasonal variation in response to seasonal varia
tions in the wind field and river discharge (Gai et al., 2025; Qin et al., 
2023; Wang et al., 2008). In summer, prevailing southeasterly winds 
facilitate the offshore movement of the plume, which typically extends 
northeastward into the central Bohai Sea. In contrast, northerly winds 
during winter drive the low-salinity water into Laizhou Bay (Qin et al., 
2023). The range of low-salinity area is also closely linked to the river 
discharge, growing larger and shifting southward as discharge increases. 
Consequently, the river plume is most pronounced in summer, when 
river discharge reaches its peak (Gai et al., 2025; Wang et al., 2008). 
Additionally, the distribution of low-salinity water is affected by 
northward tide-induced residual currents offshore of the Yellow River 
mouth, which can cause the upstream extension of the plume, particu
larly under low runoff conditions in spring (Yu et al., 2021). However, 
little attention has been given to the salinity structure within the Yellow 
River channel.

This manuscript serves two primary purposes. First, it seeks to 
document, for the first time the along-estuary salinity structure in the 
YRE, along with its temporal variations. Second, it presents observa
tional evidence, albeit limited, regarding the short-term and seasonal 
variability of salinity intrusion associated with tidal fluctuations and 
wind conditions. It is anticipated that the findings reported herein will 
contribute to the management and conservation initiatives of the Yellow 
River Delta coastal system. The remainder of the paper is organized as 
follows: Section 2 provides a brief description of the in-situ hydrological 
data collection methods. Section 3 presents the results. The discussion 
and conclusions are provided in Section 4 and Section 5, respectively.

2. Field observations

To examine the seasonal variations in saltwater intrusion at the 
Yellow River Estuary (YRE, Fig. 1a and b), a series of observations uti
lizing mooring instruments and shipboard surveys within the river 
channel were conducted during the spring and autumn of 2023. In the 
spring, an anchor-based tide gauge and a buoy mounted with a con
ductivity–temperature–depth profiler (CTD) were deployed 0.9 km up
stream of the river entrance (indicated by the red dot in Fig. 1c). The two 
instruments facilitated the collection of surface salinity and water depth 
data at 10-min intervals from May 10 to May 27, encompassing a 
complete spring-neap tidal cycle. Additionally, along-channel shipboard 
surveys were performed on May 11 (spring tide) and May 19 (neap tide). 
Each survey followed an axial path with an along-channel resolution of 
about 200 m (marked by black and blue dots in Fig. 1c) and required 
roughly 0.5 h. Salinity casts with a multi-parameter water quality 
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detector were taken at these stations at 3-h intervals to capture intra- 
tidal variations of saltwater intrusion.

In the autumn, two sets of CTD and Acoustic Doppler Current Profiler 
(ADCP) instruments were deployed 1.5 km upstream of the river 
entrance (indicated by blue dot in Fig. 1d) from October 15 to October 
30, 2023. One set was mounted on a buoy to collect surface current and 
salinity data, while the other was affixed to a pole embedded in the 
bottom mudflat (approximately 50 cm above the seabed) to record 
bottom current, water depth and salinity data. Furthermore, one lon
gitudinal section and four lateral sections (marked by black dots in 
Fig. 1d) were selected for shipboard surveys using the same instrument 
and configurations as those deployed in May. The locations of the 
sampling stations were redesigned due to significant alterations in the 
river estuary's topography resulting from the continuous erosion and 
siltation from May to October 2023. Shipboard surveys along these 
stations were conducted on three occasions: on October 15 (neap tide) 
with strong northeasterly winds, October 22 (spring tide) and 30 (neap 
tide) with weak southerly winds. The surveys on October 22 and 30 had 
provided comprehensive records of the upstream movement of saline 
water into the channel under both spring and neap tidal conditions. 
Additionally, records from October 15 were compared with those from 
October 30 to basically illustrate the effect of wind direction on salinity 
distribution within the YRE.

In addition to the in-situ hydrographic data, various auxiliary data
sets were collected during the survey period, which included the Yellow 
River discharge, as well as wind and tidal levels at Dongying Port, a site 
representative for tidal elevations outside the river estuary. Daily 

discharge data for the Yellow River were obtained from the Lijin Station, 
located approximately 100 km upstream from the river estuary (refer to 
Fig. 1b for its location). According to Wang et al. (2011), this distance 
between Lijin Station and the Yellow River mouth will cause a time lag 
of ~10 h between the record of river discharge and its arrival time. 
Hourly wind data over YRE were provided by Yantai Institute of Coastal 
Zone Research. Additionally, hourly tidal levels at Dongying Port were 
sourced from the National Ocean Information Center (available at 
https://mds.nmdis.org.cn/pages/tidalCurrent.html). All auxiliary data 
collected during the observational periods in spring and autumn are 
illustrated in Figs. 2 and 4.

Real-time coastline data for May and October 2023 were derived 
from satellite imagery. Remote sensing images of the Yellow River es
tuary were acquired from Landsat 8 (available at https://earthexplorer. 
usgs. gov) and subsequently processed using Arcgis 10.8, which facili
tated the registration of Landsat images to geographic coordinates, 
thereby enabling the extraction of the latitudinal and longitudinal po
sitions of the shoreline. The location of the Yellow River entrance 
(designated as Stations No. 39 and 40 in Fig. 1c; No. 4 Station in Fig. 1d) 
was determined by the Yellow River Conservancy Commission of the 
Ministry of Water Resources and evolved constantly in response to real- 
time changes in the depth within the river channel.

Fig. 1. (a) Geographical location of the Yellow River Estuary within the Bohai Sea and (b) the specific area of study. River estuary topography and the locations of 
observational stations are depicted for (c) May and (d) October 2023. In panel (c), black dots represent sampling stations on May 11, and blue dots denote those on 
May 19; while the red dot marks the position of the mooring instruments. In panel (d), black dots denote the sampling stations, while the blue dot represents the 
location of mooring measurement. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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3. Result

3.1. Spring survey

3.1.1. Temporal variation of saltwater intrusion in the YR
During the survey period from May 10 to May 27, 2023, the Yellow 

River discharge fluctuated between 550 m3/s and 1250 m3/s (Fig. 2a). 
The prevailing wind near the river estuary was predominantly southerly 
with an average wind speed of 7.4 m/s, while significant northeasterly 
and northerly wind events were recorded on May 17 and 20 (Fig. 2b).

The measured water depth at No. 29 station within the river channel 
varied almost synchronized with the tidal level at Dongying Port 
(Fig. 2c), with a time lag of about 0.5 h. Tide at the Dongying Port is 
predominantly diurnal and displays a distinct fortnightly signal. A har
monic analysis using Matlab toolkit “s_tide” (Pan et al., 2018) was 
applied to the water level at Dongying Port, with the amplitudes and 
phases of the main tidal constituents given in Table 1. The tidal form 
factor, which is the ratio between diurnal (K1+O1) and semidiurnal 
(M2+S2) constituents, is 3.24, characteristic of a diurnal tide. The tidal 
ranges recorded at Dongying Port were 1.2 m during spring tides (on 
May 12 and 25) and 0.25 m during neap tides (on May 18), with 
semidiurnal tides becoming more prominent during neap conditions. 

The water depth measured within the river channel retained most of the 
tidal features observed at the Dongying Port, including diurnal and 
fortnightly variations. However, the water level deviated substantially 
from the tidal level at Dongying Port on May 17. A low-pass filter with a 
cutoff frequency of 25 h was applied to emphasize the sub-tidal oscil
lations present within the estuary (indicated by the dashed line in 
Fig. 2c). Minor sub-tidal water level fluctuations of less than 0.1 m were 
observed throughout the monitoring period, except for May 17, when an 
increase of 0.3 m was recorded, resulting in a substantially elevated 
water level. Consequently, we hypothesize that the elevated water level 
was a result of the intense northeasterly winds, which facilitated the 
influx of substantial amounts of seawater into the river channel. Besides, 

Fig. 2. Time series of (a) Yellow River discharge and (b) wind conditions near the river estuary, together with (c) observed water depth (with solid line representing 
observed data and dashed line indicating low-pass filtered values of observed data; the grey area denotes water depth at Dongying port) and (d) observed surface 
salinity (with solid line for the observed salinity and the grey area for observed water depth) at Station No. 29 in the river channel during the period from May 10 to 
May 27, 2023. The red dashed lines in panels (a), (c) and (d) indicate the commencement dates of shipboard surveys, while the red arrows in panel (b) denote the 
wind data collected during these surveys. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Table 1 
Tidal components for the tidal level at the Dongying port. Amplitude (A) and 
phase (G) are shown.

Tidal constituents Period (h) A (cm) G (deg.)

M2 12.42 10.3 99.0
S2 12.00 5.1 152.4
K1 23.93 26.4 148.4
O1 25.82 23.5 104.5
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we observed that the high tide in the river channel consistently occurred 
during the night time hours in May.

Despite the evident diurnal pattern of water levels in the river 
channel, the measured surface salinity in the river channel exhibited a 
semidiurnal variation for most of the study period (Fig. 2d). This salinity 
demonstrated two prominent peaks characterized by uneven amplitudes 
within a 24-h cycle. Notably, the intervals between the two peaks of 
surface salinity were brief, with the declines between two peaks 
occurring concurrently with the peaks in water level. The procedure by 
which surface salinity alterations occur is delineated as follows. Surface 
salinity began to rise approximately 3 h after the lowest tide, reaching a 
peak value before declining, only to rise again to a second peak shortly 
after the highest tide. Subsequently, surface salinity decreased rapidly as 
the water levels began to recede. The duration of low salinity (salinity 
<2) was observed to be longer than that of high salinity (salinity >5) 
within a single day. Similar with water levels, the peak surface salinity in 
the river channel exhibited a fortnightly variation, particularly evident 
in the increasing trend from May 19 (neap tide) to May 26 (spring tide). 
The notably high salinity recorded on May 17 was likely due to the 
strong northeasterly winds that transported significant volumes of sea 
water from outside into the river channel. There was also a phenomenon 
where a small amount of seawater intruded into the river on May 18 and 
19.

3.1.2. Vertical distribution of salinity in the YR
Salinity profiles along the river channel were assessed on May 11 and 

May 19 to illustrate both intra-tidal and fortnightly variations in salt
water intrusion within the YR (Fig. 3). Note that the saltwater intrusion 
length was determined here with the location of the bottom 2-isohaline. 
On May 11 (spring tide), the tide exhibited a diurnal pattern (grey line in 
Fig. 3a). Approximately 1 h before the highest tide (~00:00), the water 
elevation at Station No. 29 reached 1.4 m, with saltwater intruding 
approximately 3.0 km from the river estuary into the channel (Fig. 3b). 
The salinity recorded at Station No. 29 was about 26 throughout the 
entire vertical column, while the bottom salinity at Station No. 37 was 
about 8. A pronounced stratification was observed, quantified at 
approximately 10 m− 1, indicating that the saltwater predominantly 
intruded through the bottom layer. Additionally, a pronounced upright 
salinity front was observed between Stations No. 36 and No. 37 in the 
bottom layer, alongside a pronounced pitched front between Stations 
No. 31 and No. 29 in the surface layer. At about 06:00, during the mid- 
ebb tide (Fig. 3c), the saltwater had receded compared to its position at 
00:00. The bottom salinity at Station No. 39 was about 24, while the 
salinity at Station No. 29 was recorded at 2 at the surface and 14 at the 
bottom. By around 09:00, saltwater had flowed out to Station No. 27 
(Fig. 3d). At about 12:00, during lowest tide, salinity levels in the entire 
river channel approached zero (Fig. 3e). Throughout the ebb tide (from 
00:00 to 12:00), as the water elevation decreased (Fig. 3a), saltwater 
was expelled from the river channel, resulting in a reduction in salinity. 
The maximum observed intrusion distance during the spring tide was 
about 3.0 km upstream from the river estuary.

On May 19 (neap tide), the tide shifted to a semidiurnal pattern, 

Fig. 3. Water depth (grey line) and surface salinity (black line) at the mooring station, alongside the longitudinal salinity distribution within the river channel at 
different stages of the tidal cycle during (a–e) spring tide and (f–j) neap tide. The x-axis in panels (b)–(e) and (g)–(j) represents the distance from the river estuary 
during the survey and the red triangle marks the location of the mooring instruments. The red dashed lines in panels (a) and (f) signify the commencement of each 
survey. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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characterized by two floods and two ebbs within a single day (grey line 
in Fig. 3f). At the initial small peak of water elevation at Station No. 29 
(~1 m, at 12:00), the salinity within the river channel was approxi
mately 14 at the bottom, with an intrusion distance measured about 
0.8 km (Fig. 3g). At the lowest tide (~15:00), salinity levels within the 
channel were minimal (Fig. 3h). By the middle time of flood (approxi
mately 18:00), the salinity at the river estuary reached about 26 at the 
bottom, with the intrusion distance extending to approximately 1.5 km 
(Fig. 3i). At this time, a strong upright salinity front was observed in the 

inner section of bottom channel, while a pronounced pitched salinity 
front was noted in the outer section of surface channel. During the 
second peak of water elevation at Station No. 29, which reached 
approximately 1.4 m at 21:00, the observed intrusion distance was at its 
maximum, measuring around 2.5 km, with the highest recorded salinity 
at the bottom being approximately 26 (Fig. 3j). The stratification during 
this period was notably pronounced, quantified at approximately 
13 m− 1. Throughout the flood tide (from 15:00 to 21:00), an increase in 
water elevation was accompanied by a corresponding rise in salinity 

Fig. 4. Time series of (a) Yellow River discharge and (b) wind conditions near the river estuary, together with (c) observed water depth (solid line for observed data 
and dashed line for low-pass filtered depth; missing data represented by a dotted blue line; the grey area denotes tidal elevation at Dongying Port), (d) observed 
salinity (dashed line for the surface salinity and solid line for bottom salinity; missing data is represented by a dotted blue line; the grey area represents observed 
water depth, with missing data covered by blue areas) as well as (e) observed surface and bottom currents at Station No. 33 in the river channel from October 15 to 
30, 2023. The red dashed lines in panels (a), (c) and (d) mark the initiation dates of the shipboard surveys, while the red arrows in (b) and (e) denote the winds and 
currents recorded during each survey. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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within the river channel (Fig. 3f). It is noteworthy that the intrusion 
distance during the neap tide was smaller, measuring 2.5 km, compared 
to 3.0 km during the spring tide.

3.2. Autumn survey

3.2.1. Temporal variation of saltwater intrusion in the YR
During the observation period from October 15 to 30, 2023, the 

Yellow River discharge remained relatively constant, averaging 650 m3/ 
s (Fig. 4a). Winds near the river estuary predominantly came from the 
south, with an average wind speed of 5.6 m/s, however, notable events 
of strong northeasterly or northerly winds were recorded on October 15, 
18–19, and 26 (Fig. 4b).

Similar with the conditions observed in May, the tidal pattern at 
Dongying Port exhibited diurnal and fortnightly characteristics (grey 
area in Fig. 4c). The tidal range was greatest on October 22, measuring 
1.1 m during spring tide, and smallest on October 15 and 29, at 0.3 m 
during neap tide. Additionally, a semidiurnal signal was observed dur
ing neap tide. Tide within the river channel mirrored that of Dongying 
Port, displaying a diurnal signal during the spring tide and a semidiurnal 
signal during the neap tide (solid line in Fig. 4c). However, the fort
nightly signal in the water levels within the channel was not pro
nounced. Notably, the tidal ranges on October 18, 19, and 26 were 
unexpectedly significant, coinciding with the occurrence of northerly 
wind events. Furthermore, we noted that, in contrast to May, when high 
tides occurred predominantly at night, high tides in October were 
observed during the daytime. Specifically, high tide was recorded 
around 12:00 on October 16, with the timing progressively advancing to 
approximately 18:00 on October 25. Following this adjustment, the 
timing reverted to 10:00 on October 26, subsequently advancing again 
to about 12:00 on October 30. It is important to highlight that the 
distinct set-down of water level caused the bottom instruments at Sta
tion No. 33 to become exposed during the ebb tides from October 21 to 
25 (a period of zero water level), leading to data gaps in the measured 
salinity and velocity.

The surface salinity recorded in October within the river channel 
exhibited a semidiurnal variation, similar to the patterns observed in 
May, except for October 19 and 26 (dashed line in Fig. 4d). In contrast, 
the bottom salinity demonstrated a diurnal variation (solid line in 
Fig. 4d), with peaks in bottom salinity and water level occurring 
simultaneously. Moreover, the bottom salinity generally exceeded sur
face salinity on most days, except for October 19 and 26, when the two 
measurements were nearly identical. The fortnightly variation in 
salinity is not pronounced. During the spring tide on October 22, salinity 
levels were elevated (~24), yet they were even higher on October 18, 19 
and 26 (exceeding 25), coinciding with periods of strong northerly 
winds. We hypothesize that these strong northerly winds facilitated the 
influx of seawater into the river channel thereby increasing salinity and 
promoting vertical mixing, which resulted in a more vertically homo
geneous salinity profile. A similar phenomenon observed in May was 
also noted in October, specifically the absence or minimal occurrence of 
saltwater intrusion on October 20, and 27. Notably, strong northerly 
winds were present prior to these three days. The reason for the absence 
of saltwater intrusion on the second day following strong northerly 
winds warrant further investigation, particularly in the context of sus
tained high-water levels.

The surface current at Station No. 33 primarily demonstrated an 
outflow pattern, except for high tide events, during which the current 
transitioned to an inward flow along the river channel (Fig. 4e). The 
velocity of the outflow current was approximately 0.83 m/s, whereas the 
inward current speed was only about 0.15 m/s. In contrast, the bottom 
current displayed a relatively chaotic behaviour, predominantly flowing 
westward during the first half of the day and shifting to an eastward 
direction in the latter half on most days.

3.2.2. Vertical distribution of salinity in the YR
We conducted sectional surveys along the river channel on October 

15, 22, and 30. On October 15 (neap tide), the survey commenced at 
approximately 07:30, during a low tide (not recorded by the mooring 
instrument but observed on-site). At this time, most of the river channel 
was occupied by freshwater, with saltwater beginning to intrude up
stream from the bottom layer (Fig. 5a). Two hours later, around 09:00, 
the saltwater had advanced about 1 km from the river estuary (Fig. 5b). 
Following this, a strong northeasterly wind commenced. By approxi
mately 12:00, the 2-isohaline had progressed an additional 1 km 
(Fig. 5c). In comparison to the conditions prior to the onset of the strong 
wind, the salinity profile became vertically homogeneous following the 
wind event. By around 14:00, the saltwater had receded from the river 
channel (Fig. 5d). Throughout this observation period, the maximum 
distance of saltwater intrusion extended approximately 2 km from the 
river estuary, with the maximum salinity in the bottom layer of the river 
channel recorded at 26. The zonal section survey indicated that salinity 
was vertically stratified at around 10:00 (Fig. 7a), suggesting that the 
high-salinity water intruded from the bottom. Furthermore, the salt
water did not enter from any specific side but rather intruded synchro
nously along the entire channel. Following a strong northeasterly wind, 
the salinity became vertically homogeneous by approximately 12:30 
(Fig. 7b).

On October 22, during a spring tide, surveys were conducted at 
08:00, 10:20, 12:00, and 14:00, effectively covering the flood period 
from the lowest tide to the highest tide (Fig. 6a). The intrusion distance 
increased from 500 m to 4.5 km (Fig. 5e–h), with the highest salinity 
recorded at 26 in the bottom layer. During this survey, four zonal sec
tions were analysed at different tidal times. The results consistently 
indicated that the isohalines were horizontal (Fig. 7c–f), suggesting that 
the high salinity water intruded from the bottom on both sides of the 
river channel.

To further investigate the saltwater intrusion during neap tide under 
southerly winds, we conducted another survey on October 30, from 
08:00 to 14:00, encompassing both flood and ebb periods (Fig. 6b). The 
maximum intrusion distance reached approximately 2.5 km, occurring 
around 12:00 (Fig. 5k). In comparison to the intrusion observed during 
spring tide under southerly winds on October 22, the intrusion was less 
pronounced measuring about 2 km shorter.

However, it is challenging to compare the intrusion patterns under 
both northeasterly and southerly winds during neap tide based on the 
sectional distribution, as the water depth in the river channel was not 
recorded on October 15, rendering the tidal cycle especially the timing 
of high tide unknown.

3.3. Tide dynamics and its influence on saltwater intrusion within YRE

The analysis of observational data indicates that tidal characteristic 
inside the YR channel exhibit similarities to those observed at Dongying 
Port, situated approximately 30.8 km north of the YR mouth. The tidal 
range recorded at Dongying Port (dashed line in Fig. 8a) revealed that 
the dates of May 12 and May 25 aligned with spring tides, corresponding 
to the 23rd and 7th days of the lunar calendar, respectively. Conversely, 
the date of May 18 coincided with a neap tide, corresponding to the 29th 
day of the lunar month. This periodicity contrasts with the widely 
accepted understanding that spring tides generally occur during the new 
and full moon phases, whereas neap tides are associated with the first 
and last quarter moon phases. Actually, this spring-neap cycle syn
chronized with the Moon phases is typically applicable for semidiurnal 
tides, yet it is not pertinent to the case within Yellow River Estuary, 
where semidiurnal oscillation is weak. Indeed, the dominant K1 and O1 
constituents within YR Estuary are governed by the variation in lunar 
declination, as described by Pugh (1987). Diurnal spring tides occur 
when the Moon reaches its maximum northern or southern declination, 
while the corresponding neap tides take place when the Moon is posi
tioned over the Earth's equator. This change in lunar declination reflects 
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the movement of the Moon in its 27.32-day orbital cycle around the 
Earth, commonly referred to as a tropical month in astronomical terms. 
Our calculations of lunar declination during the survey period (grey area 
in Fig. 8) also reveal that the dates of the maximum and minimum tidal 
ranges align with the arrival of the maximum Moon declination (May 10 
and May 23) and the date when the Moon crosses the Equator (May 16), 

respectively, with an average lag of 2 days. During the spring tides, the 
tidal pattern is predominantly diurnal, whereas during the neap tides, it 
becomes semidiurnal. This semidiurnal pattern occurs because the 
diurnal tidal constituents (K1 and O1) diminish sharply during neap 
tides, enabling the semidiurnal M2 constituent to dominate tidal oscil
lations. It is worth noting that such tropical tidal cycles are not unique to 

Fig. 5. Vertical distribution of salinity along the longitudinal section of the river channel at various tidal times on October 15 (upper panel, characterized by 
northeasterly winds), October 22 (middle panel, influenced by southerly winds), and October 30 (lower panel, also under southerly winds). The columns represent 
surveys conducted at approximately 08:00, 10:00, 12:00, and 14:00, respectively. The x-axis represents the distance from the river estuary for this survey and the red 
triangle marks the along-stream position of the mooring instruments. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
Web version of this article.)

Fig. 6. Observed water depth (grey line) as well as the surface (dashed line) and bottom salinity (solid line) measured at the mooring station on (a) October 22 and 
(b) October 30. Red dashed lines indicate the timing of each survey shown in Fig. 5. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)

Fig. 7. Vertical distribution of salinity on the sections across the river channel at different tidal times on October 15 (upper panel) and October 22 (lower panel).
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this region; similar patterns have been observed in other river estuaries 
around the world, such as the Mobile Bay Estuary (Kim and Park, 2012) 
and the Amazon Estuary (Gallo and Vinzon, 2005). However, few 
studies have documented this tropical cycle within the YRE, and this 
research provides a more comprehensive understanding of tidal dy
namic in this region.

Furthermore, a comparative analysis of water elevation in the river 
channel during May and October 2023 revealed that high tides during 
spring tides consistently occurred around midnight in May, while they 
were observed around noon in October during our survey (Fig. 8). This 
discrepancy can be attributed to the dominance of the K1 tidal constit
uent near the YR estuary, which has a tidal amplitude of approximately 
26.4 cm as determined through the harmonic analysis of observed water 
depths during the May survey. This amplitude exceeds that of the O1 
(23.5 cm), M2 (10.3 cm) and S2 (5.1 cm) constituents. The K1 tidal cycle 
spans 23.93 h, which is slightly less than the 24-h cycle of a typical day. 
From May to October 2023, the timing of high tides can advance by 
approximately 12 h, calculated as follows: (24-23.93) hours/day*170 
days.

The tidal dynamics within the river channel exert a significant 
impact on the intrusion of saltwater. Observational data reveal that 
surface salinity exhibits a semidiurnal variation (Figs. 2d–4d), whereas 
bottom salinity demonstrates a diurnal variation trend (Fig. 4d). When 
the water elevation in the YR channel rises to approximately 0.9 m in 
May and 0.5 m in October, both surface and bottom salinity levels begin 
to increase. Prior to reaching the peak tide, surface salinity decreases 
while the bottom salinity continues to rise. At the peak tide, bottom 
salinity attains its maximum value, while surface salinity drops to its 
minimum. Subsequently, surface salinity increases to a secondary peak, 
whereas bottom salinity declines. Ultimately, both surface and bottom 
salinity decrease in conjunction with the water elevation.

To further examine the variation in salinity periodicity between the 
surface and bottom layers, we conducted an analysis of the fluctuations 
in currents and salinity at both the surface and bottom moorings on 
October 22. Since data were missing at low tide on some dates, only the 
current series from October 20 to 22 were subjected to a quasi-harmonic 
analysis, in which four principal tidal constituents O1, K1, M2, and S2 
were included. The amplitudes and phases of each constituent were 
derived using the Matlab toolkit 's_tide' (Pan et al., 2018), and were then 
used to calculate the tidal currents for October 22.

The observed surface current was predominantly directed outward 

throughout most of the day, exhibiting a weaker velocity prior to 15:00 
and a stronger velocity thereafter (Fig. 9a). The surface tidal current 
displayed a diurnal pattern, characterized by an inward flow before 
15:00 and an outward flow following this time (Fig. 9a). This variation 
suggested that the inward tidal current impeded the outward fluvial 
flow, resulting weak outward surface current. Conversely, when the 
tidal current transitioned to an outward direction, it facilitated the 
outward fluvial flow, thereby enhancing the strength of the outward 
surface current. During the late flood tide (from 11:00 to 14:00), the 
robust inward tidal current promoted the upstream transport of saline 
water towards the mooring, resulting in an increase in salinity levels to 
approximately 15. Approaching the high tide at 13:30, the slackening 
flood current weakened the upstream transport of saltwater. Concur
rently, a significant volume of freshwater was discharged outward from 
the surface, resulting in a rapid dilution of surface salinity, which 
decreased to about 5. Shortly after high tide, as the ebb tide commenced, 
salinity rose again to approximately 20 by 16:00, before gradually 
declining to zero by 18:00. This peak in salinity during the early ebb may 
be attributed to the saline water that had been introduced into the river 
channel during the preceding flood tide, which was subsequently 
advected downstream by the ebb current and passed through the 
mooring.

Although the span of the bottom currents series was insufficient for 
harmonic analysis, the observed bottom currents on October 22 
demonstrated distinct diurnal variation with the flooding and ebbing 
periods. The flow direction was predominantly westward throughout 
the flood period, which facilitated the ingress of seawater into the river 
channel, resulting in an increase in salinity concurrently with the rising 
water level. During the ebb, significant eastward currents persisted, 
leading to the efflux of seawater from the river channel, which caused a 
synchronous decrease in both salinity and water level. The currents and 
salinity in the bottom layer were primarily influenced by the tidal 
currents.

In addition to the intra-tidal fluctuations in salinity driven by tidal 
forces, the salinity in the river channel exhibited fortnightly and sea
sonal variations. Observational data indicated that the peak salinity 
level within the channel was higher during spring tides compared to 
neap tides. Furthermore, the extent of saltwater intrusion was also 
greater during spring tides, measuring 3.0 km in May and 4.5 km in 
October, as opposed to 2.5 km in both May and October during neap 
tides. The maximal saltwater intrusion was recorded at midnight during 

Fig. 8. Time series of water elevation at Dongying Port (dashed line) and the measurements taken within the YR channel (solid line), alongside the lunar declination 
(grey area) in (a) May and (b) October 2023.
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the May survey, while it occurred at midday time during the October 
survey, reflecting the different timing of high tides across the two sur
veys. Aside from this timing difference, the presence of sea ice during 
winter may also indirectly mitigate the saltwater intrusion by hindering 
tidal propagation within YR estuary (Huang and Li, 2023).

4. Discussion

4.1. Estuarine regime of the Yellow River

In order to better understand the hydrodynamic regime of the Yellow 
River estuary, we attempt to position it in the Geyer and MacCready 
(2014) diagram, which is based on the freshwater Froude (Fr) and 
mixing (M) dimensionless numbers: 

Fr=
UR
̅̅̅̅̅̅̅̅̅̅̅̅̅
βgS0H

√ (1) 

M=

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

CDU2
T

ωN0H2

√

(2) 

where UR is the net river flow velocity approximated as the river volume 
flux divided by the estuarine section area, β is the coefficient of saline 
contraction [β = 7.6 × 10− 4], g is the acceleration due to gravity 
[g = 9.81], S0 is the ocean salinity [S0 = 32], H is the water depth, CD is 
the bottom drag coefficient, UT is the amplitude of the tidal velocity, ω is 
the tidal frequency and N0 = √βgs0/H is the buoyancy frequency for 
maximum top-to-bottom salinity variation in an estuary. The former 
dimensionless parameter Fr represents the net velocity due to river flow 
scaled by the maximum possible frontal propagation speed, while the 
later M assesses the role of tidal mixing and the influence of stratification 
on the vertical mixing. The mapping of various estuaries onto the two- 
parameter Fr-M space (Fig. 10) have provided an effective means of 
discriminating different classes of estuaries. Salt-wedge estuaries are 
located near the top of the diagram with intense river forcing (i.e. high 
values of Fr). While time-dependent salt wedges such as the Fraser and 
Merrimack River reside in the upper-right corner, being strongly forced 

by tides and river flow. With moderate river velocities, strongly strati
fied and partially mixed estuaries take up the middle portion of the 
ordinate. Both regimes are characterized by well-developed gravita
tional circulations, representing high and low stratification conditions 
respectively. Fjord, with great depth that reduces both tidal and fresh
water velocity scales, fall in the lower-left corner of the diagram. Well- 
mixed and SIPS (strain-induced periodic stratification) estuaries have 
relatively weak freshwater forcing and fall in the lower-right quadrant. 
Particularly, mixing timescale is shorter than the tidal timescale within 
SIPS estuaries, which exhibit periodic stratification mainly driven by 
tidal straining circulation (Simpson et al., 1990).

For the calculation of two parameters in the Yellow River, we 
considered H to be a characteristic value of 3 m in the river channel, and 
CD = 1.4 × 10− 3. Based on river runoff during the field campaigns, UR 
estimation ranges from 0.32 to 0.62 m/s under low (~600 m3s-1) to high 
(~1180 m3s-1) discharge conditions for an estuarine section area about 
1900 m2. Therefore, Fr number should range from 0.37 to 0.73. The 
reference value of tidal velocity UT is calculated from the surface current 
velocity series observed during the October campaign, based on a quasi- 
harmonic method (Pan et al., 2018). With UT values from 0.1 to 0.3 ms− 1 

corresponding to tidal ranges from 0.4 to 2 m, the mixing parameter M 
ranges from 0.98 in neap tide to 1.4 in spring tide.

The YR estuary therefore falls in the upper right corner of the Fr and 
M parameter space (see the blue rectangle in Fig. 10), and is predomi
nantly a time-dependent salt-wedge estuary. This kind of estuary fea
tures a strengthened stratification during the flood, and that weakens 
during the ebb tide as the turbulence develops in the full water column. 
During spring tides, this tidal asymmetry in stratification decreases as a 
result of enhanced mixing and reduced stratification during floods. The 
YR estuary's position on the diagram suggested that its dynamics may 
share some similarities with Fraser Estuary (Geyer and Farmer, 1989) 
and Merrimack rivers (Ralston et al., 2010), which are characterized by 
strong tidal and fluvial velocities. YR estuary seems to an outlier in these 
time-dependent salt-wedge estuaries, since it has a micro-tidal regime 
with a tidal range from 0.4 to 2 m. This may attribute to the very shallow 
depth within the estuary, which make it easier for the estuary to shift 
into a mixed status and thereby lead to a high M value.

Fig. 9. Time series of observed salinity (black lines), water depth (grey lines), and both observed and tidal currents (black arrows) at the (a) surface and (b) bottom 
moorings on October 22.
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4.2. Effect of northeasterly winds on saltwater intrusion

The water level series measured in spring and autumn recorded one 
and three distinct subtidal water level events, respectively. These events 
occurred on May 17 (Fig. 2c) and on October 18, 19, and 26 (Fig. 4c), 
which coincided closely with the dates when strong northeasterly winds 
prevailed. These episodic northeasterly winds were probably induced by 
the convergence of cold and warm air masses, which is closely related to 
convective activities in northern China (Liu et al., 2025). Given that the 
river discharge before and after these dates did not exhibit significant 
fluctuations, it is likely that these events were triggered by the strong 
northeasterly winds.

The events can be divided into two distinct stages, during which the 
impact of northeasterly winds on water levels and salinity in the river 
channel differed significantly. For instance, consider the event that 
occurred in spring. In the first stage, strong northeasterly winds pre
vailed on May 17 and generated a significant increment of water level 
(Fig. 2c), which led to increased peak salinity at the mooring station 
(Fig. 2d). This phase clearly demonstrated a marked enhancement of 
saltwater intrusion by the wind. The subsequent phase commenced as 
the wind shifted to a southerly direction on May 18. Although the water 
level was relatively high at approximately 21:00 on May 18, the surface 

salinity at the mooring station remained notably low, indicating mini
mal or no saltwater intrusion into the river channel on that date. Similar 
phenomena were observed from October 18 to October 20 and from 
October 26 to October 28. However, in contrast to the situation on May 
18, saltwater was detected in the bottom layer of the mooring station on 
October 20 and 28, albeit with significantly lower salinity peaks and 
shorter durations. This suggests a relatively weak saltwater intrusion 
from the bottom layer following the strong northeasterly wind events.

The preceding analysis reveals that strong northeasterly winds can 
stimulate saltwater intrusion in the YRE during the timing of the wind, 
while subsequently impeding such intrusion for a day following the 
wind. The stimulation of saltwater intrusion by downwelling winds has 
also been documented in other estuarine systems, such as the Chang
jiang River (Zhu et al., 2020) and the Pearl River (Gong et al., 2018). 
However, the observed hindrance to saltwater intrusion following the 
wind appears to be a novel finding specific to the YRE. It is hypothesized 
that the substantial volume of freshwater accumulated in the river 
channel due to the wind flowed outward on the second day post-wind 
(October 20 and 27, Fig. 4e). This outward current impeded the in
ward tidal currents from external river channel, consequently hindering 
the transport of the surface saltwater into the river. However, the bottom 
salinity is induced by the inward bottom currents associated with tidal 

Fig. 10. Estuarine classification based on the freshwater Froude number and Mixing number, adapted from Fig. 6 of Geyer and MacCready (2014). The blue 
rectangle represents the Yellow River estuary based on observed data, while the black box indicates the region estimated using the runoff records throughout the 
year. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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movements, resulting in a continued, albeit weak, saltwater intrusion at 
the bottom layer. The reason of this disparity between the YR and the 
other major rivers in terms of mitigating saltwater intrusion following 
downwelling winds remains unclear, which will be further investigated 
through numerical modelling.

4.3. Influence of seasonal river discharge on saltwater intrusion

In addition to tidal and wind influences, river discharge also plays a 
critical role in modulating the saltwater intrusion in the river channel. 
Understanding the hydrological cycle of the Yellow River will help to 
facilitate the water resource management and salt intrusion mitigation 
within YR Estuary (Meng et al., 2025). The discharge of the Yellow River 
exhibits significant seasonal variation linked to monsoonal patterns, 
characterized by elevated discharge during the summer and autumn 
months (June to October) and reduced discharge during winter and 
spring (November to May). Notably, in the context of global warming, 
this monsoon-related seasonality may be intensified in the future, 
particularly with elevated summer discharge. Multiple studies (Li et al., 
2024; Wang et al., 2025; Zhang and Wu, 2025) have demonstrated that 
the atmosphere's capacity to retain and transport moisture is increasing 
in Asia due to climate warming. This will amplify the moisture carried 
by summer monsoons and consequently lead to an increase in total 
summer precipitation. Apart from monsoonal influences, the spring YR 
discharge is also reported to be affected by the advanced green-up in the 
upper YR basin, which exacerbates local spring drought and conse
quently results in a lower runoff (Yu et al., 2025). Furthermore, the YR 
runoff has been regulated by the WSRS since 2002, resulting in notable 
short-term freshwater pulses in June or July.

Within 2023, the YR discharge varied from 167 m3/s in February to 
3690 m3/s during the WSRS scheme in the early July, which is expected 
to cause substantial variations in the saltwater intrusion extent within 
YR estuary. However, during our spring survey in May 2023, the runoff 
ranged from 550 to 1250 m3/s, significantly exceeding the average 
discharge in spring (~300 m3/s) and comparable to that observed 
during the autumn survey. Consequently, the maximum intrusion 
lengths recorded during the spring and autumn surveys were relatively 
similar, measuring 3 km in spring and 4.5 km in autumn.

Despite these poorly contrasted runoff conditions during our mea
surements, the freshwater Froude number may provide some insights 
into how the estuary respond to its seasonality. The Fr value was esti
mated using records throughout the year 2023, and consequently the 
estuary could cover a wider behavioral region on the Geyer and MacC
ready (2014) diagram (see black box in Fig. 10). In the dry season with a 
typical runoff of ~200 m3/s, Fr value could decrease to 0.08, indicating 
a more mixed system similar to the partially-mixed Columbia river. As 
river discharge increases up to 1200 m3/s (with a Fr value equals 0.75), 
the influence of freshwater outflow becomes more important, leading to 
a salt-wedge regime under low tidal mixing conditions. Particularly, 
freshwater pulses during the WSRS scheme will increase Fr number to 2, 
a huge value that exceed all estuaries documented on the diagram. We 
therefore expect an absence of the salt-wedge due to strong river flow. 
The above analysis suggested that the seasonal variability of YR runoff 
has a pronounced impact on both saltwater intrusion and hydrodynamic 
regime within the YRE, which would require prospective scenarios with 
dedicated numerical modelling.

5. Conclusion

Based on in-situ measurement data and subsequent analysis, it can be 
concluded that tidal forces, wind patterns, and runoff significantly 
influenced saltwater intrusion within the YRE. Tidal dynamics affected 
saltwater intrusion in the YRE over multiple timescales. Due to its 
proximity to the amphidromic point of M2 and S2 tidal constituent, the 
tide in the estuary was predominantly diurnal, characterized by diurnal 
tidal currents. On the intratidal timescale, salinity variations in the 

surface and bottom layers featured distinct periodicities. Surface salinity 
exhibited semidiurnal changes, characterized by two peaks occurring 
around high water. A reasonable explanation for this phenomenon may 
be the combined effects of outward fluvial flow and inward tidal cur
rents where surface salinity increased during flood tide but dropped 
when the inward tidal flow was overwhelmed by the outward movement 
of freshwater. While in the bottom layer, seawater was alternately 
driven into and out of the river channel by diurnal tidal currents, causing 
bottom salinity to vary diurnally with water level and reach its peak 
value at high tide. On the semi-month timescale, the water level within 
the YRE exhibited pronounced spring-neap variations associated with 
the 27.32-day cycle of lunar declination, referred to as a tropical month 
in astronomical terms. Spring tides occurred approximately two days 
following the maximum lunar declination, while neap tides coincided 
with its minimum value. Saltwater intrusion correlated with these 
spring-neap tidal variations, demonstrating a more substantial intrusion 
during spring tides compared to neap tides. Additionally, saltwater 
intrusion also responded to tidal changes over extended periods. 
Notably, the high tides, along with maximum saltwater intrusion, were 
observed at midnight in May and at midday in October during our 
survey in 2023. This temporal discrepancy is ascribed to the slight dif
ference between the tidal cycle (K1 tide) and the 24-h day, resulting in an 
approximate 12-h advancement from May to October.

The northeasterly wind emerged as a critical factor controlling 
saltwater intrusion within the YRE by modulating subtidal water levels. 
Strong northeasterly winds produced distinct subtidal water level 
increment, thereby greatly enhancing saltwater intrusion during their 
prevalence. However, minimal saltwater intrusion was observed on the 
day following the northeasterly wind event, particularly in the surface 
layer. This observation contrasts with findings from other large river 
systems such as the Changjiang and the Pearl River, suggesting a unique 
mechanism at play in the Yellow River. In the next phase of our research, 
this phenomenon will be further investigated using a three-dimensional 
primitive equation ocean model, the Princeton Ocean Model (POM). The 
model will be implemented on the whole Bohai Sea, and a finer reso
lution will be used in the Yellow River estuary and its adjacent waters 
with horizontal resolution of 100 m. Furthermore, the uneven distri
bution of runoff may contribute to notable seasonality in YRE saltwater 
intrusion. A more pronounced saltwater intrusion is expected during the 
spring and winter according to non-official accounts. Meanwhile, the 
estimations of the freshwater Froude number may indicate a transition 
from time-dependent salt-wedge to stagnant salt-wedge estuary condi
tions under large runoff. Nevertheless, these assumptions require further 
validation using hydrodynamic model beyond the observed data.
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