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Abstract 

 

Rivers display temporal dependence in suspended sediment – water discharge 

relationships.  Although most work has focused on multi-decadal trends, river sediment 

behavior often displays sub-decadal scale fluctuations that have received little attention.  

The objectives of this study were to identify interannual to decadal scale fluctuations in 

the suspended sediment – discharge relationship of a dry-summer subtropical river, 

infer the mechanisms behind these fluctuations, and examine the role of El Niño 

Southern Oscillation climate cycles.  The Salinas River (California) is a moderate sized 

(11,000 km2), coastal dry-summer subtropical catchment with a mean discharge (Qmean) 
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of 11.6 m3s-1.  This watershed is located at the northern most extent of the for Pacific 

coastal North America region that experiences increased storm frequency during El 

Niño years.  Event to interannual scale suspended sediment behavior in this system 

was known to be influenced by antecedent hydrologic conditions, whereby previous 

hydrologic activity regulates the suspended sediment concentration – water discharge 

relationship.  Fine and sand suspended sediment in the lower Salinas River exhibited 

persistent, decadal scale periods of positive and negative discharge corrected 

concentrations.  The decadal scale variability in suspended sediment behavior was 

influenced by interannual to decadal scale fluctuations in hydrologic characteristics, 

including:  elapsed time since small (~ 0.1x Qmean), and moderate (~ 10x Qmean) 

threshold discharge values, the number of preceding days that low/no flow occurred, 

and annual water yield.  El Niño climatic activity was found to have little effect on 

decadal-scale fluctuations in the fine suspended sediment – discharge relationship due 

to low or no effect on the frequency of moderate to low discharge magnitudes, annual 

precipitation, and water yield.  However, sand concentrations generally increased in El 

Niño years due to the increased frequency of moderate to high magnitude discharge 

events, which generally increase sand supply. 

 

Introduction 

 

Small to moderate sized basins (10–104 km2) of high relief (> 2000 m) are known 

to export the majority of the terrestrial sediment flux to the oceans (Milliman and 

Syvitski, 1992).  Most river sediment is transported in suspension (Walling, 1977), and 
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the relationship between suspended sediment concentration (CSS) and water discharge 

(Q) is often highly variable in small systems (i.e. Bogen and Bonsnes, 2003; Farnsworth 

and Warrick, 2007).  Furthermore, semi-arid rivers experiencing pronounced wet and 

dry seasons, such as the Salinas River of central California, often display particularly 

high variability in the CSS – Q relationship (Warrick and Mertes, 2009; Farnsworth and 

Milliman, 2003; Gray et al., 2014). 

Variability in the CSS – Q relationship is determined by internal and external 

mechanisms that are highly dependent on temporal scale (Carson et al., 1973; Paustian 

and Beschta, 1979; Gao et al., 2007; Florsheim et al., 2011; Tote et al., 2011; Kuai and 

Tsai, 2012).  Internal mechanisms are those that arise primarily from the characteristics 

of the basin, while external mechanisms stem primarily from environmental conditions 

exterior to the basin, such as climatic and solar forcings.  Most estimations of decadal to 

multi-decadal suspended sediment flux assume stationarity in the CSS – Q relationship 

and the mechanisms involved in its control (Helsel and Hirsch, 2002).  Studies that have 

recognized temporal dependence in CSS – Q focused on multi-decadal trends forced by 

long term anthropogenic activity or large disturbances such as wildfire or rare floods (i.e. 

Pasternack et al., 2001; Willis and Griggs, 2003; Walling, 2006; Warrick and Rubin, 

2007; Warrick et al., 2012; Warrick et al., 2013).  Conversely, studies focused on event 

scale forcings in small mountainous basins generally have not examined their effects on 

interannual or decadal scale patterns in suspended sediment behavior (i.e. Hudson, 

2003; Lenzi and Marchi, 2000; Estrany et al., 2009; Mano et al., 2009). 

Some mechanisms operate exclusively over a narrow temporal domain, and 

cease to influence systematic differences in suspended sediment concentrations as the 
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time period of comparison changes.  For example, the event scale internal mechanism 

of differential peak CSS and Q celerity downstream can lead to suspended sediment 

hysteresis – differing CSS – Q relationships on the rising and falling limb of the 

hydrograph (Heidel, 1956; Marcus, 1989; Bull, 1997; Brasington and Richards, 2000).  

Differences in the average CSS – Q relationship from one decade to the next would be 

unaffected by differences in peak CSS and Q transit speeds.  This would be the case 

even if systematic changes in sediment and discharge celerity occurred at the decadal 

scale, as long as the event integrated CSS – Q relationship did not change. 

However, event scale mechanisms can also affect longer term variation in 

suspended sediment behavior.  One set of mechanisms for this temporal ‘up-scaling’ 

are the effects of antecedent basin conditions.  The external factors of storm track 

location and precipitation intensity interact with the internal factors of basin ground 

cover and substrate characteristics to largely determine the delivery of water and 

sediment to the channel (Hicks et al., 2000; Ankers et al. 2003).  The most commonly 

available record of these interactions over time is the discharge time series, which can 

in turn be used to describe the hydrologic preconditioning of the system (Hudson, 2003; 

Gray et al, 2014).  Antecedent conditions can affect subsequent suspended sediment 

behavior by increasing or decreasing sediment supply, particularly in systems that 

experience seasonal and highly variable conditions at interannual and greater scales 

(i.e. Abraham, 1969; Hudson, 2003; Lana-Renault et al., 2007; Lana-Renault and 

Regues, 2009; Gray et al., 2014).  Furthermore, event to seasonal scale land surface 

and channel disturbances can also play a large role in changing suspended sediment 

behavior over short temporal scales by altering sediment availability (i.e. Colby, 1956; 
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de Vente et al., 2007).  Increased sediment availability in small to moderate sized 

basins has been observed after large floods in small mountainous basins (Abraham, 

1969; Brown and Ritter 1971; Warrick et al., 2013).  Flood events can also serve to 

flush semi-arid systems of sediment, exhausting sediment availability on an event basis 

or over the course of a storm season, which can have longer term effects on sediment 

supply (Hudson, 2003; Constantine et al., 2005; Batalla and Vericat, 2009; Gray et al., 

2014). 

In addition to the legacy effects of individual events, CSS – Q relationships may 

also be steered by the seasonal, annual, or decadal scale patterns of persistent 

elevated or depressed hydrologic conditions.  This is persistent dependency, or ‘long-

term-memory’, wherein the previous states of a given parameter influences subsequent 

states over long time periods (Hurst, 1951; 1957).  Discharge and transported 

constituent time series data from even relatively small basins (~ 400 km2) have 

displayed persistent dependency (Lawrence and Kottegoda, 1977; Montanari et al., 

1997; Pelletier and Turcotte, 1997).  Perhaps the most studied examples of decadal 

scale patterns in a fine scale are the external controls on suspended sediment exerted 

by the regional effects of climate cycles on sediment flux.  El Niño Southern Oscillation 

(ENSO) and Pacific Decadal Oscillation (PDO) patterns have been shown to affect 

annual and event scale precipitation magnitudes/intensities, and influence water and 

suspended sediment discharge variability at annual and decadal scales along the 

northeastern Pacific coast (Inman and Jenkins, 1999; Farnsworth and Milliman, 2003; 

Andrews et al., 2004; Andrews and Atweiler, 2012).  However, these studies focused on 
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the effects of climate cycles on discharge magnitude – frequency relationships applied 

to stationary CSS – Q relationships. 

This study directly addresses the assumption of a stationary suspended 

sediment – discharge relationship over multi-decadal time scales in the lower Salinas 

River, California.  The central assertion is that decadal scale variability in the CSS – Q 

relationship can be achieved through longer (interannual to decadal) temporal 

fluctuations or trends in the factors controlling event to annual scale suspended 

sediment behavior.  The goals of this study were twofold.  The first goal was to identify 

and describe the interannual to decadal scale patterns of suspended sediment – 

discharge behavior in the lower Salinas River, California.  The second goal was to 

determine if interannual to decadal scale patterns in hydrologic conditions could explain 

the patterns observed in the CSS – Q relationships.  Event to annual scale hydrologic 

factors identified in previous work (Gray et al., 2014) were investigated for this purpose.  

The patterns in hydrologic factors were then examined in the context of regional climatic 

variability (ENSO cycling).  Multi-decadal scale trends in suspended sediment behavior 

were then considered alongside trends in the discharge – precipitation relationship and 

in terms of decadal scale variability. 

 

Study Region 

 

The Salinas River drains a ~11,000 km2 portion of the Central Coast Ranges of 

California from a maximum relief of ~ 1,900 m.  Mean discharge (Qmean) is 11.6 m3s-1 

through the lowest gauging station in the basin (USGS gauge #11152500:  Salinas 
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River near Spreckels).  This gauge and the next mainstem gauge 23.5 km upstream 

(USGS gauge # 11152300:  Salinas River near Chualar,) are referred to in this study as 

S1 and S2, with drainage areas of 10,764 and 10,469 km2, respectively (Figure 1).  The 

period of suspended sediment sampling between these two gauges spans 1967 to 

2011, while discharge records extend from 1931 to present (USGS NWIS, 2013).  The 

regional climate is dry-summer subtropical.  Most annual precipitation originates from 

winter storms that occur from October through May, the largest of which are generally 

produced during strong El Niño years (Farnsworth and Milliman, 2003; Andrews et al., 

2004).  Geologic substrate is primarily Mesozoic sedimentary rock (Nutter, 1901; 

Rosenberg and Joseph, 2009).  Land cover grades downslope from steep, forested 

headlands to chaparral and grassland assemblages in the lower hills, followed by 

lowlands that have been mostly converted to irrigation agriculture. 

Agriculture is the largest anthropogenic disturbance in the Salinas River 

watershed in terms of area, followed by urbanization and dam emplacement (Thompson 

and Reynolds, 2002).  Three major dams were constructed on the mainstem and two 

major eastern tributaries between 1941–1965 primarily for groundwater recharge 

purposes, motivated by irrigation demands that have led to overdrafting of Salinas 

aquifers since the early 20th century (Figure 1) (Thompson and Reynolds, 2002).  

Urbanization has increased significantly in the basin from 172 to 230 km2 between 1984 

and 2010, although this remains a relatively low proportion of basin area (~ 2%) 

(California Department of Conservation, 2013).  Groundwater extraction, primarily for 

irrigated agriculture, and the return of a portion of these waters to the channel are a 

significant component of the hydrology of the Salinas River (Thompson and Reynolds, 
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2002).  Irrigation agriculture intensity has increased since the 1960s, but irrigation water 

demands stabilized beginning in the 1990s due to the rapid rise of drip irrigation, which 

has largely supplanted less hydrologically efficient sprinkler and furrow methods 

(Thompson and Reynolds, 2002). 

 

Methods 

 

This study focused on suspended sediment samples collected by Gray et al. 

(2014) and historical USGS samples from the lower Salinas River.  Gray et al. (2014) 

collected 43 samples between water years 2008 and 2011 from bridges crossing the 

Salinas River at Davis Street (4 river km below S1) and the USGS gauging stations S1 

and S2 (Figure 1).  Water years begin on 1 October of the previous calendar year and 

end on 30 September of the calendar year.  Samples were collected as per Warrick et 

al. (2012), with the following modifications.  Samples were retrieved from the water 

surface at cross-channel stations of one-quarter, one-half, and three-quarters wetted 

channel width.  Two 1-L samples from were collected from each cross-channel station 

for (i) total suspended sediment concentration (CSS) and (ii) particle size distribution 

analysis.  One event was sampled at high resolution with 250-ml samples every 2 – 3 

hours.  Samples were measured volumetrically and then filtered through preweighed, 

combusted, Whatman GF/A, 0.7 µm glass fiber filters.  Filters were dried at 60°C for 24 

h, cooled to room temperature under vacuum in a desiccator, and subsequently 

weighted to ± 0.0001 g.  Sediment mass was obtained by subtracting filter mass from 

total mass.  The CSS was then calculated by dividing sediment mass by the initial 
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sample volume. 

Particle size distribution analysis was performed on sediment recovered from 

water samples through centrifugation at 3250 g in 500-mL bottles for 10 min.  Sediment 

was transferred to 150-mL beakers and treated with unheated and heated 30% H2O2 

aliquots to oxidize organic constituents.  Organic free sediment was then dispersed with 

0.5% sodium metaphosphate solution, and run through a Beckman-Coulter LS 230 

(Beckman Coulter Inc., Fullerton, CA, USA) laser diffraction granulometer using 

polarization intensity differential scattering (PIDS) as per Gray et al. (2010). 

Suspended sediment samples were collected from the surface of river flow.  For 

this reason coarse suspended sediment particles were expected to be 

underrepresented.  Sediment suspension calculations by particle size based on the 

characteristics of the highest and lowest flows showed that fine particles in the clay to 

silt range (diameter (D) < 62.5 µm) should be uniformly distributed throughout the 

vertical profile (Rouse, 1937, 1938; Hill et al., 1988).  Based on these estimations, 

analysis of the suspended sediment samples collected by the authors was restricted to 

fine particles of D < 62.5 µm.  Values for fine suspended sediment concentration (CSSf) 

were calculated by multiplying CSS by the proportion of sediment occurring in the fine 

fraction: 

 

 𝐶𝑆𝑆𝑓  =  
C𝑆𝑆 x (% particles < 62.5 µm) 

100
 (1) 

 

The USGS collected flow-integrated CSS samples from the Salinas River at 

locations corresponding to S1 and S2 from water years 1969 to 1986 and 1967 to 2010, 
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respectively (USGS NWIS, 2013).  The 277 USGS samples used in this study 

represented a given discharge event and were associated with both instantaneous 

discharge and particle size data.  The USGS samples were processed by sieving to 

establish the relative contribution of fine, and sand (2000 µm > D > 63.5 µm) fractions.  

The CSSf for these samples was calculated using Eq. (1), and the concentration of sand 

suspended sediment (CSSs) was obtained by subtracting CSSf from CSS.  Hereafter, the 

term CSS is used generally when referring to tests that were conducted separately on 

CSSf and on CSSs. 

All suspended sediment data from the USGS were associated with instantaneous 

discharge values.  Samples collected by the authors were assigned discharge values 

through linear interpolation between adjacent 15-min discharge data from the 

appropriate USGS gauge.  Davis Street sample discharge was estimated from the S1 

record of 15-min discharge data by applying a time lag to account for the transit of flow 

stage downstream.  The time lag was computed from the estimated transit time (tt), 

where tt was equal to the distance between Davis Street and S1 divided by the transit 

speed (m s-1) of peak flow between S2 and S1 for each discharge event in question.  

Transit speeds were found to be highly variable, ranging from 0.01 to 2.38 m s-1, yet 

most values fell between 0.2 and 0.8 m s-1.  When the lagged time fell between 15-min 

discharge records, the associated discharge was calculated through linear interpolation. 

Monthly precipitation (P) data was obtained from the National Weather Service 

for the Big Sur State Park (BGS) gauge; the gauge that correlates most closely with 

lower Salinas River streamflow (Warrick et al., 2012; Gray et al., 2014).  Historic El Niño 

activity was characterized in this study by (i) the Oceanic Niño Index (ONI), an 
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aggregate measurement of sea surface temperature defects from a 30 year base period 

average in the 5˚N to 5˚S by 120˚ to 170˚W region and (ii) the extended Multivariate El 

Niño Index (MEI.ext), which incorporates the signals of several ENSO indices (Pedatella 

and Forbes, 2009; Wolter and Timlin, 2011).  The National Oceanographic and 

Atmospheric Administration’s (NOAA) three-month running average data for ONI were 

obtained for the interval of 1950 to 2011, while MEI.ext was retrieved from Wolter and 

Timlin (2011). 

 

Computation and Data Analysis 

 

Rating curves were used in this study to represent bivariate relationships 

between environmental parameters for given periods of time.  The residuals of these 

relationships were then used to describe changes in these relationships over time.  

Residuals were obtained by subtracting the expected value on each rating curve from 

observed sample values, in effect correcting sample CSS or Wy for the influence of Q or 

P, respectively.  The rating curves employed to individually model CSSf ~ Q, CSSs ~ Q, 

and annual water yield (Wy) ~ P relationships were constructed with simple linear 

regression and localized regression (LOESS) techniques applied to log-transformed 

data (Cleveland, 1979; Helsel and Hirsch, 2002; Gray et al., 2014).  Suspended 

sediment rating curves were computed for the entire sediment sampling period (1967–

2011), while Wy ~ P rating curves were calculated for the entire precipitation record 

(1930–2011) and just the 1967–2011 period.  Rating curves were not corrected for log-
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transform bias as back-transformation for flux estimation in original units was not 

conducted here. 

Persistent patterns in suspended sediment behavior were identified by 

sequentially summing CSSf  ~ Q and CSSs ~ Q LOESS residuals over time  This method, 

referred to hereafter as cumulative residual analysis, was first developed by Hurst in the 

1950s for estimating reservoir storage requirements (Hurst 1951; 1957).  Periods of 

persistent positive or negative behavior were identified based on the local slope of the 

cumulative residual curve, with persistent positive or negative values recognized by 

positive or negative slopes maintained over ranges of residual values ≥ 3 σ, where σ is 

the standard deviation of the residuals. 

Examination of persistent patterns in the hydrologic controls on suspended 

sediment behavior required variables representing these conditions.  Gray et al. (2014) 

previously examined the effects of antecedent hydrologic conditions on suspended 

sediment behavior in the lower Salinas River.  The significant hydrologic controls 

identified in that study were further examined here in terms of their decadal scale 

patterns of variability.  The basic methodology of Gray et al. (2014) was to test for 

correlations between (i) CSSf ~ Q or CSSs ~ Q LOESS residuals and (ii) variables 

representing antecedent basin conditions using non-parametric Mann-Kendall analyses 

(Helsel and Hirsch, 2002).  The following suites of variables were used to describe 

antecedent hydrologic conditions for each suspended sediment sample: (i) ΣQ0.1:  the 

sum of days when Qd ≤ 0.1 m3s-1 for back cast summation windows of 1 to 2000 days; 

(ii) Qj Time:  a measurement of the amount of time that has elapsed since the last 

hydrologic event greater than or equal to a given magnitude (Qj).  Additionally, annual 
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water yield for the current year was tested, as was ΔQd, the change is daily discharge 

(Qd) from the day before sampling to the day of sampling. 

The results of Gray et al. (2014) showed that CSSf ~ Q LOESS residuals 

decreased with:  (i) prolonged dry periods (increasing ΣQ0.1 with 1200 to 2000 day back 

cast summation windows), (ii) increased elapsed time since low discharge magnitudes 

(Qj = ~ 1–4  m3s-1),  and (iii) decreased elapsed time since moderate discharge 

magnitudes (Qj = 100–200 m3s-1).  Fine suspended sediment also displayed overall 

positive hysteresis (higher CSSf concentrations on the rising limb of the hydrograph), 

which was reflected by a significant positive correlation with ΔQd.  In contrast, CSSs ~ Q 

LOESS residuals decreased with:  (i) seasonal to prolonged dry periods (increasing 

ΣQ0.1 with 10–2000  day back cast summation windows), and (ii) increasing elapsed 

time since a wide range of discharge magnitudes (Qj = 1–1000 m3s-1), and increased 

with annual water yield. 

Temporal patterns of the hydrologic conditions found by Gray et al. (2014) and 

the discharge time series were examined here to compare their decadal scale variability 

with that of fine, and sand suspended sediment.  Individual variables were selected from 

the suites of ΣQ0.1 and Qj Time variables that had been found to display significant 

correlations with suspended sediment behavior by Gray et al. (2014).  The variables 

selected were those that produced the highest correlations.  For fines the variable that 

produced the most negative correlation was Q1 Time, and the variables with the highest 

positive correlations were Q114 Time, and ΔQd.  The variables with the most negative 

correlations with sand were ΣQ0.1 with a 110 day sampling window, and Q400 Time.  The 

variable with the highest positive correlations with sand were current annual water yield. 
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Persistence in descriptors of antecedent hydrologic conditions and the discharge 

time series was visualized by subtracting their mean values, and then sequentially 

summing these mean corrected values over time.  These sequential sums of mean 

corrected hydrologic variable behaviors were compared to suspended sediment 

cumulative residual analysis results to assess the role hydrologic conditions in 

determining decadal scale patterns in suspended sediment behavior.  The hydrograph 

of mean daily discharge values were also plotted to visualize the largest discharge 

events and longest droughts over the suspended sediment sampling record. 

The role of ENSO was then investigated as a potential control on the hydrologic 

conditions found to influence suspended sediment behavior from 1950 to 2011.  El 

Niño, or positive ENSO activity, has been associated with increased storm intensity in 

central to southern California region (Andrews and Antweiler, 2012).  Previous studies 

have identified the Salinas basin as the northernmost of the central California rivers that 

respond to positive El Niño like conditions with an increased frequency of large P and Q 

events (Farnsworth and Milliman, 2003).  To examine the coincidence of El Niño events 

and hydrologic event history of the lower Salinas River, plots of the annual sum of days 

with flows above threshold levels of 1, 100, 200 and 400 m3s-1, and below 0.1 m3s-1 

were compared to the three-month running mean ONI.  To further examine the 

relationship between ENSO cycling and the discharge thresholds of interest, the annual 

sum of days satisfying the hydrologic criteria detailed above and annual P were plotted 

against annual peak ONI. 

Finally, temporal trend analyses of (CSS ~ Q) or (Wy ~ P) residuals were 

conducted using linear regression or Mann-Kendall methods to assess the multi-
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decadal trajectory of CSS and Wy changes in the basin.  These approaches can be 

characterized as parametric (linear regression trends of linear regression residuals), 

mixed parametric/nonparametric (linear regression trends of LOESS residuals, or Mann-

Kendall trends of linear regression residuals) or nonparametric (Mann-Kendall trends of 

LOESS residuals) (Helsel and Hirsch, 2002).  All analyses were performed using R 

3.0.1 with package “Kendall” (McLeod, 2011; R Development Core Team, 2013). 

 

Results 

 

Linear and LOESS rating curves showed strong, generally linear relationships 

between Q and CSS for Q > ~ 1 m3s-1, with curved or flat tails for Q < ~ 1 m3s-1 (Figure 

2a,b, Table 1).  The R2 values for CSSf and CSSs log linear rating curves were similar at 

0.55 and 0.58, respectively, while the CSSf slope was lower than that of CSSs (0.71 vs. 

0.92), but with a ~ 2x higher offset (1.57 vs. 0.73).  LOESS models accommodated this 

low Q curvature, which resulted in slightly lower RMSE values in comparison to log-

linear regressions.  Linear regression based Wy models also missed slight curvature in 

the response to P, which was slightly better described (e.g. resulted in lower RMSE 

values) by LOESS models for both temporal domains (Figure 2c,d).  The LOESS curves 

were used for subsequent suspended sediment and water yield rating curve residual 

analysis, as this better fit resulted in less systematic bias with discharge. 

Cumulative residual analysis revealed that that Salinas River experienced 

periods of persistent higher-than-expected Css as well as the converse (Figure 3).  Fine 

sediment displayed persistent periods of higher CSSf from 1967–1979 and 1990–1993, 
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and persistent periods of lower CSSf from 1980–1989 and 1994–2011 (Figure 3a).  The 

latter period of lower CSSf was characterized by a period of relatively constant values 

from about 2002 – 2009, followed by a rapid decline in values.  Sand displayed 

persistent periods of higher CSSs from 1967–1986, followed by a period of persistent 

lower CSSs during 1987–2010 (Figure 3f).  The period of persistent low sand 

concentrations was also characterized by a period of near constant values from about 

1993 to 2005. 

Plots of cumulative mean corrected values of the antecedent hydrologic condition 

descriptors revealed patterns in hydrologic history that may have played a role in 

decadal scale suspended sediment behavior (Figure 3b-d,g-i), with the hydrograph at 

S1 included for reference (Figure 3e,j).  The most striking feature of these plots is a 

persistent dry period spanning the mid-1980s to early 1990s.  Two hydrologic variables 

used to estimate fine sediment concentration, Q1 Time and Q114 Time, displayed very 

similar persistent behaviors over much of the sample period, with notable exceptions 

(Figure 3b,c).  The cumulative residual results for Q1 Time showed displayed steady 

decreases in the mean corrected residual sums over periods from roughly 1966–1987 

and 1993–2011, separated by a dramatic positive period that spanned the late 1980s to 

mid-1990s (Figure 3b).  On the other hand, Q114 Time displayed constant values (with 

some variability) from 1965 – 1980 and 2000 – 2011, and persistent decreases from 

1980 – 1990 and 1995 – 2000 (Figure 3c).  The period of rapidly increasing mean 

corrected residual sums was also present for Q114 Time, but extended from the late 

1980s to the early 1990s.  The cumulative mean corrected plot for ∆Q did not display 

persistent behavior, but rare large flood events did appear with their rapid, consecutive 
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increases in discharge magnitude, including the three largest peak events of the period 

of suspended sediment record, which occurred on 2/26/1969, 3/3/1983 and 3/12/1995 

(Figure 3d,e). 

The two hydrologic factors that negatively affected sand concentration 

calculations, ∑Q0.1 with a 110 day counting window, and Q400 Time, also displayed a 

transition from persistent low to high values around the mid-1980s, with transition 

placement ~ 1987 (Figure 3f,g).  The behavior of ∑Q0.1,110 day was generally stable 

after the end of the positive excursion (~ 1995), while Q400 Time went through another 

cycle of persistent low (1995–2002) and high (2002–2011) values.  Current water yield, 

the hydrologic factor that exerted a positive effect in the sand, exhibited a relatively 

stable period between 1967 and 1979, followed by a wetter period from 1979–1983, a 

prolonged dry period from 1983–1994, and brief wet interval from 1994–1998, and 

another prolonged dry period from 1998–2011 (Figure 3i). 

In summary, the early portion of the suspended sediment record, from 1967 to 

mid-1980s, was characterized as hydraulically active with most days experiencing lower 

than average elapsed time since the last Q ≥ 1, 114, and 400 m3s-1, and lower sums of 

previous very low to no flow days (Q ≤ 0.1 m3s-1).  Four of the six hydrologic events with 

peak Q > 1000 m3s-1 also occurred during this period (Figure 3e,j).  This was followed 

by a very dry period that extended from the mid-1980s to the mid-1990s, with very little 

water flux through the lower Salinas River from 1988–1990 and no Q > 114 m3s-1 

events until 1993.  The period of the mid-1990s to present began with two large events, 

including the flood of 1995, which ushered in a short wet period that ended in the late 

1990s, after which water yields and peak hydrologic events were generally low. 
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The period of persistent high fine sediment concentrations from 1967 to 1980 

coincided with a period of persistently low Q1 Time values, and relatively constant Q400 

Time values.  Both periods of persistent low fine sediment concentration generally 

coincided with periods of persistent low Q114 Time values.  The second period of low 

fine sediment concentration (1993–2011) also experienced a period of stable 

concentrations that coincided with a return to relatively constant Q114 Time values.  

However this period of stable concentration was followed by a return to persistent low 

concentrations, despite persistently low Q1 Time and stable Q114 Time values.  The long 

dry interval spanning the late 1980s through the early 1990s lined up with the positive 

excursion of fine suspended sediment concentration in the early 1990s.  This dry period 

also resulted in persistent increases in both Q1 Time and Q114 Time sums. 

The mid-1980s transition to drought also marked the transition in persistent 

excess sand concentration from positive to negative.  However, subsequent transitions 

to wetter periods did not result in a break in persistent negative sand concentrations, 

although a small, contemporaneous positive excursion was observed (Figure 3f). 

The effects of ENSO activity on lower Salinas River discharge history were most 

evident for higher discharge events.  Of 78 events with Q ≥ 400 m3s-1 since 1950, 74 

occurred during El Niño years, with most (n = 55) occurring during stronger (ONI > 1) El 

Niño years, including in 1969, 1983 and 1995 (Figures 4, 5a).  Moderate flows (Q ≥ 100 

and > 200 m3s-1) mostly occurred during El Niño years (Figures 4, 5b,c), while the 

number of days with Qd ≥ 1 m3s-1 and the sum of low flow (Qd ≤ 0.1m3s-1) days as well 

as annual precipitation were insensitive to El Niño cycles (Figures 4, 5d,e,f).  Of note is 

the fact that during many El Niño years the lower Salinas River did not experience any 
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high or moderate flows.  Thus the El Nino cycle can be considered a condition of 

increased high flow frequency or risk.  This is in agreement with Farnsworth and 

Milliman (2003), who found that stronger El Niño conditions led to increased likelihood 

of high discharge events, although ENSO indices were not linearly related to discharge 

magnitudes. 

Monotonic temporal trends in (CSSf ~ Q) and (CSSs ~ Q) residuals from 1967 – 

2011 were found to be negative for all four tests, with two-sided p-values well below 

0.05 (Table 2, Figure 6).  The Wy – P relationships for 1931–2011 and 1967–2011 

showed decreasing trends, though most were not statistically significant (Table 2, 

Figure 7).  The longer Wy – P dataset showed some indication of a decreasing trend in 

water yield, as the fully parametric test (linear regression of linear regression residuals) 

and the fully nonparametric test (Mann-Kendall analysis of LOESS residuals) yielded 

decreasing trends with p values slightly below 0.05 (Figure 7a).  This was expected due 

to the emplacement of dams in the mid-20th century.  None of the tests for temporal 

trends in the 1967–2011 subgroup of (Wy ~ P) residuals showed temporal trends that 

were statistically significant (Figure 7b).  Thus there was no significant multi-decadal 

scale change in the (Wy ~ P) relationship over the period of suspended sediment record 

(1967 – 2011). 

 

Discussion 

 

Persistent decadal scale fluctuations in positive and negative suspended 

sediment excursions from expected, discharge-controlled values occurred for fine and 
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sand fractions between water years 1967 and 2011.  Decadal scale patterns in 

antecedent hydrologic conditions appeared to match the observed persistence in 

suspended sediment behavior in some cases, particularly for fines before the early-

2000s and sand over the entire sample period.  ENSO activity does not appear to be 

responsible for most of the antecedent hydrologic precondition characteristics that 

influence suspended sediment behavior, with the exception of increases in sand supply 

after larger events (Q > ~ 10x Qmean) and the flushing of fine sediment by moderate 

discharge events (10–20x Qmean).  Slight decreasing multi-decadal trends in both fine 

and sand sediment behavior between 1967 and 2011 do not appear to have been 

affected by changes in the water yield – precipitation relationship. 

Furthermore, no high discharge event triggers were found for interannual to 

decadal scale alterations in suspended sediment behavior. This was not surprising for 

fine sediment, as Gray et al. (2014) found no relationship between the timing of large 

discharge events and fine sediment behavior in the lower Salinas River.  Recent large 

discharge events had been found to increase sand concentrations, but apparently these 

events did not lead to decadal scale shifts in sand behavior.  Extreme flooding events 

have been shown to exert interannual to inter-decadal effects on suspended sediment 

behavior in other river systems (Syvitski et al, 2000; Smith et al., 2003; Warrick et al., 

2013).  For example, Warrick et al. (2013) found that the large 1965 floods resulted in 

very high CSS states in northern California rivers and that these states decayed for years 

thereafter, leading to inter-decadal, negative trends in CSS residuals.  Other systems 

have also shown this decaying sediment augmentation associated with extreme events 

(e.g. Morehead et al., 2003).  These effects are often found in systems with large tracts 
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of steep, unstable hillslopes prone to mass wasting (Korup, 2012), such as the Eel River 

of Northern California (Brown and Ritter et al., 1971).  In these cases, large, high-

intensity precipitation events can speed up existing slides, trigger new slides, and 

initiate or expand gully style drainage of the resulting land surface scars, while high river 

discharge can truncate landslide snouts that reach the valley floor and cause further 

increases in downslope transport of sediment (Kelsey, 1980).  In contrast, the Salinas 

basin is underlain by more stable bedrock and is not subject to the level of mass 

wasting found in the Eel River watershed (Nutter, 1901). 

The lack of evidence for persistent effects of large floods on sediment behavior in 

the lower Salinas River may also be due to the fact that no ‘extreme’ events were 

captured during the period of suspended sediment sampling.  The two largest 

hydrologic events during 1967–2011 occurred in 1969 and 1995 and produced peak 

discharges on the order of 1800 m3s-1, which translates to a return period of only ~ 20 

years.  In contrast, the 1964 event on the Eel River was estimated to be a 200–400 year 

flood (Brown and Ritter, 1971; Sloan et al. 2001).  Although sediment concentrations 

were generally high in the lower Salinas River after the 1969 event, they were also high 

for the few years sampled before it, while the 1995 event was in a period of low CSS, 

which did not appear to be altered by the passing of this moderately large flood (see 

Figure 4). 

More moderate discharge magnitudes appear to have a larger bearing on 

decadal scale suspended sediment behavior than floods in the lower Salinas River.  

Time series of more moderate in-channel flows experienced by the Salinas River 

expressed persistent behavior over time scales similar to that of suspended sediment 
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(i.e. interannual to decadal, see Figure 4).  These flow magnitudes have been shown to 

exert statistically significant effects on suspended sediment behavior (Gray et al., 2014).  

Indeed, decadal scale patterns in hydrologic variable states seemed to reveal a simple 

and consistent underpinning for the patterns in sand behavior (see Figure 3).  Wetter 

conditions prevailed in the early part of the record (late 1960s to mid-1980s), which led 

to persistent low values in hydrologic variables shown to have negative effects on CSSs, 

and relatively stable to positive values for variables shown to have positive effects.  This 

temporal zone coincides with that of high sand concentrations, which supports the 

notion that hydrologic preconditions could be the major factor controlling the behavior of 

CSSs.  A shift to dry conditions around the mid-1980s led to generally high values in 

variables with ‘negative’ forcing, and low values of variables with ‘positive’ forcing.  This 

coincides with the onset of the negative period of sand sediment behavior, which ran 

from the mid-1980s to the end of sampling in 2010.  A short wet period in the late 1990s 

also coincides with a minor period of positive sand activity in this otherwise negative 

period.  Thus, interannual to decadal scale patterns in sand behavior seems to be 

controlled in part by decadal scale basin wetness and the frequency of moderate to 

large hydrologic events. 

The relationship between fine suspended sediment and hydrologic preconditions 

was more complicated, but also generally consistent (see Figure 3).  The two hydrologic 

variables that expressed decadal scale persistence, Q1 Time, which decreases CSSf 

through time, and Q114 Time, which increases CSSf through time (Gray et al., 2014), 

follow similar patterns of persistent deviation from their respective mean states.  The 

third variable used in this study, ΔQd, operated at the event scale and did not exhibit 

22



un
co

rre
cte

d, 
ac

ce
pte

d

 

interannual or decadal scale persistent behavior.  In this case the decadal scale 

variability in fine sediment behavior seems to display a distinct sensitivity to Q114 Time 

rather than Q1 Time.  Persistent periods of low Q114 Time generally coincided with 

periods of low fine sediment concentration, while stable or high values of Q114 Time 

generally coincided with periods of stable or high fine sediment concentration.  In 

contrast, shifts in fine sediment behavior do not appear to be sensitive to the persistent 

patterns of the negative controls exerted by Q1 Time.  Thus, depletion of subsequent 

fine sediment concentrations by moderate (100–200 m3s-1) ‘flushing’ flows, appears to 

exert a larger control on the decadal scale behavior of fine sediment than the timing of 

very low (1 to 4 m3s-1) flows.  However, a notable discrepancy is apparent at the end of 

the record, as persistent low fine sediment concentrations continue despite stable Q114 

Time values. 

But how do flows of these low to moderate magnitudes respond to regional 

climate controls?  The large infrequent flood events (Q ≥ 40x Qmean) that transport the 

majority of the sediment through the Salinas River (Farnsworth and Milliman, 2003) 

occur almost exclusively during El Niño years (see Figure 6).  Short elapsed time, from 

days to years, since the last moderate to high discharge event has been shown to 

increase sand concentrations in the lower Salinas River (Gray et al, 2014).  In contrast, 

this study found that moderate Q peaks (100–200 m3s-1, or ~ 10–20 Qmean), which act 

as a flushing function on fine suspended sediment supplies, were only slightly 

influenced by El Niño activity.  This finding contrasts with other systems bearing marked 

wet/dry seasonality interacting with decadal scale ENSO cycles, such as the Puyango-

Tumbes River of Ecuador, which was found to experience significant flushing of 
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channel-mediated sediments at seasonal as well as decadal scale wet conditions 

associated with El Niño events (Tarras-Wahlberg and Lane, 2003).  Furthermore, 

neither total precipitation nor low flow days in the Salinas River Basin were influenced 

by El Niño.  Therefore, ENSO cycles appear to increase total CSS by augmenting sand 

sediment supply due to closer timing of high peak Q’s, while fine suspended sediment 

behavior remains relatively insensitive to ENSO cycles.  This finding suggests that 

ENSO cycles lead to increases in suspended sediment flux through increased 

frequency of high discharge events that move much of the sediment through the Salinas 

Basin (Farnsworth and Milliman, 2003; Wheatcroft et al., 2010).  Furthermore, ENSO 

cycles enhance this effect by augmenting sand rating curves. 

Slightly negative, multi-decadal trends in both fines and sand were found over 

the period of record (see Figure 7).  Decadal scale patterns in behavior are implicated in 

these longer scale trends, as the sampling period began with positive, and ended with 

negative zones of persistent behavior for both texture classes.  Multi-decadal trends in 

suspended sediment behavior are often attributed to anthropogenic changes to the land 

surface (Kallache et al., 2005, Walling, 2006), including urbanization (Espey, 1969; 

Hollis, 1975; Trimble, 1997; Warrick and Rubin, 2007), agricultural practices (Walling 

and Fang, 2003; McHugh et al., 2008, Deasy et al., 2009), and channel modification 

(Vorosmarty et al., 2003; Willis and Griggs, 2003).  Very little change in proportional 

urban area has occurred in the Salinas basin (California Department of Conservation, 

2013), and the major damming projects of the upper Salinas River mainstem and 

tributaries were already in place years before the initiation of sediment monitoring 

(SRCMP, 2009).  Furthermore, no significant change was observed in the relationship 
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between precipitation and discharge from 1967 – 2011 (see Figure 7), which is one of 

the major mechanisms related to changing sediment – discharge behavior with 

urbanization and channel modification (Willis and Griggs, 2003; Warrick and Rubin, 

2007). 

However, agricultural intensity increased over this period and irrigation practices 

shifted from sprinkler and furrow to drip irrigation (Monterey County, 2013).  This 

change in agricultural technology may have contributed to the negative trends in 

suspended sediment concentration, and the prolonged negative zone of fine sediment 

behavior from the mid-1990s to 2011.  Wildfire may also be at play, as Warrick et al. 

(2012) found that sediment flux from the Arroyo Seco, a major subbasin of the Salinas 

River, was highly controlled by wildfire and large precipitation event sequences.  Further 

investigation would be required to explicitly link agricultural practices and wildfire activity 

to the suspended sediment behavior patterns observed here. 

 

Conclusions  

 

The lower Salinas River displayed decadal scale persistence in the suspended 

sediment – discharge behavior of fine and sand sized suspended sediment.  Fine 

sediment displayed two couplets of alternating positive/negative periods of behavior, 

while sand exhibited only one positive and one negative period. 

These patterns of suspended sediment behavior appear to have been caused in 

part by decadal scale persistence in hydrologic conditions.  The initial positive periods of 

both fine and sand behavior occurred during a hydrologically active period when low to 
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moderate discharge events were frequent (1967 – 1980).  Sand transitioned to its 

negative period with the transition to less hydrologically active conditions, and has 

remained in this state through the rest of the record.  Transitions between positive and 

negative periods of persistent fine sediment behavior were consistently correlated with 

persistent patterns in the positive effect of longer elapsed time since moderate (~10x 

Qmean) flows.  This generally swamped out the negative effects on fine sediment 

concentration exerted by longer elapsed times since very low (~ 1/10x Qmean) flows. This 

suggests that a flushing function associated with moderate discharges (10–20x Qmean) is 

a dominant control on interannual to decadal scale fine sediment behavior in the lower 

Salinas River. 

A minimal effect was found for ENSO cycles on these hydrologic conditions, and 

by extension suspended sediment behavior at decadal scales.  Positive ENSO periods 

led to increases in the frequency of moderate to large events, with an increase in effect 

found between moderate (Q = 10 – 20x Qmean) and large (Q ≥ 40x Qmean) events.  The 

lack of effect on drought/small discharge magnitude frequency and weak control on 

moderate discharge frequency suggests that ENSO plays a small role in modulating 

decadal scale fine sediment behavior.  However, increased sand concentration due to 

large discharge events suggested that positive ENSO phases do augment sand 

concentration. 

Finally, inconsistencies in decadal scale behavior of fine sediment vis-à-vis 

hydrologic conditions implied that additional, unstudied factors are at play.  This notion 

is supported in part by overall negative trend in both fine and sand suspended sediment 

concentrations.  Future mechanistic studies of land scape forcing factors are required to 
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address this issue, with particular regard to agricultural practices – the largest 

anthropogenic influence in the basin. 
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dTable 1: Suspended Sediment Rating Curves
Suspended Sediment Concentration ~ Water Discharge Linear Regression  and LOESS Rating Curves
Sediment Size Temporal Zonea Model R2 RMSEb

Linear Regression 0.55 0.61
LOESS - 0.59
Linear Regression 0.56 0.57
LOESS - 0.56
Linear Regression 0.6 0.43
LOESS - 0.42
Linear Regression 0.45 0.78
LOESS - 0.81
Linear Regression 0.69 0.60
LOESS - 0.55
Linear Regression 0.70 0.60
LOESS - 0.52
Linear Regression 0.71 0.53
LOESS - 0.48

Annual Water Yieldc ~ Precipitationd Linear Regression  and LOESS Rating Curves

Dependent Var. Temporal Zonea Model R2 RMSEb

Linear Regression 0.75 0.45
LOESS - 0.42
Linear Regression 0.79 0.42
LOESS - 0.41

aAll years reported as water years, beginning on October 1 of the previous year and running through September 30 of indicated year.
bIndicates root mean squared error (RMSE) values for the entire model.  All RMSE values reported in log units.
cAnnual water yield in units of 105 m3 at USGS station 'Salinas River near Spreckles' ID# 11152500, referred to here as 'S1'.
dAnnual precipitation in units of cm from NOAA gauge 'Big Sur State Park' (BGS).

logC SS  = 0.228 + 1.125*logQ

Model Equation

Water Yield

Water Yield

Total Range (1931 - 2011)

1967 - 2011

logWy  = 5.11*logP  - 8.22
-

logWy  = 4.93*logP - 7.90
-

-

-
logC SS  = 2.233 + 0.850*logQ

Model Equation
logC SS  = 1.569 + 0.713*logQ

-
logC SS  = 1.896 + 0.634*logQ

logC SS  = 1.326 + 0.651*logQ
-

-
logC SS  = 0.726 + 0.920*logQ

-
logC SS  = 0.670 + 0.947*logQ

-

Total Range (1967 - 2010)

Fine

Sand

1967 - 1979

1980 - 89, 1994 - 2011

1990 - 1993

1967 - 1986

1987 - 2010

Total Range (1967 - 2011)
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Range Relationship Test Kendall tau Kendall        

P -value
LR             

Coeff.
LR            
R2

LR                   
P-value

1967-2011 LR residuals -0.23 2.3E-10 -3.0E-05 0.09 5.0E-08

1967-2011 LOESS residuals -0.20 1.7E-07 -3.0E-05 0.06 5.9E-06

1967-2010 LR residuals -0.22 5.7E-08 -5.0E-05 0.11 3.2E-08

1967-2010 LOESS residuals -0.14 6.3E-04 3.1E-05 0.050 1.8E-04
1931-2011 LR residuals -0.03 0.72 -4.2E-03 0.05 0.05
1931-2011 LOESS residuals -0.18 0.02 -3.4E-03 0.04 0.09
1967-2011 LR residuals -0.10 0.34 -4.9E-03 0.03 0.32
1967-2011 LOESS residuals -0.12 0.29 -4.2E-03 0.02 0.35

Temporal trend statistics for suspended sediment concentration - discharge and water yield - precipitation relationships in the lower Salinas 
River.  Fine sediment is defined as particles with a diameter (D) < 62.5 µm.  Sand is defined as 62.5 ≤ D ≤ 2000 µm.  LR = linear regression, 
CSSf  = fine suspended sediment concentration, C SSs  = sand suspended sediment concentration, Q  = discharge, Wy  = water yield , P  = 
precipitation .

Table 2.  Temporal Trends

Fine Sediment (C SSf  ~ Q )

Sand  (C SSs  ~ Q )

Wy  ~ P
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Figure Captions 

 

Figure 1.  The Salinas River watershed.  The locations of U.S. Geological Survey 

(USGS) hydrologic gauging stations are marked with dotted circles and identification 

codes.  Identification codes S1 and S2 correspond to gauge names:  Salinas R. near 

Spreckels and Salinas River near Chualar (USGS gauge numbers 11152500 and 

11152300), respectively.  The Davis Street Bridge suspended sediment sampling 

location is indicated by a line.  The National Oceanographic and Atmospheric 

Administration precipitation gauge ‘Big Sur State Park’ is indicated with a black triangle 

and the label BGS. 

 

Figure 2.  Linear regression (LR) and LOESS rating curve models for suspended 

sediment concentration – water discharge behavior in log-log space for (a) fine 

sediment and (b) sand sized sediment over the sampling period (1967 – 2011).  Water 

yield – precipitation relationships are similarly modeled with linear regression and 

LOESS techniques for the entire period of S1 discharge measurement (c) 1931 – 2011, 

and the suspended sediment sampling period (d) 1967 – 2011. 

 

Figure 3.  Plots of (a) fine sediment and (f) sand LOESS residuals sequentially summed 

over time.  (b-d, g-i) Arrayed beneath each sediment class are the sequential sums of 

the mean corrected hydrologic variables found to exert significant control at the event to 
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inter-annual scale, and (e,j) the daily discharge hydrograph at gauge S1.  Gray shading 

indicates zones of persistent low residual values, un-shaded zones are positive, and 

relatively stable periods are highlighted with light blue bars.  The dates of the three 

highest discharge events during the suspended sediment record are indicated on the (e) 

hydrograph. 

 

Figure 4.  El Niño and lower Salinas discharge events:  (a) Oceanic Niño Index (ONI) 

plotted as a 3 month running mean of sea surface temperature anomaly in the Nino 3.4 

region; (b,c,d,e) The number of days when daily discharge (Qd) was ≥ 400, 200, 100, 1 

m3s-1, or ≤ 0.1 m3s-1 respectively, by water year.   Plot (a) is offset to accommodate the 

water year abscissa for plots (b) through (e).  Shaded zones mark strong to moderate El 

Niño years, with upper years in plot (a) identifying strong El Niño years and lower years 

indicating strong la Niña years. 

 

Figure 5.  The lower Salinas River gauge S1 annual sum of days with daily discharge 

greater than or equal to a) 400, b) 200, c) 100, d) 1 m3s-1, e) less than or equal to 0.1 

m3s-1 vs, and f). annual precipitation at the NOAA Big Sur State Park (BGS) gauge vs. 

peak annual Ocean Niño Index (ONI). 

 

Figure 6.  (a, b) Fine suspended sediment and (c, d) sand sized suspended sediment 

(a, c) log linear regression residuals and (b, d) LOESS CSS ~ Q residuals plotted over 

time with fitted linear temporal trend estimations. 
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Figure 7.  Water yield ~ precipitation residuals (a, b) plotted over the period of 

discharge measurement at S1 on the lower Salinas River (1930-2011), and (c, d) the 

period of record for suspended sediment (1967-2011).  Residuals were derived from (a, 

c) linear regression, and (b, d) LOESS curves. 
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