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Abstract Observations and a numerical model are used to characterize sediment transport in the tidal
Hudson River. A sediment budget over 11 years including major discharge events indicates the tidal fresh
region traps about 40% of the sediment input from the watershed. Sediment input scales with the river
discharge cubed, while seaward transport in the tidal river scales linearly, so the tidal river accumulates
sediment during the highest discharge events. Sediment pulses associated with discharge events
dissipate moving seaward and lag the advection speed of the river by a factor of 1.5 to 3. Idealized model
simulations with a range of discharge and settling velocity were used to evaluate the trapping efficiency,
transport rate, and mean age of sediment input from the watershed. The seaward transport of suspended
sediment scales linearly with discharge but lags the river velocity by a factor that is linear with settling
velocity. The lag factor is 30–40 times the settling velocity (mm s�1), so transport speeds vary by orders of
magnitude from clay (0.01 mm s�1) to coarse silt (1 mm s�1). Deposition along the tidal river depends
strongly on settling velocity, and a simple advection-reaction equation represents the loss due to settling
on depositional shoals. The long-term discharge record is used to represent statistically the distribution of
transport times, and time scales for settling velocities of 0.1 mm s�1 and 1 mm s�1 range from several
months to several years for transport through the tidal river and several years to several decades through
the estuary.

1. Introduction
Rivers provide the primary conduit for sediment delivery from continents to the coastal ocean, yet the total
sediment transport that enters the coastal ocean remains difficult to constrain. Only a small fraction of global
rivers have observational data on sediment delivery to the coastal zone, and in many cases those records are
of only limited duration (Syvitski, 2003). In rivers that are monitored, the discharge gauges are typically
located above the limit of tidal influence, and thus, sediment may be intercepted by floodplains, the tidal
river, estuary, delta, and tidal flats before reaching the ocean. Many rivers have tidal fresh regions that can
extend hundreds of kilometers from the coast and are thought to be significant sinks for sediment
(Milliman & Farnsworth, 2013). Estimates from Amazon (Dunne et al., 1998; Nittrouer et al., 1995), Mekong
(Nowacki et al., 2015), Changjiang (Milliman et al., 1985), and Ganges-Brahmaputra (Goodbred & Kuehl,
1998) indicate that one third or more the sediment delivery is trapped landward of the coast. Deltas at river
mouths also represent major sinks for sediment. For example, an estimated 80% of the sediment delivered to
the coastal zone by the Yellow River is deposited within its delta (Meade, 1996). Quantifying sediment trap-
ping between the seawardmost river gauging station and the coast remains a major unknown in our ability to
quantify sediment delivery to the ocean.

Sediment delivery from rivers is extremely episodic due to discharge variability, so long periods of monitoring
are required to capture infrequent events to characterize the sediment load (Gray & Simões, 2008). Sediment
discharge (Qs) is often related to volumetric discharge (Qr) by a power law relationship of the form Qs = a Qr

b

(Glysson, 1987; Nash, 1994). For high discharge conditions, the exponent (b) is typically 2–3, as sediment con-
centration increases nonlinearly with river flow due to introduction of additional sources of sediment such as
bank failure. Because of the nonlinear response, a single discharge event can deliver more sediment in a few
days than several years of more moderate discharge. For example in Chesapeake Bay, two discharge events
were estimated to have supplied half of the total sediment over a 70 year period (Schubel & Hirschberg,
1978). Another studyofChesapeakeBay found that that the fateof sedimentdeliveredduringdischargeevents
depended in part on the settling velocity of the particles, as finer particles during the winter bypassed the
estuarine turbidity maximum (ETM) while coarser sediment during a smaller event in the fall were trapped in
the ETM (Sanford et al., 2001).
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While many studies have documented sediment transport and trapping in estuaries, relatively few have
investigated the transport and fate of sediment in the tidal fresh river. The tidal river is the region landward
of the salinity intrusion that is influenced by tides and other water level fluctuations from the coastal ocean.
The landward limit of the tidal river can be a physical barrier such as a natural fall line or constructed dam, or
the tidal influence can decay over a distance inland that varies depending on river discharge (Hoitink & Jay,
2016). Several studies have found significant sediment trapping in tidal rivers, either by differencing
upstream and downstream transports or by measuring accretion rates. In the Amazon, an estimated
20–30% of the approximately 109 t yr�1 sediment delivery is trapped in the tidal river landward of the coast
(Meade, 1996; Nittrouer et al., 1995). A reach of the tidal Amazon where two tributaries enter was found to
trap 20 Mt yr�1 of sediment from the main stem, in addition to inputs from the tributaries (Fricke et al.,
2017). In the Delaware estuary during spring freshet conditions, seaward sediment transport the upper estu-
ary exceeded watershed inputs by more than a factor of 2, indicating that remobilization of bed sediment in
the tidal river provided a major internal source (Cook et al., 2007). Similar results of seaward transport exceed-
ing watershed input in the tidal fresh Delaware were also found over an 8 month period of moderate to low
discharge (Sommerfield & Wong, 2011). Sediment budget calculations for a tributary of San Francisco Bay
found that nearly 50% of the sediment input was trapped in the tidal fresh reach and that the trapping effi-
ciency varied on the event scale from greater than 90% trapping to 30% more export than the input
(Downing-Kunz & Schoellhamer, 2015). In two tributaries of Chesapeake Bay accretion rates were found to
be greatest in the upper tidal fresh river and in oligohaline wetlands near the ETM, with lower accretion rates
in the middle of the tidal river due to limited supply (Ensign et al., 2014).

Quantifying the delivery of sediment to the coastal ocean requires accounting for intermittent discharge
events and sediment trapping in the tidal fresh region, and the Hudson River, which is the focus of this study,
provides an example. In 2011, Tropical Storms Irene and Lee produced two major discharge events within a
2 week period (Ralston et al., 2013). Sediment input from the storms was 2.7 Mt based onmeasurements from
gauges covering most of the watershed, 4–5 times the long-term annual average input. Observations in the
tidal river near the limit of salinity intrusion measured seaward transport of only about 1.0 Mt, indicating sig-
nificant sediment trapping in the tidal fresh region. Other studies during spring freshet conditions also found
discrepancies between the sediment input and the transport in the tidal river or estuary that were indicative
of extensive trapping (Wall et al., 2008; Woodruff et al., 2001). These observations lead to some basic ques-
tions about the efficiency of sediment transport in the tidal river, including sediment trapping rates and trans-
port time scales. Sediment transport in the tidal river has important implications for the delivery of sediment
to the coastal ocean, for transformations of sediment and organic particles between the watershed and the
ocean, and for the recovery time scales for particle-associated contaminants. Here we use observations and a
sediment transport model to evaluate sediment transport time scales and trapping efficiency in the tidal
Hudson River.

2. Study Region: The Tidal Hudson River

The Hudson River discharges into New York Harbor near the Battery at the southern tip of Manhattan, and
tidal influence extends landward 240 km to the Federal Dam in Troy, NY (Figure 1). Mean tidal range is
1.4 m at the Battery, decreases to 1.1 m in the middle of the tidal river, and increases to 1.5 m near the head
of tide. The salinity intrusion typically varies between 40 km from the Battery (near Piermont, NY) during high
discharge conditions and 120 km (near Poughkeepsie, NY) during extreme low discharge periods (Abood,
1974; Bowen & Geyer, 2003; Ralston et al., 2008). For consistency, we define the tidal fresh Hudson as the
region landward of Poughkeepsie, recognizing that during moderate and high discharge periods the fresh
region extends farther seaward. Hoitink and Jay (2016) define the extent of the tidal river based on water level
fluctuations, with the seaward limit where the lowest water levels occur during neap rather than spring tides.
Under low to moderate discharge conditions this definition does not apply to the Hudson, as lowest water
levels occur during spring tides throughout the tidal reach. Instead, the Hudson generally corresponds with
their “tidal freshwater zone,” the reach between the salinity intrusion and the landward tidal limit. During
high discharge conditions the upper ~40 km of the Hudson does have lower water levels during neap tides.

Channel depth in the Hudson decreases with distance along the river (Figure 1), from ~17 m in the saline
estuary and lower fresh tidal river (with deeper regions to 40 m) to ~10 m near the tidal limit, with the
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upper river depth set by dredging to an authorized depth of 32 feet (9.7 m). Cross-sectional area also
decreases with distance landward, from an average width of ~1.5 km near the mouth to ~0.3 km near the
head of tide. Notable wider regions include the Tappan Zee and Haverstraw Bay (35–60 km) and
Newburgh Bay (85–95 km).

The Mohawk and Upper Hudson Rivers converge a few kilometers above the head of tide and provide the
primary sources of freshwater and sediment to the tidal Hudson. The combined mean annual discharge from
the Mohawk and Upper Hudson is about 400 m3 s�1. The Mohawk represents about 30% of the total
watershed area above Poughkeepsie and the Upper Hudson about 40%. Seasonally, discharge at the head
of tide ranges between ~2,000 m3 s�1 during the spring freshet and ~100 m3 s�1 during late summer, and
large events can be greater than 4,000 m3 s�1. A spring freshet of 2,000 m3 s�1 corresponds with a mean
velocity of 0.5–1.2 m s�1 in the upper tidal river (>200 km), decreasing to about 0.2 m s�1 in the wider
and deeper lower tidal river. For low discharge conditions the mean velocities associated with the freshwater
outflow are 0.03–0.05 m s�1 in the upper tidal river and less the 0.01 m s�1 in the lower. Tidal velocities are
significantly greater than mean velocities during low and moderate discharge conditions in most of the tidal
river, typically around 0.6–0.8 m s�1, but during high discharge the tide can be damped by the river flow and
become unidirectionally seaward in the upper tidal river (Godin, 1999).

Sediment discharge from the Mohawk averages 0.3–0.5 Mt yr�1 and from the Upper Hudson 0.1–
0.2 Mt yr�1 based on records from U.S. Geological Survey (USGS) monitoring stations at Cohoes
(#01357500) and Waterford (#01335770). Sediment discharge measurements are of suspended sediment
and do not include bed load, but studies of other large rivers have found that bed load represents
10% or less of the total sediment discharge (Meade, 1996). Previously reported estimates of sediment dis-
charge to the Hudson range from 0.4 to 1.0 Mt yr�1, the wide range of estimates due in part to interann-
ual variability in the river forcing (Bokuniewicz & Ellsworth, 1986; Panuzio, 1965; Wall et al., 2008). Average

Figure 1. Hudson River bathymetry. (a) Model domain showing water depth. Observation locations are marked with
triangles, and locations of tributaries discharging to the tidal Hudson are marked with circles. Distance along the river from
the Battery is noted in kilometer. (b) Depth of the thalweg and cross-section average along the river. (c) Width and cross-
sectional area along the river. (d) Fraction of the bed that is mud, based on the finest sediment size class in the model.
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sediment yield for the Mohawk watershed (30–50 t km�2 yr�1) is more than twice that of the Upper
Hudson (10–152 t km�2 yr�1) due to differences in geology, with clastic and glacial sediment in the
Mohawk and more crystalline bedrock of the Adirondacks in the Upper Hudson. The sediment yields
can be compared with an empirical model developed from a global rivers database that incorporates
basin area, relief, and mean temperature (Syvitski et al., 2003). That model predicts sediment yields of
about 100 t km�2 yr�1 for the Mohawk and 160 t km�2 yr�1 for the larger and steeper Upper Hudson.
The factor of 2–3 overprediction for the Mohawk is typical of the model uncertainty and is consistent with
the tendency of the model to overpredict sediment loads for small to moderate watersheds (Syvitski
et al., 2003). The discrepancy is greater for the Upper Hudson, perhaps due to the geologic substrate
and predominantly forested land use.

In addition to the Mohawk and Upper Hudson, many smaller tributaries discharge directly into the tidal
Hudson (Figure 1). Collectively, these Lower Hudson watersheds represent about 30% of the total area above
Poughkeepsie. The watershed downstream of Poughkeepsie is small, representing just 5% of the total
watershed above the Battery. Based on observations at Poughkeepsie, the additional volume input from
the Lower Hudson tributaries increases discharge by 30–40% (Wall et al., 2008). Sediment transport measure-
ments have calculated the annual sediment discharge at Poughkeepsie between 0.7 and 1.0 Mt (Bokuniewicz
& Ellsworth, 1986; Panuzio, 1965; Wall et al., 2008). Sediment input is naturally highly episodic with river dis-
charge. For example, during a 4 year period an estimated 36% of the total sediment input occurred during
just three events (Wall et al., 2008).

Suspended sediment concentrations (SSC) in the tidal river increase during high discharge. For example,
tidally averaged concentrations at Poughkeepsie during the winter were 40–60 mg L�1 compared with
10–20 mg L�1 during the lower discharge summer (Wall et al., 2008). SSC also varies within a tidal cycle
due to resuspension and settling. During the winter, tidal variability of 20–40 mg L�1 was observed at
Poughkeepsie with a greater range of SSC during spring tides, compared with 10–20 mg L�1 tidal varia-
bility during summer. The observations suggest that a washload of fine sediment that settles too slowly
to be significantly removed from the water column during slack tide represents about half of the SSC dur-
ing high discharge and less than a quarter during low discharge. Water samples from this location show
that the suspended sediment is dominated by fines, with 90–95% of particles <63 μm diameter, though
the fine fraction decreased to 80% during a high discharge event (Wall et al., 2008). Particle settling velo-
cities for fine sediment range from 3 mm s�1 for coarse silt to 0.01 mm s�1 or less for clay. At the upper
end of this range sediment can settle at slack tide (assuming a water depth of 18 m and slack duration of
1.5 h, based on unpublished data from G. Wall), while at the lower end sediment remains in the water
column as washload.

The bed sediment composition in the Hudson generally is coarser in the landward reaches (Nitsche et al.,
2007). In the saline estuary and tidal fresh to near Poughkeepsie, the bed is predominantly mud or a mix
of sand and mud, with the channel coarser and more erosional and the shoals finer and more depositional.
The typical grain size of the bed increases landward of Poughkeepsie, with a greater sand fraction but also
shallow depositional regions with finer sediment. Through much of the tidal river and estuary, both fine-
grained, depositional areas and coarser-grained, erosional channel regions can be found in the same seg-
ment of river. Landward of about 200 km the river is predominantly erosional and dominated by sand and
gravel size classes.

Most of the tidal Hudson is thought to be at equilibrium depth and accreting at a long-term rate approxi-
mately equal to sea level rise (0.3 cm yr�1) based on 14C chronology (Klingbeil & Sommerfield, 2005;
McHugh et al., 2004). Shorter time scale measurements using 137Cs and 210Pb typically show higher accumu-
lation rates, for example, in the tidal river rates of 0.6–2.9 cm yr�1 at 160 km (Benoit et al., 1999) and 1.5–
1.8 cm yr�1 at 143 km (Chillrud et al., 2004). Even greater short-term accretion rates have been reported in
the saline estuary with 10–40 cm yr�1 at seasonal time scales based on 7Be (Feng et al., 1998; Traykovski et al.,
2004; Woodruff et al., 2001). These shorter time scale deposition rates are highly variable in space and time
and can be an order of magnitude greater than the long-term average due to redistribution of deposited
sediment during erosional events and compaction of bed sediment (Sommerfield, 2006). Based on 14C, the
saline estuary is also accumulating sediment at a rate similar to sea level rise (1.6–3.5 mm yr�1) over 400–
3,000 year time scales (Klingbeil & Sommerfield, 2005).
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3. Methods
3.1. Observations

Observational data were collected from several sources, including instruments deployed for this study and
from long-term monitoring stations maintained by the U.S. Geological Survey (USGS) and the Hudson
River Environmental Conditions Observing System (HRECOS). Study periods spanned a range of river dis-
charge conditions, included the high discharge events associated with Tropical Storms Irene and Lee in sum-
mer 2011 (maximum discharge at the head of tide, Qr,max = 4,400 m3 s�1), a moderate spring freshet in 2014
(Qr,max = 2,500 m3 s�1), and a smaller than average freshet in 2015 (Qr,max = 1,300 m3 s�1).

Time series of river and sediment discharge were obtained from the USGS for the Mohawk River at Cohoes
(1917 to present) and the Upper Hudson River at Waterford (1887 to present). Daily sediment discharge mea-
surements are available for the Mohawk for 1954–1959, 1976–1979, and 2004–2015 and for the Upper
Hudson for 1976–2014. River discharge and in some cases sediment discharge were also obtained for tribu-
taries of the Lower Hudson River, including Normans Kill (#01359528), Kinderhook Creek (#01361000), Catskill
Creek (#01362090), and Roeliff Jansen Kill (#01362182), Esopus Creek (#01364500), Rondout Creek
(#01367500), and Croton River (#01375000). Volume and suspended sediment transports were obtained in
the tidal river at Poughkeepsie (#01372058) for 2002–2014. Details on the Poughkeepsie observations and
analysis from 2002 to 2006 are in Wall et al. (2008). In addition to the USGS stations, turbidity time series
(15 min sampling interval) were obtained from HRECOS stations on the tidal river including Schodack
Island (214 km), Tivoli Bays South (160 km), and Norrie Point (134 km).

Observations from 2011 after Tropical Storms Irene and Lee came from USGS and HRECOS stations and have
been reported previously (Ralston et al., 2013). In 2014 and 2015 observations were collected at three addi-
tional locations: Tivoli (160 km), Newburgh (90 km), and Congers (55 km) (Figure 1). Each location had optical
backscatter sensors (OBS) to measure turbidity at the surface and bottom (1 min sampling interval). OBS data
from these deployments and from the HRECOS stations were downsampled to hourly intervals using a med-
ian filter to reduce noise. In 2014, extensive ice coverage delayed the start of observations until 31 March,
shortly before with the first discharge event of the spring. Instruments were recovered 10 June 2014 when
discharge at the head of tide had decreased to less than 200 m3 s1. The second deployment was from 8
December 2014 to 15 May 2015, and discharge was generally lower than average throughout the
spring 2015.

Surface and bottom water samples were collected during each deployment and processed for total sus-
pended sediment to calibrate the OBSs. The calibration between turbidity (NTU) and SSC (mg L�1) from sam-
ples during the 2014 spring freshet (31 March to 1 April) resulted in a regression slope of 0.6 (SSC ≈ 0.6 × NTU).
Previous observations in the saline estuary using the same methods have typically found slopes of around 1
(Ralston et al., 2012), and this lower slope suggests a shift in sediment size toward smaller particles during
high flow conditions (Downing, 2006). For samples taken during the lower discharge conditions of 2015
(13–14 May), the slope from the calibration was 1.1. Suspended sediment samples were also processed for
loss on ignition (LOI), a measure of organic content. The LOI was less than 1% in the high discharge samples
of 2014, while LOI was 8–12% for the lower discharge samples of 2015. The shift in both the turbidity to SSC
calibration and LOI are consistent with a greater prevalence of silt and clay particles from the watershed dur-
ing the first major discharge event of the season in 2014, in contrast to 2015 when the turbidity signal was
lower (shown below) and dominated by resuspended bed material with larger particles and greater
organic content.

3.2. Circulation and Sediment Transport Model

Simulations of the tidal Hudson River and estuary using realistic and idealized forcing were run using the
Regional Ocean Modeling System (ROMS) with the Community Sediment Transport Modeling System
(Haidvogel et al., 2008; Shchepetkin & McWilliams, 2005; Warner et al., 2008). The Hudson model has been
developed and evaluated against observations over a series of previous studies (Ralston et al., 2012, 2013;
Warner et al., 2005, 2010). The curvilinear model grid included the landward limit of the tidal river to open
boundaries in New York Bight andWestern Long Island Sound (Figure 1). The grid was 1,135 cells by 532 cells,
with grid resolution of 100 to 500 m along channel that decreased in resolution toward the tidal limit and 20–
60 m grid resolution laterally. The vertical discretization had 16 evenly distributed sigma layers.
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For the realistic simulations, freshwater and suspended sediment were input from the Mohawk and Upper
Hudson Rivers and from the seven tributaries discharging directly to the Lower Hudson (listed above).
Discharges were based on USGS observations, and suspended sediment concentrations were based on
USGS observations (when available) or on rating curves developed from observations (Woodruff, 1999).
Water level at the open boundary was forced with tidal constituents from an ADCIRC database (Mukai
et al., 2002) plus a lower frequency, nontidal component based on a low-pass filter of water level observations
at Sandy Hook, NJ (NOAA #8531680) and Kings Point, NY (NOAA #8516945). Observational data for discharge
and water level had 15 min temporal resolution, except for four of the smaller rivers that only had daily data.
Model fields were saved at hourly intervals for analysis.

Sediment in the realistic cases had five independent sediment classes: three on the bed at the start of the
simulation and two with river inputs. On the bed, the size classes were representative of medium sand (set-
tling velocity, ws = 40 mm s�1), fine sand (ws = 5 mm s�1), and medium silt (ws = 0.6 mm s�1). The river sedi-
ment classes were fine silt (0.2 mm s�1) and very fine silt or clay (0.01 mm s�1). The settling velocities of the
river sediment classes were based on previous comparisons with observations in the tidal river (Ralston et al.,
2013). Maps of bed sediment composition based on side scan surveys and bottom samples (Nitsche et al.,
2007) were used to initialize the fraction of each size class on the bed, and this was run for several months
with typical forcing conditions to create an initial condition for subsequent simulations. The bed had a single
layer with a uniform initial thickness of 0.2 m for most cases, as discussed below. In model simulations the
maximum erosion was typically a few centimeters or less, so with this initial condition the bed sediment sup-
ply was not depleted. Exchange between the bed and water column was calculated in the ROMS based on
the settling velocity and excess shear stress as described in Warner et al. (2008) using erosion rate parameters
determined previously for the Hudson based on comparison with observations (Ralston et al., 2012).

To diagnose how river discharge and settling velocity affect transport rates, we also ran several idealized
simulations. For idealized cases, river and sediment discharge were applied only at the head of tide and har-
monic tides with only M2, S2, and N2 components were applied at the open boundaries. The idealized cases
included using relatively slow settling velocities (ws = 0.01 and 0.2 mm s�1) from the realistic simulations over
a range of constant discharge cases (Qr = 150, 300, 600, 2,000, and 5,000 m3 s�1) as well as testing a wider
range of settling velocities (ws = 0.03, 0.1, 0.3, 1, and 3 mm s�1) for a constant discharge of 5,000 m3 s�1.
As will be shown, the dependence on settling velocity was largely independent of discharge. The system
reaches equilibrium for suspended sediment transport more slowly for low discharge cases than for high,
and similarly fast settling sediment takes longer to reach equilibrium than the washload. To make the model
computationally tractable and evaluate the range of settling velocities, we focus on results from the high dis-
charge case. Lower discharge cases would show similar dependence on settling velocity but would require
proportionally longer run times.

3.3. Sediment Age

To characterize the time scales of sediment transport, we modified the age calculation in ROMS that was pre-
viously used to track the chronology of water parcels (Zhang et al., 2009) to apply to sediment. The mass-
weighted, arithmetic age of a tracer or sediment is calculated following the constituent-oriented age and
residence-time theory (CART) (Deleersnijder et al, 2001; Delhez et al., 1999). The approach introduces an
age concentration tracer that corresponds with each constituent being evaluated. Transport of the age con-
centration tracer in the model is treated exactly as the corresponding tracer, but the age grows in time with
each model time step. The mean age of a tracer is a three-dimensional, time-dependent quantity equal to the
age concentration divided by the tracer concentration.

The application of CART to calculate sediment age was previously developed for a study of sediment trans-
port off the Belgian coast (Mercier & Delhez, 2007). The definition of the start time (or zero age) for a consti-
tuent is key to the age calculation, and the specification depends on the goals of the study. Mercier and
Delhez (2007) presented two complementary approaches to sediment age. Their “resuspension age” was
set to zero when sediment was resuspended and increased while sediment was in the water column, so
age represented the time since the sediment was last on the bed. Their “transport age” was reset to zero
when sediment left a source region, and sediment continued to age both in the water column and on the
bed. We apply this transport age in the Hudson simulations and define the source region for zero age to
be when sediment enters from the watershed. A similar application of the transport age approach was
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used to track watershed sediment input to the York River estuary (Gong &
Shen, 2010). Transport age was also used to examine transport of contami-
nants adsorbed to sediment in the Scheldt estuary, where the approach
was extended to keep track separately of the time sediment spends in
the water column and time on the bed (Delhez & Wolk, 2013).

As it moves through the system, sediment ages with a spatial distribution
that depends on the hydrodynamic conditions and sediment characteris-
tics. Sediment ages with each model time step both in the water column
and on the bed after deposition. The age concentration variable behaves
exactly the same as the sediment concentration, so that sediment settles
with its age and is eroded with the average age of the sediment on the
bed at each location (Gong & Shen, 2010; Mercier & Delhez, 2007).
Transport of age concentration in the water column includes the vertical
settling velocity for each sediment class in addition to advection by the
three-dimensional velocity field. The settling velocity and erosion rates
for age concentration are the same as those for the corresponding
sediment class.

4. Results
4.1. Sediment Transport and Mass Accumulation

The major discharge events associated with Tropical Storms Irene and Lee
in late summer 2011 delivered about 2.7 Mt of new sediment to the tidal
Hudson. Due to the rainfall distribution, disproportionate sediment load-
ing came from the Mohawk (1.4 Mt, 30% of the total watershed area)
and from several tributaries discharging directly to the tidal Hudson, in
particular Catskill Creek (0.7 Mt, 3% of total watershed, at 180 km)
(Ralston et al., 2013). At Poughkeepsie, the cumulative transport during

themonths following the storms was about 1.0 Mt, indicating that a substantial fraction of the sediment input
remained in the tidal river for a period much greater than the event or spring-neap time scales. Fortunately,
the Irene and Lee events occurred during a period of expanded monitoring by the USGS of sediment dis-
charge from the watersheds of the Lower Hudson. Streamflow and suspended sediment concentrations were
recorded at stations representing most of the total watershed area, allowing quantification of the sediment
budget to an uncommon precision.

One of the key uncertainties in the sediment budget is the loading from tributaries discharging directly to the
tidal Hudson. For Irene and Lee, the Lower Hudson tributaries added sediment loading equal to 70% of that
from the Mohawk and Upper Hudson. An estimate based on the transport at Poughkeepsie over 4 years cal-
culated that the Lower Hudson increased the sediment load by 30–40% (Wall et al., 2008). As with Irene and
Lee, the largest imbalances between the input at the head of tide and the transport past Poughkeepsie were
due to high discharge events. In another study, contaminant metal profiles from sediment cores along the
tidal fresh Hudson were the basis for an estimate that Upper Hudson sediment was being diluted by a factor
of 8 by inputs from the Mohawk and downstream tributaries (Chillrud et al., 2004). The sediment load from
the Mohawk on average is 2.6 times that of the Upper Hudson, so the dilution of contaminant metals
observed in the cores requires additional input from the Lower Hudson that is similar in magnitude to the
combined input from the Upper Hudson and Mohawk. A watershed model accounting for differences in land
use suggested that sediment yield for the Lower Hudson was greater than for the Upper Hudson (Swaney
et al., 1996), consistent with input greater than the watershed area ratio.

Daily averaged sediment discharge measurements are available for the Mohawk, Upper Hudson, and tidal
fresh Hudson at Poughkeepsie for most of 2004–2015 (Figure 2). For the periods when SSC data are not avail-
able at Poughkeepsie (September 2011 to January 2014 and October 2014 to October 2015), SSC data from
Norrie Point are paired with the volumetric discharge at Poughkeepsie. During Irene and Lee, Norrie Point
turbidity correlated well with turbidity observed at Poughkeepsie (Ralston et al., 2013). Turbidity at Norrie
is converted to SSC based on a calibration from bottle samples. To estimate the total sediment load to the

Figure 2. Cumulative sediment transport in the tidal Hudson. Observed
transport at Poughkeepsie is based on measured velocity and suspended
sediment (USGS), or when that is not available, on velocity at Poughkeepsie
and suspended sediment from turbidity at Norrie Point (HRECOS).
Measured sediment inputs for the Mohawk and Upper Hudson are shown,
along with a range of estimates for the additional inputs from Lower
Hudson tributaries, as noted in the text. Cumulative sediment transport at
Poughkeepsie for each of the model periods (2011, 2014, and 2015) is
shown for both new sediment from the watershed and new sediment plus
remobilized bed sediment.
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tidal river including tributaries of the Lower Hudson, the observed transport from the Mohawk and Upper
Hudson is multiplied by a factor of 1.5. This is based on an average of previous estimates of 1.3 (Wall et al.,
2008) and 1.7 (Ralston et al., 2013) and is less than the 2.2 factor derived from cores (Chillrud et al., 2004).
Over this 11 year record, the cumulative input from the Mohawk and Upper Hudson was 8.2 Mt, and with
the 1.5 factor for the Lower Hudson the total input was 12.4 Mt. At Poughkeepsie, the cumulative seaward
transport was 7.6 Mt, somewhat less than the input from the Mohawk and Upper Hudson and about 60%
of the total estimated input from the watershed.

The trend over this 11 year period indicates that some 40% of the sediment input remains trapped in the
fresh tidal river for an extended period. The spatial extent of the tidal river above Poughkeepsie is about
110 km2 (120 km of river with average width of ~900 m), so assuming a bulk density of 500 kg m�3 the cal-
culated mass accumulation distributed evenly would correspond with a depositional thickness of 8.5 cm. Sea
level rise at the Battery (NOAA #8518750) averaged 3.38 mm yr�1 over 1975–2015, so the increase in accom-
modation space (3.7 cm over 11 years) could account for approximately half of the sediment trapping. The
depositional area may be an overestimate given that large parts of the tidal fresh Hudson are sandy and non-
depositional (Nitsche et al., 2007), but additional sediment storage is possible on flood plains or in off-river
water bodies, where accumulation rates can greatly exceed sea level rise (Woodruff et al., 2013). Cores from
depositional regions along the tidal fresh Hudson have been found to have accumulation rates in excess of
1 cm yr�1 (Benoit et al., 1999; Chillrud et al., 2004).

Previously, the cumulative sediment transport past Poughkeepsie after Irene and Lee in the model was found
to be similar to observations (Ralston et al., 2013). The settling velocity associated with the sediment input
was a critical parameter that was adjusted to improve the model agreement. The watershed inputs were split
into sediment classes with ws = 0.2 mm s�1 (17 m d�1) and 0.01 mm s�1 (0.8 m d�1), corresponding, respec-
tively, with particle sizes of fine-to-medium silt and fine silt or clay. We show later that the mean advection
speed for sediment depends inversely on settling velocity, so the timing and quantity of mass transport in
the model depends on the fraction of the total sediment input assigned to the washload. For Irene and
Lee, assigning 20% of the new sediment input to the washload size class agreed with the mass transport
observations, so that ratio is used in the simulations in this study. The Irene and Lee model results also
demonstrated that matching the timing of the transport past Poughkeepsie required including remobiliza-
tion of bed sediment in the river prior to the events. The total transport in the model then depends not only
on the watershed inputs but also the availability of erodible sediment in the bed.

Themodel was run for the observational periods in 2014 and 2015 with the configuration from the calibration
to Irene and Lee in 2011, and the net transport in the model at Poughkeepsie compares well with the obser-
vations (Figure 2). Again, the total mass transport, including remobilized bed sediment, is closer to the obser-
vations than the newly input sediment alone. The year 2014 had a typical spring freshet, and the total
sediment transport past Poughkeepie during the simulation period (85 days) was 0.20 Mt in the observations
and 0.24 Mt in the model, while watershed input was 0.35 Mt. In 2015, the freshet discharge was smaller than
average and the sediment transport was reduced, with 0.087 Mt observed past Poughkeepsie and 0.067
modeled over 135 day period, compared with 0.071 Mt of watershed input.

Both the observations and model reflect the strong dependence on discharge of the sediment loading and
the transport in the tidal river. For the Mohawk the sediment discharge rating curve is Qs ~ Qr

1.35 for
Qr< 500 m3 s�1 and Qs ~ Qr

2.87 for higher discharge (Woodruff, 1999). In the Upper Hudson the relationships
are similar, with Qs ~ Qr

1.43 for Qr < 400 m3 s�1 and Qs ~ Qr
2.87 for greater Qr. Because of the nearly cubic

dependence, sediment loading is dominated by large, infrequent events. In contrast, the relationship
between river discharge and sediment transport at Poughkeepsie in both observations and the model is less
than a cubic dependence (Figure 3). Trend lines for cubic and linear dependence on discharge are shown for
reference. Linear dependence corresponds with a suspended sediment concentration that is independent of
river discharge, if, for example, SSC is controlled by resuspension of bed sediment by tidal currents alone and
is independent of discharge.

During the peak flows of Irene and Lee, watershed input exceeded the observed transport in the tidal river by
an order of magnitude, but at intermediate discharges the seaward transport at Poughkeepsie was similar to
or greater than the watershed input. The interannual variability in transport at intermediate discharges
depends in part on the availability of mobile sediment, which depends on the antecedent loading to the
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system (Woodruff et al., 2001). In 2011, the supply of mobile sediment in the tidal river was enhanced due to
the inputs from the two storms, and consequently, sediment concentrations were greater at given discharge
than in the subsequent years. Overall, the transport at Poughkeepsie scales roughly linearly with river
discharge, with the magnitude of the linear dependence varying due to antecedent loading. Assuming
that at long time-scales the system is at morphodynamic equilibrium, the mismatch in scaling between
the nearly cubic sediment supply and the linear transport requires that there is a net sediment gain to the
tidal river during brief high discharge events and net loss over longer periods of intermediate discharge
(Ralston & Geyer, 2009). Sediment accumulation during events and loss during lower discharge is
consistent with analysis of a 4 year record at Poughkeepsie (Wall et al., 2008). The dependence of
transport in the tidal river on discharge in the model is similar to observations, but only when including
remobilized bed sediment (Figure 3b).

4.2. Sediment Transport Time Scales

The discrepancy in discharge dependence between the loading and sediment transport in the tidal river
raises questions not only of total mass transport but also of timing. Observations of turbidity at multiple loca-
tions along the tidal fresh river illustrate the advection of the sediment pulses due to discharge events
(Figure 4). In 2011, Irene and Lee (Qr,max ≈ 3,900 and 3,300 m3 s�1 at the head of tide) provided distinct peaks
in turbidity at Schodack (214 km), Tivoli (160 km), and Norrie Point (134 km). The seaward advection of the
turbidity pulse can be compared with the fluvial advection speed based on the mean river velocity,
ur = Qr/A, where A is the average cross-sectional area of the river. The turbidity pulse moved seaward more
slowly by a factor of 1.5 to 2 than the mean advection time between the stations. The calculation was based
on the arrival time of the peak turbidity for each discharge event, which has uncertainty that grows as the
turbidity pulse spreads downstream.

In the spring of 2014, three distinct discharge events (Qr,max ≈ 3,200, 3,000, and 2,100 m3 s�1) were associated
with spikes in turbidity through the tidal river, including at sensors at Newburgh (90 km) and Congers (55 km)
(Figure 4b). The spring of 2015 had lower discharge, with only a single event (Qr,max ≈ 1,800m3 s�1) that had a
distinct turbidity signal. At the more seaward observation locations the turbidity maxima from the events
become more diffuse and hard to identify, and instead, the spring-neap cycle was most prominent in the
temporal variability. While the mean flow Ur is responsible for the net seaward transport, tidal velocities that
are typically an order of magnitude greater enhance along-river dispersion of the turbidity pulse. For the lar-
ger discharge events that could be tracked, the turbidity pulses moved seaward at rates slower than river
flow. The transport time between stations was 1.5 to 3 times the transport time for water, with the factor
increasing with distance downstream. Note that the turbidity signal may represent only part of the sediment
input and transport. Optical backscatter measurements of turbidity are more sensitive (on amass basis) to the

Figure 3. Sediment transport versus river discharge. (a) Daily average sediment input from rivers (black) and sediment
transport at Poughkeepsie during 2011, 2014, and 2015 observation periods. (b) Sediment transport at Poughkeepsie in
the model during the same periods; river inputs are the same. Large dots are the total sediment transport including
remobilized bed sediment, and small crosses are newly input sediment from the rivers.
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finer, slower settling particles that are transported most rapidly than coarser silt and sand that move seaward
more slowly, as will be shown.

The model results provide a more continuous picture in time and space of the suspended sediment transport
from discharge events (Figure 5). The spring freshet of 2014 is used as an example, but similar results were
found for 2011 (Ralston et al., 2013) and for 2015. Three events provided significant sediment loading, and
the advective time scale based on Qr/A for each is noted for reference. Note that this realistic simulation
includes river and sediment discharge from lateral tributaries of the Lower Hudson that provide sediment
prior to the arrival of the pulse from theMohawk and Upper Hudson. Themodel results illustrate spatial varia-
bility that is not resolved by the observational time series, as greater suspended sediment concentrations are
consistently found in particular sections of the river. The events highlight these local trapping regions, but as
each sediment pulse propagates seaward and disperses it lags the speed of the river flow. The realistic results
for 2014 (Figure 5) combine sediment classes with 0.01 and 0.2 mm s�1 based on the Irene and Lee calibra-
tion, and the sediment transport rate relative to river advection is sensitive to settling velocity, as will be
examined later with idealized model cases.

The along-river distribution of new sediment at the end of the simulation, both in suspension and on the bed,
highlights the regions of intensified trapping (Figure 5c). Over approximately 3months, about 0.34 Mt of sedi-
ment was introduced, predominantly during the discharge events 10 and 15 days into the simulation. At the
end of the simulation, about 85% of that new sediment remained trapped above the limit of the salinity intru-
sion, located at 90 km at that time. Much of the new sediment in the saline estuary was trapped in the upper
ETM of Haverstraw Bay (55 km) (Nitsche et al., 2010; Ralston et al., 2012). Less than 1% of the new sediment
input had moved seaward of the Battery after 3 months. As with the rate of seaward transport, we will use

Figure 4. Observed time series of turbidity along the Hudson at Schodack (214 km), Tivoli (160 km), Norrie Point (134 km),
Newburgh (90 km), and Congers (55 km) during the 2011, 2014, and 2015. Note that the turbidity axis range for Figure 4a
is 3.5 times greater than for Figures 4b and 4c. River discharge at the head of tide and mean flow at Poughkeepsie are
shown in black on the right axis.
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idealized cases to examine how this sediment trapping in the tidal river (or inversely, the transport efficiency)
depends on the settling velocity.

As the suspended sediment pulse associated with each discharge event moved seaward, the maximum con-
centration decreased and the sediment signal dispersed along the river. Tidal velocities continued to remo-
bilize andmove sediment after the event, and sediment was preferentially deposited in lower energy regions
on the shoals and side embayments. Examples during and after the arrival of a sediment pulse demonstrate
the temporal decrease in SSC in the channel correspond with an accumulation of deposited sediment on
shoals and inside embayments (Figure 6). The maps also illustrate the lateral variability in suspended sedi-
ment concentration and trapping, indicating that the observational time series of turbidity may be sensitive
their location in the cross section.

4.3. Transport Time Scales With Idealized Forcing

The transport in the tidal river near Poughkeepsie (120 km) for an extended period with a constant discharge
of 5,000m3 s�1 illustrates the dependence on settling velocity of both the timing and themagnitude of trans-
port (Figure 7). With the exception of the fastest settling sediment (3 mm s�1), transport at Poughkeepsie
reached equilibrium values that modulated with spring-neap variability. The time scale to reach equilibrium
was several days to months depending on settling velocity, as will be discussed below. For the slowest set-
tling sediment (ws = 0.03 mm s�1), the equilibrium transport was almost 90% of the input at the head of tide,
and the transport relative to the input decreased as settling velocity increased, to 67%, 36%, 7%, and less than
1% for ws = 0.1, 0.3, 1, and 3 mm s�1, respectively. The transport in each sediment class was greater at more
landward cross sections and less at more seaward locations, but at each position along the tidal river the
transport decreased with greater settling velocity (Figure 7c).

Figure 5. Modeled time series of suspended sediment from river inputs in 2014. (a) River discharge at the head of tide and
water level at the Battery. (b) Cross sectionally averaged suspended sediment concentration from river inputs as a function
of distance along the river and time. Locations of tributary inputs are marked with triangles on the y axis. The rate of
advection associated with the three largest discharge events (distance = Σ(Qr/A)Δt) is marked with a gray dashed line. The 2
psu isohaline of bottom salinity is marked in black. Boxes highlight the periods and locations shown in Figure 6. (c) Total
sediment mass (suspended + bed) at the end of the model period. Gray line is the cumulative mass distribution from
the seaward boundary to the head of tide normalized by the total mass.
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Figure 6. Maps of average suspended sediment concentration from river inputs for two time periods and the net change in
sediment mass on the bed between the periods. Selected times are during a period with increased sediment concentration
from a discharge event and then 10–15 days after. Two regions are shown: (a) near Tivoli and (b) near Poughkeepsie
and Newburgh; locations of the observations are marked with gray triangles. The times and locations of the maps are
marked in Figure 5.

Figure 7. Sediment transport dependence on settling velocity. (a) Idealized tidal forcing for the constant discharge case of
Qr = 5,000 m3 s�1. (b) Time series of tidally filtered sediment transport at 120 km (near Poughkeepsie) for sediment
classes with settling velocity spanning 0.03 to 3 mm s�1. (c) Sediment transport at the end of the simulation period for
different locations along the river (80, 120, 160, and 200 km) versus settling velocity. The colored dots correspond with the
full time series in Figure 7a.
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The time required to reach the equilibrium seaward transport also depended on settling velocity (Figure 7b).
Taking the time to reach 75% of the equilibrium transport for each class, thews = 0.03mm s�1 sediment had a
time scale of about 5.6 days, while the 0.3 mm s�1 sediment was 14 days. A case withQr = 5,000m3 s�1 but an
initial bed thickness of 0.02 m (rather than 0.2 m) resulted in similar equilibrium transport for each sediment
class, but the time to approach equilibrium was faster: 5.2 days for ws = 0.03 mm s�1 and 6.0 days for
0.3 mm s�1. The time scales to reach equilibrium for the slower settling sediment were much longer than
most 5,000 m3 s�1 discharge events, but the high flow case provides an efficient means of quantifying trans-
port rates that are slow compared with the natural time scales of discharge.

The transport time scale can also be characterized based on sediment age, which increases from the time
sediment is input at the head of tide. Sediment age is compared with the advective time scale, or the age that
a parcel of water moving at the mean river velocity would have with distance along the river (Figure 8). For
example, at 5,000 m3 s�1 the advective time scale to Poughkeepsie (120 km) was just over 2 days and to the
Battery (0 km) was about 7 days because the mean velocity decreases as the cross-sectional area increases
toward the mouth. At 150 m3 s�1 the transport time to Poughkeepsie was almost 2 months and to the
Battery was 4.5 months.

Across the constant discharge cases, the age of suspended sediment paralleled the advective time scale
with distance along the river (Figure 8). Sediment age was averaged in 30 km bins along the river, and
results are only shown for regions with enough sediment at the end of the simulation to calculate a
meaningful age. Faster settling and, therefore, slower moving sediment were found only in the upper
reaches, as sufficient mass did not reach the lower river by the end of the simulations. For the more
slowly settling sediment (ws = 0.01 mm s�1), sediment age lagged the advective time scale for water only
slightly, but the lag was greater for the faster settling class (ws = 0.2 mm s�1) in all the discharge cases.
The time lag decreased as discharge increased because sediment age depended on the advective time
scale, as is examined next.

Comparison of the advective time scale with sediment age for all the discharge cases results in a linear rela-
tionship that depends on settling velocity (Figure 9). Using the range of discharge cases, the best fit slope was
1.3 forws = 0.01mm s�1 and the slope was 5.0 forws = 0.2 mm s�1 (Figure 9a). The slope represents the factor

Figure 8. Advective time scales and sediment age. In both panels, solid lines are the advective time scale (distance/(Qr/A))
versus distance along the river for different constant discharge cases (150, 300, 600, 2,000, and 5,000 m3 s�1). (a) Solid
circles are the average age of suspended sediment with settling velocity = 0.01 mm s�1 versus distance along the river for
the same constant discharge cases, where suspended sediment age has been averaged in 30 km bins along the river.
(b) Same but for settling velocity = 0.2 mm s�1.
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by which the average age of suspended sediment lags the advective time scale, so we can write a scaling for
mean age of suspended sediment (assc) based on those factors:

assc ¼ λwstadv (1)

where λws is the slope or lag factor and tadv is the advective time scale for water. The linear scaling holds
across the wider range of settling velocities used in the Qr = 5,000 m3 s�1 case (Figure 9b). For
ws = 0.03 mm s�1, the lag factor of 2.8 represented the sediment age over the full length of the tidal river.
For the 3 mm s�1 sediment, the transport rate was much slower and the best fit slope was 98. Modeling stu-
dies of the York River also found that sediment transport age increased for greater settling velocity, with sedi-
ment age at the mouth of the estuary exceeding the age of water by a factor of about 1.5 for settling velocity
of 0.01 mm s�1 and a factor of about 6 for settling velocity of 0.05 mm s�1 (Gong & Shen, 2010). In the York
sediment age also decreased as discharge increased, as was found for the age of contaminants adsorbed to
sediment in the Scheldt Estuary (Delhez & Wolk, 2013).

In the Hudson, the faster settling sediment classes were limited to the upper river due to their higher rates of
deposition (Figure 7) and slower rates of transport (Figure 9b), so the slope estimates were based on a few
data points and were less well constrained. The spatial heterogeneity of the bathymetry introduces variability
in transport and consequently the age distribution, but the linear relationship between the advective time
scale and sediment age does not vary notably with distance along the river. The suspended sediment age
was not dominantly affected by interaction with the bed sediment because most of the seaward mass trans-
port occurred in the deeper, higher stress channel, where suspended sediment may deposit briefly at slack
tide but then is resuspended without much long-term accumulation. As is shown later, depositional regions
at channel edges accumulate sediment that can resuspend as a source of older sediment, but the dominant
suspended sediment transport occurs in the channel.

Based on the idealized model cases spanning discharge and settling velocity parameter space, we evalu-
ated the relationship between settling velocity and the lag in sediment transport rate or specifically the
suspended sediment age relative to the advective time scale (Figure 10). Combining all the settling velo-
city and discharge cases resulted a sediment transport lag factor that was linear with settling velocity,
with a best fit slope of 34 (mm/s)�1. The regression was influenced by the fast settling sediment classes
(3 mm s�1 for Qr = 5,000 m3 s�1 and 0.2 mm s�1 for the range of Qr cases) that are less well constrained,

Figure 9. Advective time scale versus suspended sediment age. (a) A range of constant discharge cases (150, 300, 600,
2,000, and 5,000 m3 s�1) with settling velocity = 0.01 and 0.2 mm s�1 (as in Figure 8). (b) Constant discharge with
5,000 m3 s�1 and a range of settling velocities (0.03, 0.1, 0.3, 1, and 3 mm s�1). Solid lines are best fit slopes and dashed
lines are a slope of 1. Suspended sediment age has been averaged in 30 km bins along the river, and only the bins with
sufficient sediment to calculate a meaningful age at the end of each simulation are shown.
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so this may, in fact, underestimate the lag, and correspondingly sedi-
ment age. For example, excluding the ws = 3 mm s�1 size class yields
a best fit lag factor that is 47 times the settling velocity.

The initial thickness of the bed sediment in the model also plays a role
in the transport rate, albeit much less than the variation with settling
velocity. In most simulations, the initial bed thickness was 0.2 m to pro-
vide sufficient sediment supply, and deposition or erosion over the
simulations amounted to a few centimeters or less. The bed was a sin-
gle layer in the model, so any sediment that deposits instantly is mixed
with sediment already on the bed, and subsequent resuspension is pro-
portional to the amount of each sediment class in the bed. For the case
with constant Qr = 5,000 m3 s�1, reducing the initial bed thickness to
0.02 m did increase the calculated transport speeds. The lag factors
between age and advection still scaled linearly with settling velocity
but decreased slightly (Figure 10). For ws < 3 mm s�1, the best fit
slope was a lag 34 times the settling velocity (in mm s�1), compared
with a slope of 47 with the initial bed thickness of 0.2 m. The appropri-
ate thickness for bed sediment active at seasonal to interannual time
scales is difficult to constrain, but recent observations from the
Hudson and from the Penobscot estuary suggest active layer thick-
nesses of 5 cm to >10 cm (Geyer & Ralston, 2018; Woodruff et al.,
2001). The uncertainty in the thickness in the active bed appears to
affect the transport speeds by about 50%, while the settling velocity
introduces orders of magnitude of variability. Similarly, the number of
vertical layers prescribed in the bed model formulation would affect

the vertical distribution of newly deposited sediment and thus could result in faster transport times
for a given size class. This study did not examine in detail the role of the bed model, but it merits
further investigation.

4.4. Sediment Age Distribution

The average sediment age for suspended sediment is well described by the advection time scale and settling
velocity, but the bin averaging by distance along the river masks spatial heterogeneity associated with the
bathymetry. In the deeper channel where velocity and stress were greater, suspended sediment age was less
than in depositional, retentive areas on lateral shoals (Figure 11). Similarly, the age of sediment on the bed
increased with distance along the river and had lateral structure corresponding with the bathymetry. As with
suspended sediment, the age of sediment on the bed was greater in depositional regions than in the center
of the channel.

At any location along the river, sediment on the bed was older than sediment in the water column (Figure 11).
Suspended sediment in each size class advected seaward at the mean velocity times the lag factor for its set-
tling velocity, and that scaling predominantly determined the age of suspended sediment at a location. Some
of that suspended sediment deposited on the bed, and that newly deposited sediment mixed with older, pre-
viously deposited sediment. As a reminder, the age calculations only quantify new sediment input from the
watershed, independent of the sediment on the bed at the start of the simulation. The age of sediment on
the bed is the weighted average of the newly delivered sediment and sediment deposited earlier in the simu-
lation, and the bed sediment continues to age in place with time. The youngest sediment on the bed at a
location along the river took the advective time scale for suspended sediment (assc, equation (1)) to travel
from the head of tides to that point and then deposited. The oldest sediment was released at the start of
the simulation, deposited at that location, and aged in the bed ever since. Assuming a relatively steady rate
of deposition, a scaling for the age of sediment on the bed (abed) is the average of the advective time scale for
that sediment class (youngest sediment) and the time since the start of the simulation (tsim)
(oldest sediment):

abed ¼ 1
2

λwstadv þ tsimð Þ (2)

Figure 10. Suspended sediment lag factor versus setting velocity. The lag
factors are from the slope of the age versus advective time scale in
Figure 9 and represent factor by which sediment transport is slower than the
water volume transport. The regression line is lag = 34 ws + 1. The larger,
colored markers have initial bed sediment thickness of 20 cm, while the
smaller, dark gray circle circles represent an initial bed thickness of 2 cm.
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Maps of bed sediment age (Figure 11) illustrate the spatial heterogeneity between the channel, where
bed ages were similar to suspended sediment, and the more depositional shoals where the bed was
much older than the suspended sediment. The scaling in equation (2) applies to the depositional regions
that are continuously accumulating new sediment, so the average age of the bed increases with the
length of the simulation. The example shown uses Qr = 5,000 m3 s�1 and for other discharge conditions
the transition between erosional channel and depositional shoals might vary in detail, but conceptually,
the strong lateral partitioning in sedimentary conditions is consistent with geophysical observations
(Nitsche et al., 2007).

Based on the discharge and settling velocity, we can calculate the mean age of suspended sediment with dis-
tance along the river, recognizing that spatial variability is introduced by the realistic bathymetry. Because
the sediment transport rates weremuch slower than themean river velocity, even for the high discharge case
(5,000 m3 s�1, ur = 0.3–2 m s�1) the sediment transport for settling velocities greater than ~0.5 mm s1 took
weeks to months to equilibrate with the input. High discharge periods typically last days (storm events) to
weeks (spring freshet), and as river velocity decreases the time to reach equilibrium increases. For most of
the sediment most of the time, the system is far from equilibrium, so a realistic evaluation of sediment age
has to account for seasonal to interannual variability in river discharge as well as the differences in transport
rate by sediment size class.

To extend the age results beyond the model simulation periods of several months, we used the historical dis-
charge record to consider the statistics of transport time scales for water and sediment. The observed river
discharge from the Mohawk and Upper Hudson dating back to 1917 is used to represent the temporal varia-
bility in forcing (Figure 12). To account for inputs from ungauged tributaries, the Mohawk and Upper Hudson
discharge is multiplied by 1.4 (Wall et al., 2008). For any location along the river, the discharge time series and

Figure 11. Maps of suspended and bed sediment age for settling velocity of 0.1 mm s�1. The results are from the end of a
simulation with constant discharge of 5,000 m3 s�1 (145 day duration). (a) Mass distribution of sediment from river inputs.
(b, c) Maps of suspended sediment age and bed sediment age near Tivoli (as in Figure 6a). (d, e) Maps of suspended
sediment age and bed sediment age near Poughkeepsie and Newburgh (as in Figure 6b). Bathymetry contours are plotted
along with locations of observations. Note the calculated age applies only to sediment introduced with the river discharge
since the start of the simulation and does not include sediment starting on the bed that may in reality be much older.
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average cross-sectional area landward of that point can be used to calcu-
late a distribution of advective time scales for water (Figure 13b). Near
Poughkeepsie (120 km), above which is almost always fresh, the mode of
the advective time scale is about 0.5 months, with a skewed distribution
toward a few months during low discharge. The travel time for water to
the Battery (0 km) has similar shape but much longer time scale, with a
mode of 2 months and a tail at more than 1 year.

The age distribution of sediment associated with a particular discharge
event depends both on settling velocity and the time history of river
discharge. The sediment input is highly nonlinear (Figure 3), but the
model and observations indicate that transport in the tidal river scales
linearly with discharge, so for a sufficiently long integrating time we
can use the discharge time series to represent statistically the sediment
travel time. The sediment transport time depends simply on the trans-
port time for water (Figure 12b) and the lag factor for that settling velo-
city (Figure 10). For ws = 1 mm s�1, the lag factor of about 40
corresponds with sediment transport times from the tidal limit
(240 km) to Poughkeepsie (120 km) of 1.5 years (mode) to 5–10 years
or more in the tail of the distribution. The lag factor scales linearly with
ws, so transport times for 0.1 mm s�1 are a factor of 10 less, or a few
months to a year. Transport times to the Battery are about 5 times that
to Poughkeepsie. For ws = 1 mm s�1, the mode is about 7 years and the
tail extends out several decades, while for ws = 0.1 mm s�1 the trans-
port time scales are 0.5 to 5 years. Note that the simple conceptual
model was developed based on the sediment transport rates in the
fresh tidal river and therefore likely represents a lower bound on trans-
port time once sediment reaches the saline estuary. Geochemical and
physical observations in the Lower Hudson estuary have found signifi-
cant landward transport and recycling of sediment from New York

Harbor (Feng et al., 1999; Geyer et al., 2001), as trapping by estuarine processes makes seaward transport
less efficient and the estuary more retentive than the fresh tidal river. Additionally, flocculation in the
estuary will shift some of the finer sediment into faster settling flocs, effectively increasing the transport
time for some of the sediment that moved seaward through the tidal river more rapidly as
individual particles.

4.5. Advection, Deposition, and Settling Velocity

In addition to a lag in the sediment transport compared with the river velocity, the model results show that
the loss due to deposition, and thus the equilibrium transport rate depends on settling velocity (Figure 7). A
simple conceptual model can be used to characterize the rate of sediment loss along the tidal river, where the
decrease in transport is due to settling in depositional areas. For a segment of river with length Δx and
discharge Qr, the sediment mass balance can be written as

ΔM
Δt

¼ QrCin � QrCout � CwsBsΔx; (3)

where ΔM/Δt is the rate of change of sediment mass in that segment, ws is the settling velocity, Bs is the
width of the channel that is depositional, and Cin, Cout, and C are concentrations upstream, downstream,
and in the segment. The depositional width Bs is less than the total channel width (B) because it does not
include the higher-energy flow regions that do not accumulate fine sediment (Figure 11). The discharge Qr

is uniform so spatial gradients in transport are due to a decrease in sediment concentration along the river
due to settling, the third term on the right in (3). This is the same as an advection-reaction model with the
time constant for the reaction rate k = ws/Hs, where Hs is the water depth where settling occurs. In the limit
of small Δx the solution to (3) can be written as

C xð Þ ¼ C0 exp �δ
ws

Hs
tadv

Bs
B

� �
; (4)

Figure 12. Age distributions based on advective time scales and historical
discharge. (a) Discharge time series based on observations of the Mohawk
(at Cohoes) and Upper Hudson (at Waterford) multiplied by 1.4 to represent
tributary inputs to the Lower Hudson. (b) Distribution of transport time
scales for water to travel from the head of tide (240 km) to Poughkeepsie
(120 km) and the Battery (0 km). (c) Distribution of suspended sediment
ages at the same locations based on the discharge time series and lag fac-
tors for settling velocities of 0.1 mm s�1 (top axis labels) and 1 mm s�1

(bottom axis labels). Note that water transport time is plotted in months and
sediment ages in years.
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where C0 is the input concentration, tadv(x) is the advective time scale, which is nominally x/(Qr/A) with x the
distance from the head of tide. We have included a duty cycle factor δ because settling occurs predominantly
at slack tide, which represents only a small fraction of the tidal cycle.

The applicability of the conceptual model can be tested by plotting the sediment concentration along the
river relative to the input concentration at the tidal limit (SSC0) for the Qr = 5,000 m3 s�1 case (Figure 13).
The advection-reaction model requires determining the average water depth for depositional regions, Hs.
In the Hudson, both the mean and thalweg depth increase with distance downriver, with the thalweg about
1.5 to 2 times the mean. Deposition occurs preferentially in shallower regions on the edges of the channel
(Figures 6 and 11), as shown in the mass-weighted average depth of where new sediment deposited for each
size class (Figure 13a). The average depth of deposition was even shallower for the slower settling size classes.
The longer that sediment remains in the water column each tide, the more it can disperse into lower energy
regions and deposit. In contrast, faster settling size classes remained predominantly in the deeper channel
regions. The threshold stress for resuspension was held constant for these cases to focus on settling, but in
reality they covary and that could also affect the lateral distribution of resuspension.

First, we apply the advection-reaction model using a single settling depth for all size classes, setting Hs to be
halfway between the average depth and the average depth minus 1 standard deviation: Hs = havg � 0.5*σ.
The depositional width Bs is assumed to be half the total river width, and based on comparison with the
ROMS results, the duty cycle δ is set to 1/5, which corresponds to ~70 min of settling time during slack tide.
These parameters are for scaling purposes, but they are all consistent with physical expectations. Using the
range of settling velocities and the advective time scale for water, we find that the simple advection-reaction
model explains much of the variation in SSC along the river and among the size classes (Figure 13b).

Figure 13. Modeling the decrease in sediment transport along the river by advection and settling. (a) In 30 km segments
along the river, mass-weighted average of the water depth where sediment is deposited, for each of the settling velocity
classes. Also shown is the mean thalweg depth (hmax), the mean depth (havg), and the mean depth � 1 standard
deviation (σ) in the 30 km segments. (b) Average SSC with distance relative to the input at the head of tide (SSC0). Also
plotted are advection-reaction model (equation (4)) results with the settling depth Hs = havg � 0.5*σ and with
Hs = havg � f*σ, where f varies linearly between 0 and 1 for the settling velocity classes from 3 to 0.03 mm s�1. For
ws = 0.3 mm s�1, f = 0.5 and the two equations are the same.
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Alternatively, we can account for the spatial difference in where sediment settles by size class, with finer par-
ticles depositing in shallower regions at the river edges (Figure 13a). For simplicity, we allow Hs to vary linearly
among the sediment size classes, from Hs = havg for ws = 3 mm s�1 to Hs = havg� σ for ws = 0.03 mm s�1. This
empirical approach is consistent with our conceptual understanding, and the modified Hs accounts for much
of the residual error compared with using a single Hs for all size classes (Figure 13b).

5. Discussion
5.1. Settling Velocity and Sediment Transport

The model results highlight the extreme sensitivity of the sediment transport rate and efficiency to settling
velocity. Settling velocities of discrete particles corresponds with grain size, although flocculation can greatly
increase the settling velocity of small particles, particularly in the saline estuary. In the tidal river at
Poughkeepsie, the suspended sediment is predominantly fine (<63 μm) (Wall et al., 2008), but particle set-
tling velocities range from 3 mm s�1 for coarse silt to less than 0.01 mm s�1 for clay. Suspended sediment
observations at Poughkeepsie are consistent with the simultaneous presence of a washload and larger par-
ticles that are resuspended and deposited each tide (Wall et al., 2008). In the upper saline estuary (Haverstraw
Bay), the primary particle size of suspended sediment had a bi-modal distribution, with peaks at <5 μm and
22–63 μm (Menon et al., 1998). Characterizing these ranges as “fine” and “coarse,” that study found that the
ratio of fine to coarse increased from about 1 near the head of tides to about 2 in the lower tidal river. The clay
size range (<2 μm) was 11% of the particles in samples from theMohawk and Upper Hudson but increased to
26% at Poughkeepsie, suggesting deposition of coarser silt along the tidal river. The increase in finer particles
is consistent with a muddier bed toward the mouth (Nitsche et al., 2007), as coarser particles settle closer to
the tributary inputs.

Direct measurements of settling velocity measurements remain a major observational challenge. A Rouse
profile can be fit to suspended sediment to calculate an effective settling velocity (Sassi et al., 2013) including
with multiple size classes (Fain et al., 2001), but the approach is difficult to constrain and spatial gradients
complicate the analysis. Rouse profile estimates in the saline Hudson found settling velocities from 0.6 to
6 mm s�1 and a characteristic value of 2 mm s�1 (Orton & Kineke, 2001). Primary particle size distributions
can characterize spatial and temporal trends in the sediment composition but the connection to settling
velocity depends on the suspendedmaterial (e.g., mineral and organic composition) and flow conditions (tur-
bulence and salinity). Given the sensitivity of the transport efficiency and sediment age to settling velocity,
better characterization of the settling velocity distribution in the environment would be the most effective
means of reducing uncertainty in sediment transport modeling.

5.2. Time Scales of Transport

High discharge periods that deliver sediment to the tidal river and also correspond with increased SSC in the
saline estuary (Geyer et al., 2001). During the spring freshet, deposition increases in the lower estuary near the
Battery, and in the following months as discharge decreases this sediment is eroded and sedimentation
increases 20 km landward in the lower ETM (Woodruff et al., 2001). While it is tempting to assume, the
increased SSC and deposition rates in the estuary are due to the increased sediment load from the watershed,
the observational and model results here indicate otherwise. In addition to the increased supply, high dis-
charge increases bed stress andmobilizes sediment in the tidal river and estuary, thereby increasing the total
seaward sediment transport, although little of that sediment came from the discharge event. Seaward advec-
tion of the salinity intrusion also exposes regions of the estuary that were previously stratified to greater bed
stresses and greater erosion rates of a tidal fresh regime (Ralston et al., 2013). Thus, much of the seasonal
increase in SSC in the saline estuary is due to remobilization of bed sediment rather than new inputs from
the watershed.

Rather than days to weeks of a high discharge event, the time scales for transport of sediment to the estuary
are years to decades. Sediment age, or how long sediment is retained in the tidal river and estuary, has impli-
cations for the fate of organic constituents and metals that are preferentially associated with particles. For
particulate organic matter, the amount of consumption and transformation in an estuary increases with
the residence time (Middelburg & Herman, 2007). The results here suggest that the residence time of the tidal
fresh region could affect the composition of terrestrial organic matter that reaches the saline estuary.
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Observations over 3 years in the tidal fresh Hudson found that particulate organic carbon concentration
depended more on processes in the tidal river than the external loading from tributaries, consistent with a
long residence time and extensive internal processing (Findlay et al., 1991). Note that the sediment age cal-
culated here represents time in the tidal river and estuary, rather than themuch longer time scales for the age
of organic carbon that also depend on characteristics of the aquatic, terrigenous, and anthropogenic carbon
sources (Canuel & Hardison, 2016).

Time scales of recovery for estuaries with contaminated sediments also depend on transport time scales. As
with many urbanized rivers, the Hudson has a history of industrialization and contaminant inputs, including
polychlorinated biphenyls (PCBs) and heavy metals. A major PCB source was in the Upper Hudson, and PCBs
are now distributed all along the tidal river and estuary. PCB concentration chronologies from cores give
recovery time scales of several years to more than a decade (Bopp & Simpson, 1989; Rodenburg & Ralston,
2017). In the Columbia River, releases of radioactive contaminants from the Hanford Site upstream of the tidal
limit were used as tracers to characterize sediment transport in the tidal river and estuary (Hubbell & Glenn,
1973). Distributions of particle-associated radionuclides had characteristics consistent with many of the
results found here, including lateral partitioning between deeper, dynamic channel regions with coarser
bed sediment and shoals with finer-grained sediment, high deposition rates (8.6 cm/yr), and higher radionu-
clide concentrations. The 1965 survey was about 20 years after the contaminant release began, and while
about 66% of the radioactivity was found in the upper 20 cm of the bed, some locations had radioactivity
up to 1.5 m below the bed surface (Hubbell & Glenn, 1973). Particle transport rates based on the decay of
radioactivity downstream were found to decrease as the mean particle size increased, consistent with the
inverse dependence on settling velocity found here.

6. Conclusions

The Hudson watershed, tidal river, and estuary have an extensive observational record with which we can
characterize the magnitude and time scales of terrestrial material fluxes to the coastal ocean.
Discrepancies between the sediment discharge from tributary rivers and seaward transport measured in
the lower tidal river indicate significant deposition in the tidal river and delay in sediment discharge relative
to inputs. The watershed loading is highly nonlinear, with a discharge dependence that is nearly cubic, but
seaward transport in the tidal river is closer to linear with discharge (Figure 3). Consequently, sediment deliv-
ery during discharge events greatly exceeds the transport in the tidal river and much of that new sediment
remains on the bed for months to years after events.

We used a model with realistic bathymetry but idealized forcing to characterize how transport in the tidal
river depends on the forcing (river discharge) and sediment characteristics (settling velocity). To quantify
time scales of transport, we adapted the tracer age model to sediment input from the watershed. Both obser-
vations and themodel show that suspended sediment from discharge events advects seaward at a rate much
slower than the mean river velocity. With the model, we find that the age of suspended sediment is well char-
acterized by the advective time scale for water times a lag factor that scales linearly with settling velocity. The
wide range of settling velocities of particles in the environment equates to a wide range of transport time
scales. Applying the suspended sediment age scaling to the observed river discharge in the Hudson results
in transport times through the tidal river and to the ocean of years for fine silt (ws = 0.1 mm s�1) to decades
for coarse silt (ws = 1 mm s�1) (Figure 12).

In addition to the timing of sediment delivery to the ocean, settling velocity affects the fraction of sediment
that is retained in the tidal river. Transport efficiency decreases with settling velocity, and a simple advection-
reaction equation can represent the decrease in SSC and sediment transport due to settling with distance
along the river. Deposition occurs primarily on lower energy shoals and sediment inside embayments, while
the channel bed is coarser and more dynamic. The lateral partitioning of trapping and the sorting of particles
along the tidal river by preferential loss of faster settling sediment is consistent with the observed bed com-
position (Nitsche et al., 2007).
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