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Highlights  1�

1. A small delta was newly formed in the Yellow River estuary during a WSRS. 2�

2. Material distribution altered to a two-plume pattern. 3�

3. Estuarine mixing was two times stronger during WSRS. 4�

4. Nutrients were mostly consumed within one to two weeks after entry to the 5�

estuary. 6�

5. Terrestrial nutrient influenced area was 2 to 3 times larger during WSRS. 7�

  8�



Abstract 1�

Anthropogenic controls on water and sediment may play important roles in river 2�

system transformations and morphological evolution, which could further affect 3�

coastal hydrodynamics and nutrient behavior.  We used geochemical tracers to 4�

evaluate the influence of the Water-Sediment Regulation Scheme (WSRS) on 5�

estuarine morphology, hydrodynamics and nutrients in the Yellow River estuary, 6�

China.  We discovered that there was a newly formed small delta in the river mouth 7�

after the 2013 WSRS.  This new morphologic feature altered terrestrial material 8�

distribution patterns from a single plume to a two-plume pattern within the estuary.  9�

Our results show that the WSRS significantly influenced the study area in the 10�

following ways: (1) Radium and nutrient concentrations were significantly elevated 11�

(two to four times), especially along the two river outlets. (2) Estuarine mixing was 12�

about two times stronger during WSRS than before.  Average aerial mixing rates 13�

before and during WSRS were 50±26 km2 d-1 and 89±51 km2 d-1, respectively. (3) 14�

Our data is consistent with P limitation and suggest that stoichiometrically based P 15�

limitation was even more severe during WSRS. (4) All river-derived nutrients were 16�

thoroughly consumed within one to two weeks after entry to near-shore waters. (5) 17�

The extent of the area influenced by terrestrial nutrients was two to three times greater 18�

during WSRS.  Human influence, such as triggered by WSRS regulations, should 19�

thus be considered when studying biogeochemical processes and nutrient budgets in 20�

situations like the Yellow River estuary. �21�
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1. Introduction  1�

Most rivers deliver sediments to the ocean that are trapped on the continental 2�

shelf and significantly reshape the coastlines and sea-floor geomorphology (Meade, 3�

1996; Milliman and Syvitski, 2002).  These sediments can affect coastal 4�

hydrodynamics, nutrient distribution patterns, and even the primary productivity of 5�

coastal ecosystems (Syvitski et al., 2005; Wang et al., 2011a).  Anthropogenic 6�

activities may play an important role in river system transformations (Milliman et al., 7�

2008; Miao et al., 2011; Zhang et al., 2015).  Most world-class large rivers are heavy 8�

dammed and regulated in response to growing population demands (Dynesius and 9�

Milsson, 1994; Rossi et al., 2009).  Inter-annual river flows are often regulated 10�

between wet and dry seasons for flood control and water consumption, which also 11�

significantly impact sediment fluxes to the sea (Wang et al., 2011a; Yu et al., 2013).  12�

Case studies have been reported for a wide variety of river-delta-estuary systems, 13�

including the Nile River in Egypt, the Red River in Vietnam, the Indus River in the 14�

Himalayan region, the Pearl River and the Yangtze River in China, the Mississippi 15�

River and the Columbia River in the United States and many others (Bi et al., 2014, 16�

and references therein). 17�

The Yellow River (Huang He) is a well-studied example of a river under heavy 18�

human control (Wang et al., 2007; Yu et al., 2013).  Since the 1950s, the river has 19�

become a highly fragmented and regulated river as a result of more than 3000 20�

reservoirs and dams constructed in the river basin (Zhang et al., 2001; Wang et al., 21�

2007).  The Yellow River is well known in terms of high sediment load but relatively 22�

low water discharge to the sea.  The most recent data (2010-2013) shows the annual 23�

sediment load is approximately 1.5×108 tons, but the water discharge is only 2.2 ×1010 24�

m3 (http://www.yellowriver.gov.cn/nishagonggao), leading to a sediment/water ratio 25�

which is about 50 times higher than the value for the Yangtze River.  In order to 26�

ensure an adequate flow of water and maintain the channeling capacity of the main 27�

courses, the Yellow River Conservancy Commission (YRCC) implemented a scheme 28�

to control water and sediment discharges since 2002, the so-called “Water Sediment 29�

Regulation Scheme” (WSRS).  During each annual event, a large controlled release 30�



of floodwater from reservoirs on the main stream and tributaries is used to scour the 1�

lower river reaches within a 10-20 day period (Wang et al., 2010).  Instantaneous 2�

flooding rates reach up to 4000 m3 s-1, which is over ten-fold higher than during 3�

typical non-WSRS periods (about 300 m3 s-1).  Huge amounts of fresh water, 4�

sediment and associated terrestrial materials are discharged into the Yellow River 5�

estuary during this pulse delivery.  Yao et al. (2009) reported that about 50% of 6�

annual nutrient fluxes were discharged into the estuary during the first WSRS 7�

conducted in 2002.  Liu et al. (2012, 2015) found river nutrient transport fluxes 8�

increased 8-30 times during a WSRS period, and estuarine nutrient imbalances were 9�

aggravated.  Seasonal riverine transport patterns of other terrestrial materials were 10�

also altered, e.g., uranium discharged from the Yellow River during a WSRS was 11�

about 25% of its annual flux (Sui et al., 2014).  However, to what aerial and 12�

temporal extent the WSRS signal could impact the estuary and adjacent Bohai Sea 13�

remain unsolved questions. 14�

Since unusually large amounts of sediment are delivered to the coastal region 15�

during WSRS, the estuarine morphology will also change.  By using remote sensing 16�

techniques, researchers found a dramatic evolution of distributary channels in the 17�

Yellow River delta and at the river mouth (Syvitski and Saito, 2007; Wang et al., 18�

2010; Bi et al., 2014).  The mouth of the Yellow River has apparently swung 19�

northwards (2 km) and the shoreline has extended seawards (4 km) from 2002 to 2009 20�

(Wang et al., 2010).  We were interested to see if there has been further change.  In 21�

previous studies, we reported observations of the Yellow River plume hydrodynamics 22�

and trajectories during a non-WSRS period by using naturally occurring radium 23�

isotopes as tracers (Xu et al., 2013a).  Here we address the question of whether the 24�

estuarine hydrodynamics are enhanced and become more complex during a WSRS 25�

period?  We also ask if the WSRS influences the nutrient distribution and behavior 26�

within the estuary?   27�

In the present study, we will address these questions by using robust techniques 28�

including remote sensing and geochemical isotopic tracing.  We first present recent 29�

satellite images to show the latest morphological changes in the Yellow River estuary 30�



and how it impacts the materials distribution pattern.  Then, we apply radium 1�

isotopes (223Ra, 224Ra and 226Ra) as tracers to calculate estuarine water “ages” and 2�

further assess the river plume flow rate and trajectories both before and during a 3�

WSRS period.  Nutrient concentrations and atomic ratios are also presented to better 4�

understand the ecological response in the Yellow River estuary and adjacent Bohai 5�

Sea under the influence of WSRS. 6�

2. Methods 7�

2.1 Satellite images 8�

Remote sensing techniques have been widely applied to coastal 9�

geomorphological studies (Ryu et al., 2002; Yamano et al., 2006; Bi et al., 2014).  In 10�

this study, LANDSAT images (false color images using multiple bands) were used to 11�

assess changes in morphological features of the Yellow River estuary since 2013.  12�

Satellite images of Landsat Thematic Mapper (TM) and Landsat Enhanced Thematic 13�

Mapper (ETM+) were downloaded from the Global Land Cover Facility Server 14�

(http://glovis.usgs.gov).  For LANDSET 8, there was one image every 16 days.  15�

The false color composite images were acquired using the software Envi 4.7, with 16�

bands of 5, 4 and 3 as Red, Green and Blue (RGB), respectively.   17�

2.2 Sampling and analytical methods 18�

The study area is located in the Yellow River estuary, which covers part of the 19�

Bohai Sea (Fig. 1a).  Seven transects and thirty five sampling stations were set up in 20�

the study area (Fig. 1b).  We launched two sampling expeditions in 2014, and 21�

repeated exactly the same sampling strategy each time.  The first sampling was from 22�

June 12-14, about two weeks before the WSRS.  The river discharge during this 23�

sampling period ranged from 214 to 458 m3 s-1.  The WSRS in 2014 started on June 24�

29 and lasted for about two weeks.  Our second expedition was during this WSRS 25�

event, from July 7-9.  During this period, the river discharge ranged from 2360 to 26�

3320 m3 s-1 (Fig. 1c), about one order higher than before.  During both sampling 27�



periods we collected surface water samples for radium isotopes (226Ra, 223Ra and 1�

224Ra) and nutrients (DIN, DIP and DSi) analysis.  We report here dissolved 2�

inorganic nitrogen (DIN) as the sum of NO3
-, NO2

-, and NH4
+; dissolved inorganic 3�

phosphorus (DIP) as PO4
3-; and dissolved inorganic silicate (DSi) as Si(OH)4.�4�

 At each station, salinity and temperature values were obtained by an XR-420 5�

model submersible multichannel CTD (Conductivity- Temperature -Depth sensor, 6�

RBR Canada).  Radium isotopes were pre-concentrated by slowly passing 100-liter 7�

samples through manganese impregnated acrylic fibers (“Mn-fibers”) that 8�

quantitatively adsorbs dissolved radium.  The average adsorption efficiency of our 9�

homemade fibers was evaluated in the laboratory to be 98f2 % (n=7, Xia et al., 10�

2015).  After collection, all fibers were washed thoroughly with Ra-free deionized 11�

water to remove any salt content and particulate matter and then partially dried until 12�

the water/fiber mass ratio range was around 1-2 (Sun and Torgersen, 1998; Kim et al., 13�

2001).  The short-lived radium isotopes (223Ra and 224Ra) were then counted via a 14�

Radium Delayed Coincidence Counting (RaDeCC) system (Moore and Arnold, 1996).  15�

Long-lived 226Ra was also measured by RaDeCC following the procedure described 16�

by Waska et al. (2008).  The analytical precisions for all three Ra isotopes were 17�

better than 10%. 18�

Water samples for nutrient analysis were immediately passed through 0.45 ȝm 19�

pore-size acetate cellulose filters.  One portion of the filtrate was used for 20�

determining DIN and DIP and frozen to -20ć until analysis.  Another portion for 21�

determining DSi was stored in the dark and cold (4ć) until analyzed (Chen et al., 22�

2010).  All nutrient concentrations were measured using a QuAAtro 23�

Continuous-Flow Analyzer (BRAN + LUEBBE, Germany) in accordance with the 24�

methods described in Grasshoff et al. (1999).  The analytical precision for all 25�

nutrients was better than 3%.   26�

3. Results and Discussion 27�

3.1 Change of estuarine morphology and new material distribution pattern 28�



LANDSAT RGB false color images of the Yellow River Delta (Fig. 2) delineate 1�

reliably the evolution of morphological features in the estuary.  The satellite image 2�

recorded on June 15th of 2013 (Fig. 2a) shows the situation about one week before the 3�

WSRS event that year.  There was only one river outlet oriented to the north, through 4�

which river water flushed out forming a single plume.  On September 3rd 2013, about 5�

two months after WSRS, a small delta in the river mouth and a new river channel 6�

heading east were observed for the first time (Fig. 2b).  The small delta could have 7�

formed by gradual sediment accumulation near the river mouth, or during the strong 8�

fluvial discharge during WSRS.  Unfortunately, because of heavy cloud cover, we 9�

could not obtain any satellite images in between these two periods.  However, it is 10�

reasonable to infer that the WSRS plays an important role in generating new estuarine 11�

morphology.   12�

The new estuarine morphologic features significantly influenced the distribution 13�

patterns of water, sediment and their associated terrestrial materials discharged from 14�

river to the sea.  In previous studies, there was only one river plume reported (Liu et 15�

al., 2012; Xu et al., 2013a).  Since the last Yellow River main channel migration in 16�

May 1996, the one-plume distribution pattern has remained a steady situation and 17�

controlled the Yellow River estuary in many respects (hydrological, biogeochemical, 18�

and ecological) for about 17 years.  During this period, the main river mouth and 19�

channel directions did transition from a northeastern to a more northward direction 20�

(Wang et al, 2010).  After the formation of the new delta and eastward river branch, 21�

the materials distribution pattern has now changed to a two-plume model.  The 22�

images from May 1st (two months before WSRS, Fig. 2c) and July 20th (one week 23�

after the WSRS, Fig. 2d) in 2014 indicate that the shape of the new delta was still 24�

developing, while the two outlets of the river remained constant.   25�

Based on the comparison of the two images in 2014 (Fig. 2c and 2d), one can 26�

easily tell that larger river plumes were extending from both outlets because of the 27�

influence of WSRS.  Before the 2014 WSRS the river discharge was only about 450 28�

m3 s-1 and the fluvial flows were weak compared with oceanic tides and currents.  29�

After exiting the river month via the two outlets, river water flowed a short distance 30�



northward and was then directed to a more southeastern direction by the prevailing 1�

currents (Fig. 2c).  Therefore, low salinity water was mainly constrained to the area 2�

near the river mouth (Fig. 3a).   During the WSRS, however, the Yellow River 3�

discharge increased ten fold reaching up to >3000 m3 s-1.  A tremendous amount of 4�

fresh water was discharged from the two river outlets into the estuary, especially from 5�

the newly formed eastern branch (Fig. 3A).  Although it was already one week after 6�

the WSRS, and river discharge was lower (244 m3 s-1) than in May, the water and 7�

sediment plumes during WSRS were still very clear (Fig. 2d).   8�

3.2 Radium isotopes and estuarine dynamics  9�

The concentrations and distributions of three radium isotopes (223Ra, 224Ra and 10�

226Ra) have been assessed in order to evaluate the influence of the WSRS in the 11�

estuary (Fig.3).  Before the WSRS, high concentrations of short lived radium 12�

isotopes (223Ra and 224Ra) were only observed in nearshore areas or along the 13�

directions of river outlets (Fig.3b and Fig. 3c).  Long-lived 226Ra, however, showed 14�

somewhat higher activities persisting further offshore because of less decay than the 15�

short-lived species (Fig.3d).  This was also found in a previous study of the same 16�

area (Xu et al., 2013a).   17�

During WSRS period, activities of 223Ra, 224Ra and 226Ra increased on average to 18�

1.8, 3.9 and 1.4 times (n=35) respectively than before WSRS.  All three radium 19�

isotopes had similar distribution patterns and both radium plumes matched well with 20�

the fresh water distribution features discussed earlier (Fig. 3B, 3C, and 3D).  The 21�

high radium concentrations may be contributed by the combined effects of desorption 22�

from a high load of suspended particulate matter (SPM) and submarine groundwater 23�

discharge (SGD).  Xia et al. (2015) found that radium concentrations in the Yellow 24�

River showed a very similar variation as the SPM concentrations at Lijin (the last 25�

monitoring station on the Yellow River) and increased up to 100% during WSRS as 26�

compared to a non-WSRS period.  Xu et al. (2014) reported that the SGD flux, 27�

especially the fresh component, was elevated during WSRS when river discharge was 28�



higher than 3000 m3 s-1.  Contributions from SPM and SGD likely contribute the 1�

excess radium observed during WSRS periods. 2�

Radium isotopes are considered as state-of-the-art geochemical tracers to 3�

examine water mixing processes in estuaries over time scales of days to weeks (e.g., 4�

Moore, 2000; Peterson et al. 2008; Xu et al., 2013a, b).  Using the “Apparent 5�

Radium Age” model pioneered by Moore (2000), one can easily calculate the water 6�

age at each sampling site, and quantitatively obtain information concerning river 7�

plume trajectories and water transport rates.  Even in estuaries with complex 8�

hydrologic conditions, estuarine hydrodynamics may still be depicted using a 9�

multi-transect sampling strategy (Xu et al, 2013a).  The water “age” represents the 10�

time passed since the short-lived radium isotopes (224Ra and 223Ra) were added to the 11�

system from a common source with a constant isotopic composition.  The age is 12�

calculated using the ratio of a shorter-lived radium isotope to a longer-lived one, as 13�

shown in the following expression: 14�

 
shortlong

ilongshortobslongshort RaRaRaRa
t

OO �
 

)()(ln
             (1) 15�

Where obslongshort RaRa )(
 
refers to the radium activity ratio at a specific sampling 16�

location/time, while ilongshort RaRa )(  represents the initial activity ratio at/near the 17�

source.  The Ȝshort and Ȝlong are the decay constants of short- and long-lived radium 18�

isotopes, respectively.  The apparent water age, t, represents the calculated time 19�

elapsed since the short-lived radium isotopes were added to the system and isolated 20�

from the source.  In our case, all ages are calculated relative to the highest activity 21�

ratio collected, which is presumably the one closest to the source with minimum 22�

decay.   23�

One important model assumption is that there are no additional Ra inputs after 24�

the water leaves the source region (Moore, 2000).  Water in the Yellow River estuary 25�

was well stratified during both sampling expeditions that would inhibit radium 26�

addition from the bottom sediment.  During the June sampling before WSRS, the 27�

mixed layer (at central station #18, Fig.1b) was about 8 m with salinity ranging from 28�



27.85 to 28.47 (Fig. 4a).  During sampling in July, the mixing layer was thinner (̚5 1�

m) with lower salinities (23.11 - 29.53) (Fig. 4b).  The stronger estuarine flows 2�

during WSRS resulted in weaker interactions between the surface mixed layer and the 3�

underlying salt wedge. 4�

Different isotope ratio combinations (e.g., 224Ra/226Ra, 224Ra/223Ra, 223Ra/226Ra) 5�

may be applied in Eq. (1) (Peterson et al., 2008; Zhang et al., 2011).  Usually, the 6�

expected range of water transport time in estuaries is days to weeks, and 224Ra would 7�

be preferred to be used as numerator to trace water mixing under this timescale.  The 8�

maximum activity ratios for both expeditions (before and during WSRS) were 1.55 9�

and 2.75 for 224Ra/226Ra, and 38.4 and 63.8 for 224Ra/223Ra, respectively.  Apparent 10�

water ages for all sampling stations were calculated using both activity ratios.  A 11�

comparison of these two data sets shows that the water ages obtained from both 12�

arithmetical methods are in good agreement (Fig. 5).  We will use the 224Ra/226Ra 13�

calculated water ages to discuss estuarine hydrodynamics, as the analytical 14�

uncertainties for 226Ra are better than for 223Ra.  15�

The distribution patterns of water ages are shown in Fig. 3.  Before the WSRS, 16�

diluted river water with relatively young water ages (~ 6 days) was found to be 17�

constrained near the river mouth and could not travel further than about 10 km 18�

offshore (Fig. 3e).  The average water age before the WSRS within the whole study 19�

area was 8±4 days (n=35).  We treated the geometry of the study area as a trapezoid 20�

and calculated the mixing area to be 420 km2.  Therefore, the average aerial mixing 21�

rate was about 50±26 km2 d-1.  During the WSRS sampling period, much larger 22�

amounts of fresh water was discharged into the estuary and was mainly flushed to the 23�

northeast and southeast.  Areas under the influence of diluted river water were much 24�

larger than the period before WSRS, with much lower salinities and younger water 25�

ages (~ 3 days) (Fig. 3E).  The average water age within the study area in this case 26�

was 5f3 days (n=35), with an average aerial mixing rate of 89±51 km2 d-1.  27�

Therefore, estuarine mixing was about two times more intense during the WSRS.    28�

Other methods have also been employed to estimate the WSRS influence on 29�

estuarine dynamics.  In previous studies, both observational and simulation results 30�



showed that WSRS played an important role in the salinity of the Bohai Sea, 1�

especially in Laizhou Bay where the salinity during WSRS was distinctly lower than 2�

before (Mao et al., 2008; Wang et al., 2011b).  In this study, satellite images and 3�

geochemical tracer distributions (Fig. 2 and Fig. 3) also helped to show that the 4�

estuarine flows are enhanced during WSRS and how the river plumes are extended.  5�

Compared to the prior qualitative estimations, radium tracers allow a more 6�

quantitative treatment of the aerial and temporal influence of the WSRS in the estuary.  7�

3.3 Nutrient distributions, structures and removal 8�

Before WSRS, DIN and DSi were mostly distributed just around the river mouth 9�

(Fig. 3f and 3h).  However, DIP showed a very different pattern (Fig. 3g).  DIP 10�

concentrations were all lower than 0.16 ȝmol L-1.  Higher concentrations were found 11�

in the more offshore areas.  During WSRS, concentrations of all three nutrients were 12�

elevated significantly (2 - 4 times, n=35).  The distribution patterns of DIN and DSi 13�

matched well with the salinity and radium isotope trends.  The highest nutrient 14�

concentrations for all three species appeared in the two river plumes (Fig. 3F, 3G and 15�

3H), indicating these nutrients were mainly introduced by terrestrial sources, as the 16�

Yellow River and SGD.  In previous studies, we reported that SGD and the Yellow 17�

River were the two dominant nutrient sources in the Yellow River estuary during 18�

non-WSRS periods, contributing more than 98% of DIN and DSi, and 85% of DIP 19�

among all the source terms (Xu et al., 2013a).  During WSRS, DIN and DSi were 20�

also found to be positively correlated with an SGD proxy, 222Rn (Xu et al., 2014).  21�

During the two sampling cruises of this study, we obtained much higher nutrient 22�

concentrations in the Yellow River water as well as groundwater sampled on the 23�

beach in a parallel study (Yao et al., unpublished data).  All nutrient concentrations 24�

in both river and groundwater endmembers were either fairly constant or slightly 25�

lower during WSRS compared with the earlier measurements.  However, due to 26�

much higher river and SGD water fluxes during a WSRS, the resulting nutrient fluxes 27�

discharged into the estuary via these two pathways would be greatly increased and 28�



thus elevate the estuarine nutrient concentrations. 1�

There is evidence to suggest that P may be the limiting nutrient in the Yellow 2�

River estuary during both sampling periods.  Before WSRS, more than 30% of the 3�

samples had DIP concentrations lower than the probable threshold P limitation 4�

concentration of 0.1ȝmol L-1 (Nelson et al., 1990).   During the WSRS, there were 5�

still around 10% of the samples with probable DIP limitation even though the average 6�

DIP concentration increased about two times (Table 1).  Nutrient ratios (e.g., atomic 7�

ratios of N:P, Si:N and Si:P; Fig. 6) also suggest that the phytoplankton community is 8�

limited by P (Justic et al., 1995).  N:P ratios of all samples were higher than 100 9�

before WSRS, and were similar with slightly higher Si:N ratios during WSRS.  10�

Although increased during WSRS, all Si:N ratios were still less than 1.  For Si:P 11�

ratios, there were only 3 out of 35 samples less than 22 before WSRS.  During 12�

WSRS, Si:P ratios of all samples had increased to more than 75, implying that the 13�

stoichiometric P limitation was more pronounced under the influence of WSRS.  14�

Although WSRS contributed large amounts of DIP and relieved the ecological 15�

pressure for phosphate requirements, the situation of stoichiometric P limitation was 16�

getting more severe.   17�

In previous studies, researchers also recognized that WSRS could not only 18�

increase nutrient concentrations in the Yellow River estuary, but also aggravate 19�

nutrient imbalances that could impact the adjacent Bohai Sea ecosystem (Liu et al., 20�

2012; 2015).  However, the temporal and aerial extents of terrestrial nutrients on the 21�

estuary under the influence of WSRS, remain unresolved.  To answer these questions, 22�

we propose a simple model to quantitatively estimate the spatial-temporal removal of 23�

terrestrial nutrients from all sources (river, SPM desorption, SGD, etc.).  Based on 24�

the relationship between nutrient concentrations and water transport times (Fig. 7a to 25�

Fig. 7f), we can consider that the nutrient estuarine distribution follows a two-step 26�

model as shown conceptually in Fig. 7g.  In the first stage, after departure from the 27�

zero age point with a theoretical initial nutrient concentration of C0, the logarithmic 28�

nutrient concentrations are systematically decreased to a low but fairly constant 29�

background level (Cs) within a measured period (ts).  The area with the nutrient 30�



decreasing trend, hereafter denoted as the “sub-area” (circled by the red line in Fig. 1�

7h), is apparently influenced by terrestrial input.  We set up the same size “sub-area” 2�

for comparison before and during WSRS.  Therefore, nutrient concentrations (Ct, 3�

labeled by solid symbols in Fig. 7a to 7f) at specific times (t) after departure from the 4�

source may be expressed as follows: 5�

tClnCln 0t K�                        (2) 6�

Where K represents the nutrient removal rate (day-1), which is dependent on the 7�

combined effects of phytoplankton consumption, SPM absorption and seawater 8�

mixing.  The boundary condition is taken as when 0 < t < ts. 9�

In the second stage, water has flushed further offshore beyond the sub-area.  10�

Nutrient concentrations are fairly stable around a background level (labeled by open 11�

symbols in Fig. 7a to 7f), and may be expressed as follows: 12�

st CC  � � � � � � � � � � � � � � � � � � � � � � � � � � � � � � �  (3) 13�

with a boundary condition of t > ts. 14�

Before the WSRS, the initial concentrations (Co) when t=0 for DIP, DSi and DIN 15�

were 0.10±0.01 ȝmol L-1, 18.1±3.9 ȝmol L-1 and 62.9±9.4 ȝmol L-1, respectively.  16�

These concentrations are based on the y-intercepts from the equations in Fig. 7.  17�

There was no discernable decrease of DIP during water transport (Fig. 7a), indicating 18�

that any terrestrial input of DIP must have been quickly and thoroughly consumed 19�

nearshore.  This is consistent with the assumption that P is the limiting nutrient in the 20�

Yellow River estuary.  Logarithmic DSi and DIN concentrations systematically 21�

decreased to background levels (Cs) during the first 10 days (ts) of offshore transport.  22�

The removal rate (K) for DSi and DIN were 0.19±0.04 day-1 and 0.11±0.03 day-1 23�

(Fig.7 and Table 2), suggesting that about 20% DSi and 10% DIN were removed each 24�

day.  Therefore, the calculated Cs for DSi and DIN based on Eq. (2) and Eq. (3) were 25�

3.2±1.8 ȝmol L-1 and 21.7±8.6 ȝmol L-1, respectively.   26�

During the WSRS, all three nutrients gradually decreased with apparent water 27�

ages (Fig. 7b, 7d and 7f).  If we assume that the background Cs for all three nutrients 28�

were the same as before WSRS, the calculated C0 for DIP, DSi and DIN during WSRS 29�



would be significantly higher at 0.27±0.03 ȝmol L-1, 46.8±10.6 ȝmol L-1, and 1�

81.1±14.4 ȝmol L-1, respectively (Table 2).  There was apparently excess initial DIP 2�

in the sub-area during WSRS, resulting in a calculated removal rate of 0.10±0.03 3�

day-1 (Table 2).  The removal rate for DSi was 0.18±0.05 day-1, which was about the 4�

same as before the WSRS.  DIN decreased slightly faster during WSRS with a rate 5�

of 0.15±0.04 day-1.  If one rounds up all the initial (C0) and background (Cs) nutrient 6�

concentrations and removal rate values (K) back into Eq. (2), one can obtain the time 7�

(Ts) needed for complete removal of the source signals for all three nutrients during 8�

WSRS (Table 2).  The Ts of DIN was still about 10 days, as it was during the period 9�

before WSRS.  However, the Ts of DSi did increase to 16 days.  Instead of being 10�

consumed immediately before WSRS, DIP was transported offshore for 10 days 11�

during WSRS.  Therefore, the terrestrial nutrient signals do survive in the Yellow 12�

River estuary for about one to two weeks, even during a WSRS period.   13�

One can easily imagine qualitatively that the fluvial impact region during WSRS 14�

would be larger than during a non-WSRS period.  To quantitatively evaluate the 15�

WSRS effect, we simply compared the aerial difference of the “sub-area” (A) before 16�

and during WSRS as follows:  17�

BSB

DDS

B

D

VT
VT

A
A

                                  (4) 18�

Where, Ts is the nutrient transport time in days.  V is the water mixing rate in km2 19�

day-1.  The subscripts “D” and “B” represent “During WSRS” and “Before WSRS”, 20�

respectively.   21�

The size of the “sub-area” before WSRS (AB) is accurately portrayed in Fig. 7h 22�

and is estimated at 210 km2.  Based on the calculation in section 3.2, the water 23�

mixing rate during WSRS (VD) was about two times higher than before the WSRS 24�

(VB).  The TSB and TSD values are shown in Table 2.  Using these parameters, the 25�

“sub-area” during WSRS was calculated at 598 km2 for DSi, and 374 km2 for both 26�

DIN and DIP.  This demonstrates that the area under the influence of terrestrial 27�

nutrients was two to three times larger during the WSRS. 28�

Because of stronger estuarine flow rates and more terrestrial inputs during a 29�



WSRS, nutrients would be expected to be transported much further offshore, 1�

providing a significant impact to a larger area.  DIP serves as a good example.  2�

Before WSRS, terrestrially introduced DIP was immediately utilized so there was no 3�

excess P remaining to be transported offshore.  Because of the pulse input during a 4�

WSRS, the DIP signal could be found in an area greater than 300 km2.  The aerial 5�

extent under terrestrial DIN and DSi impacts also increased about 80% and 180%, 6�

respectively.  Considering that DSi has more conservative characteristics, it is 7�

reasonable that DSi could be transported further offshore compared to DIN and DIP.   8�

4. Conclusions 9�

In this study, we used satellite observations and geochemical tracers to assess the 10�

influence of the water sediment regulation scheme on the Yellow River estuary, China.  11�

We conclude that the WSRS did result in a significant influence to the estuarine 12�

morphology, hydrodynamics and nutrient behavior of the area.  The following 13�

summarizes our main points: 14�

(1) Based on the false color LANDSET RGB images, we found there was a new 15�

delta in the river mouth after the WSRS in 2013, and the size and shape are still under 16�

development.  Since then, a two-plume pattern was established for the river 17�

discharging into the sea.   18�

(2) The apparent radium age model was suitable to quantify the timing of 19�

estuarine hydrodynamics in the study area.  The calculated average aerial mixing 20�

rates before WSRS and during WSRS were 50±26 km2 d-1 and 89±51 km2 d-1, 21�

respectively.   22�

(3) Estuarine concentrations of radium isotopes and nutrients were all 23�

significantly increased during the WSRS, especially within the two river outlets.   24�

(4) There was apparent P limitation in the Yellow River estuary during both 25�

sampling periods.  Because of the pulse input during WSRS, P concentrations were 26�

higher, but the stoichiometric P limitation was even more severe.   27�

(5) It took about one to two weeks for all terrestrial nutrients to be thoroughly 28�



removed both before and during WSRS periods.  During WSRS, higher flow rates 1�

resulted in more nutrients being transported further offshore, thus impacting areas 2�

about two to three times greater than before. 3�
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Table 1. The range and average DIP concentrations and the percentage of samples with DIP 3�

probable limitation (< threshold concentration of 0.1ȝmol L-1) before and during the WSRS in the 4�

Yellow River estuary 2014. 5�

Table 2. Initial and background nutrient concentrations, removal rates, transport time, and the area 6�

influenced by terrestrial nutrients in the Yellow River estuary 2014. 7�
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Table 1. The range and average DIP concentration and the percentage of samples with DIP 1�

probable limitation (< threshold concentration of 0.1ȝmol L-1) before and during WSRS in the 2�

Yellow River estuary 2014. 3�

DIP Concentration (ȝmol L-1, n=35) Before WSRS During WSRS 

Range 0.07a0.16 0.08a0.30 

Average 0.11±0.03 0.17±0.06 

Percentage of samples with  
DIP concentration < 0.1 ȝmol L-1 31% 9% 

 4�

 5�
  6�



Table 2. Initial and background nutrient concentrations (Co and Cs), removal rates (K), transport 1�

time (ts), and the size of area influenced by terrestrial nutrients (A) in the Yellow River estuary 2�

2014. 3�

Nutrient 
species 

C0
1
 

ȝmol L-1
 

Cs 
2 

ȝmol L-1 
K3  

day-1 
ts

4   
days  

A5  
km2 

Before WSRS 

DIP 0.10±0.01 0.10±0.01 / / / 

DSi 18.1±3.9 3.2±1.8 -0.19±0.04 10 210 

DIN 62.9±9.4 21.7±8.6 -0.11±0.03 10 210 

During WSRS 

DIP 0.27±0.03 0.10±0.01 -0.10±0.03 10 374 

DSi 46.8±10.6 3.2±1.8 -0.18±0.05 16 598 

DIN 81.1±14.4 21.7±8.6 -0.15±0.04 9 374 
1 Co is calculated based on the y-intercepts of the linear regression equations in Fig. 7.  4�

2 Cs before WSRS is calculated based on equations in Fig. 7 when t= ts=10.  We assume Cs before 5�

and during WSRS are the same.  6�

3 K is the nutrient removal rate based on the slope of regression equations in Fig. 7. 7�

4 ts is the nutrient transport time before decreasing to background levels, which was 10 days before 8�

the WSRS (Fig. 7).  During WSRS, ts is calculated based on Eqs. (2) and (3) with known Co, Cs 9�

and K. 10�

5 A is the size of the “sub-area” under terrestrial source influence.  The “sub-area” before WSRS 11�

is labeled by a red line in Fig. 7h based on the water age contour line of 10 days.  During WSRS, 12�

the value of A is calculated based on Eq (4). 13�
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Figure list 1�

Fig. 1 Study area of the Yellow River estuary (a), seawater sampling stations (b), and the Yellow 2�

River discharge in 2014 (c).  In panel (b), station #18 (marked by crossed circle) is chosen as a 3�

representative station and the salinity and temperature profiles are shown in Fig. 4.  In panel (c), 4�

two periods marked by solid lines represent sampling expeditions before and during WSRS, 5�

respectively. 6�

Fig. 2 Satellite false color images of in the Yellow River estuary in June (a) and September (b) 7�

2013, and May (c) and July (d) 2014.  8�

Fig. 3 Salinity, radium isotopes (223Ra, 224Ra and 226Ra), water ages (based on 224Ra/226Ra activity 9�

ratios) and nutrient (DIN, DIP and DSi) distributions in surface waters of the Yellow River estuary 10�

both before ((a) to (h)) and during ((A) to (H)) the WSRS in 2014.  The units for radium isotopes 11�

are dpm 100L-1.  Water ages are in days.  Nutrient concentrations are in ȝmol L-1.  Black dots 12�

in each panel represent sampling stations. 13�

Fig. 4 Salinity and temperature vertical profiles at station #18 (which is cross-circle marked in Fig. 14�

1b) before WSRS (a) and during WSRS (b) showing stratification in both cases.  15�

Fig. 5 Apparent water ages calculated by using two different activity ratios in Eq. (1), 224Ra/226Ra 16�

and 224Ra/223Ra.  Dotted and solid lines are linear regression lines based on data before and 17�

during the WSRS periods. 18�

Fig. 6 Atomic ratios of DIN:DIP, DSi:DIP and DSi:DIN in the Yellow River estuary in 2014.  19�

Open and solid circles represent data from before WSRS and during WSRS, respectively.     20�

Fig. 7 Concentrations of nutrients (ȝmol L-1) on logarithmic scales vs. water ages (days) in the 21�

Yellow River estuary before and during WSRS 2014.  Solid and open symbols represent data 22�

from the “sub-area” where nutrients linearly decrease and the background levels, respectively.  23�

The arithmetical equations in panels (a) to (f) are linear regressions based on data from the 24�

“sub-area”.  The “sub-area” setting, delineated by a red line in panel (h), is the part of the study 25�

area with water ages younger than 10 days before WSRS.  For comparison purposes, the same 26�

size of “sub-area” is set for both before and during WSRS. 27�
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