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Abstract: The Potomac River is a large source of N to Chesapeake Bay, where reducing nutrient loads is a focus
of efforts to improve trophic status. Better understanding of NO3

– loss, reflected in part by diel variation in
NO3

– concentrations, may refine model predictions of N loads to the Bay. We analyzed 2 y of high-frequency
NO3

– sensor data in the Potomac to quantify seasonal variation in the magnitude and timing of diel NO3
– loss.

Diel patterns were evident, especially during low flow, despite broad seasonal and flow-driven variation in
NO3

– concentrations. Diel variation was ~0.01 mg N/L in winter and 0.02 to 0.03 mg N/L in summer with
intermediate values in spring and autumn, equivalent to <1% of the daily mean NO3

– concentration in winter
and ~2 to 4% in summer. Maximum diel NO3

– values generally occurred in mid- to late morning, with more
repeatable patterns in summer and wider variation in autumn and winter. Diel NO3

– loss reduced loads by
0.7% in winter and 3% in summer. These losses were less than estimates of total in-stream NO3

– load loss
across the basin that averaged 33% of the annual groundwater contribution to the river. Water temperature and
discharge had stronger relationships to the daily magnitude of diel NO3

– variation than did photosynthetically
active radiation. Estimated diel areal NO3

– loss rates were generally >1000 mg N m–2 d–1, greater than most
published values because measurements in this large river integrate over a greater depth/unit stream bottom area
than do those from smaller rivers. These diel NO3

– patterns are consistent with the influence of photoautotro-
phic uptake and related denitrification, but we cannot attribute these patterns to assimilation alone because the
magnitude and timing of diel dynamics were affected to an unknown extent by processes, such as evapotranspi-
ration, transient storage, and hydrodynamic dispersion. Improvements to diel loss estimates will require addi-
tional high-frequency measures, such as dissolved O2, dissolved organic N, and NH4

+, and deployment of 2
measurement stations.
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Human activities, such as agriculture and the combus-
tion of fossil fuels, have increased the global production
of reactive N by >10× since the mid-19th century (Gallo-
way et al. 2008). This enhanced production of reactive N
has resulted in large increases in food and energy produc-
tion, but also has led to large increases in environmental
fluxes and stores of various N forms, which in turn, have
led to a cascade of environmental and human health con-
cerns (Galloway et al. 2003). One of these concerns is the
increased transport of N by rivers to coastal estuaries,
which may enhance biological production and lead to eu-
trophication and associated hypoxia with implications for
water clarity and the aquatic food web (Bricker et al. 2008).
The Chesapeake Bay provides a well-studied example of

how increases in riverine N loads associated with human
activities over the past century have led to a wide array of
environmental effects with deleterious economic conse-
quences for fisheries (Kemp et al. 2005).

Widespread recognition of the role of human activities
as drivers of estuarine eutrophication through enhanced
delivery of N and other nutrients by rivers has led to efforts
to improve agricultural management practices to reduce the
delivery of these nutrients to estuaries, such as the Chesa-
peake Bay, Mississippi River Embayment, Tampa Bay, and
others (Bricker et al. 2008). To track the success of nutrient
reduction strategies and to calibrate and validate models
that can help identify key biogeochemical processes and
make predictions of potential future conditions, increased
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research efforts and environmental monitoring of N and
other nutrients have been implemented in estuaries, such
as the Chesapeake Bay (http://www.chesapeake.org/stac/).

A key aspect of the movement of N from terrestrial
soils to estuaries is the role of in-stream and near-stream
biogeochemical and hydrologic processes during N trans-
port in the river network (Birgand et al. 2007). A vari-
ety of processes, including denitrification, nitrification, bio-
logical assimilation, and mixing and hydrologic exchange
with groundwater, inflowing tributaries, and point sources
of discharge, can increase or decrease concentrations of
various forms of N during river transport (Triska et al.
1989, Hall et al. 2009, Mulholland et al. 2009). Most inves-
tigations of in-stream N dynamics have focused on small
streams, in part because of the ease with which study ap-
proaches, such as mass balance and tracer injections, can
be applied in such systems. However, several investigators
focused on larger rivers and generally concluded that these
systems have an intrinsic capacity to remove a large pro-
portion of the N load that would otherwise be transported
downstream to estuaries (Wollheim et al. 2006, Tank et al.
2008). Most streams and rivers are net sinks of N because
of widespread denitrification and assimilation (Laursen and
Seitzinger 2004, Hall et al. 2009, Mulholland et al. 2009).
Watershed N models generally reflect the importance of
in-stream loss processes (Preston et al. 2011, Worrall et al.
2012). Model results from the Potomac River, a major trib-
utary of the Chesapeake Bay, indicate large in-stream losses
during transport (Miller et al. 2016) that may exceed ½
of the N that enters the river network (Seitzinger et al.
2002). These losses increase with increasing water tem-
perature across a wide spatial range of stream reaches (Ator
et al. 2011).

In-stream N loss rates can vary with season, concen-
tration, and other factors (Smith et al. 2008, O’Brien and
Dodds 2010), but data available to evaluate and model in-
stream losses are limited (Wollheim et al. 2006). Therefore,
many models use fairly simple approaches to estimate in-
stream loss and do not explicitly consider temporal varia-
tion (Alexander et al. 2000, Seitzinger et al. 2002, Worrall
et al. 2012).

Diel cycling of NO3
– concentrations has been observed

in many streams and rivers (Burns 1998, Roberts and Mul-
holland 2007, Heffernan and Cohen 2010), although not all
systems show diel patterns (Pellerin et al. 2014). Diel varia-
tion may reflect assimilation by the autotrophic community
during daylight hours and cessation during dark hours when
respiration is dominant (Heffernan and Cohen 2010). These
patterns also might reflect links to heterotrophic assimila-
tion and denitrification through photosynthetically driven
diel variation in the availability of autochthonous labile C
(Holmes et al. 1996) or might reflect the effects of the daily
cycle of evapotranspiration on the near-stream hydraulic gra-
dient and resulting inflow rate of ground water (Flewelling

et al. 2014). Regardless of the direct and indirect processes
that control diel variation in NO3

– concentrations, the tim-
ing, magnitude, and seasonal variation of diel patterns pro-
vide a fundamental measure of an aspect of the capacity of
a river to diminish NO3

– during downstream transport. A
caveat is that NO3

– losses, as reflected by diel patterns, may
represent only temporary loss because assimilated NO3

– can
be re-released back to the water column through a variety
of processes (von Schiller et al. 2015).

The Potomac River is the 2nd-largest tributary to the
Chesapeake Bay and is a major source of N and other nu-
trients to the estuary (Boynton et al. 1995, Sprague et al.
2000, Ator et al. 2011). NO3

– is the dominant N form in
the river, equivalent to ~⅔ of the total N load (Blomquist
et al. 1996). In late 2011, a sensor capable of frequent
NO3

– measurements was installed in the Potomac River,
just upstream of tidal influence at Little Falls, Maryland.
The data from this sensor have provided an unprecedented
opportunity to gain insight into the role of in-river pro-
cesses in N transport to the Bay (Miller et al. 2016), par-
ticularly the role of processes reflected in the diel varia-
tion of NO3

– in the river. The objective of our study was
to describe seasonal patterns of diel variation in NO3

–

concentrations in the Potomac River, including the mag-
nitude and timing of these patterns, to explore the physi-
cal factors that may control temporal variation in diel
patterns, and to estimate the contribution of diel NO3

–

variation to total in-river losses of NO3
– during transport

in the river network. Our goal was to provide an approach
for analyzing these diel patterns that could be applied by
other investigators and lead to improved understanding
of controls on the transport of NO3

– by rivers to estuarine
ecosystems.

METHODS
Study site

The study site is the Potomac River gage near Wash-
ington, DC, at the Little Falls Pump Station (US Geological
Survey [USGS] ID = 01646500), a 29,940 km2 basin (Fig. 1).
This basin is commonly referred to as the Upper Potomac
River in assessments of the Chesapeake Bay (Bricker et al.
2014). The Upper Potomac basin encompasses diverse geo-
morphic settings including the Appalachian Plateau, Valley
and Ridge, Blue Ridge, and Piedmont physiographic prov-
inces in Maryland, Pennsylvania, Virginia, and West Vir-
ginia (Ator et al. 1997). About 60% of the basin is forested
land, and agricultural land occupies ~35% of the basin
(Bricker et al. 2014). This agricultural land is the dominant
source of N in the basin, and provided 64% of the total river
N load in 2002 (Ator et al. 2011). Urban land, while com-
posing <3% of the Upper Potomac basin, has been increas-
ing in recent years, and contributes ~11% of the total N
load to the river. Atmospheric deposition provides ~18% of
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the total N load to the basin (Ator et al. 2011), but this
source has decreased recently, and the decrease may be re-
sponsible in part for observed declines in river N loads (Esh-
leman et al. 2013). Point sources provide ~4 to 7% of the
N load to the river at the Little Falls gage (Blomquist et al.
1996, Ator et al. 2011). Contributions from point sources
have been decreasing in recent years because of upgrades
to wastewater treatment facilities (Woods et al. 2013),
which probably are contributing to downward trends in N
loads to the Chesapeake Bay. All data files that were used
in the analyses described in our paper can be downloaded
from: https://doi.org/10.5066/F7HT2MD4.

Sensor measurements
A Submersible Ultraviolet Nitrate Analyzer (SUNA) with

a 10-mm optical path length (version 1; Satlantic, Nova Sco-
tia, Canada) was deployed to collect high-frequency NO3

–

measurements. The SUNA sensor was mounted on an in-
strument cage and fixed vertically on the left bank of the
river. Specific conductance, pH, and temperature (at 3 depths)
were measured at this site (6-Series multi-parameter sonde;

Yellow Springs Instruments, Yellow Springs, Ohio). The sen-
sor array was immediately adjacent to the gage where river
stage was recorded every 15 min for conversion to discharge
by applying a stage–discharge relation according to standard
USGSmethods (Rantz et al. 1982).

High frequency NO3
– data were collected every 15 min

during the period 1 December 2011 to 30 November 2013
with the SUNA operated in freshwater mode (i.e., without
bromide temperature compensation). The instrument was
equipped with an external nylon brush wiper (Zebra-
Tech, Nelson, New Zealand) that cleaned the optical win-
dow prior to each sampling interval. The sensor was
checked for blanks and linearity prior to and during de-
ployment as described by Pellerin et al. (2013).

River NO3
– concentrations were measured by the SUNA

at a sampling rate of ~1 Hz over a 30-s burst window at
each sampling interval, which typically resulted in ~20 mea-
surements of NO3

– concentrations per burst. Outliers within
the burst were eliminated based on the median absolute de-
viation, and burst statistics (mean, median, and standard de-
viation [SD]) were calculated from the remaining data (typ-
ically >90% of the initial burst data). Additional information
that describes the burst variability and spectral data, such as
the root mean square error (RMSE) of the algorithm fit, were
used to flag erroneous data from the time series (Pellerin
et al. 2013), and resulted in elimination of ~2% of the data
from the record. Accuracy of the SUNA sensor in freshwater
applications, such as the Potomac River, is ~±0.03 mg/L
NO3

–-N, and short-term precision is ~0.004 mg/L NO3
–-N

(Satlantic 2014).
A regression of depth- and width-integrated discrete

samples (n = 43) that were collected during the study period
~2 km downstream of the gage and analyzed for NO3

– +
NO2

– concentrations with simultaneous sensor NO3
– con-

centrations indicated that the 2 sets of measurements were
strongly correlated with little bias (r2 = 0.98, slope = 0.98,
y-intercept = 0.018) (Fig. S1). The SUNA does not explic-
itly account for absorbance by NO2

– in the range of 210–
220 nm, but the concentration of NO2

– is almost always
negligible in surface waters and has little effect on reported
N concentrations (National Research Council 1995). There-
fore, hereafter the sensor measurements are referred to as
NO3

– in units of mg N/L. These sensor measurements are
publically available from: http://waterdata.usgs.gov/md/nwis
/uv?site_no=01646500.

Data preparation
A daily record for analysis of diel variation in NO3

–

concentrations during December 2011 through Novem-
ber 2013 was developed in 2 steps: 1) elimination of days
with excessive missing values, and 2) elimination of data
that did not show diel variation. Step 1 involved eliminat-
ing days in which the cyclical maximum and minimum

Figure 1. Potomac River watershed with US Geological Sur-
vey gages at Little Falls and Point of Rocks shown.
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NO3
– concentrations could not be identified because of

excessive missing values. Values were missing because of
instrument malfunction or excessive sediment loads when
the instrument failed to produce a value. For days that
had only a small proportion of missing values (generally
<10–20% without long consecutive gaps), linear interpo-
lation was applied to fill in data gaps to allow accurate
calculation of the moving average that was applied in data
analyses. Step 1 resulted in the elimination of 65 d from
further consideration.

Step 2 included an automated approach combined with
visual inspection of the NO3

– chemograph and the river
hydrograph to eliminate days during which a clear pattern
of diel variation in NO3

– concentrations was not evident.
Diel variation could not be identified during and immedi-
ately after precipitation events when NO3

– concentrations
showed strong excursions before returning to a diel pattern
during the hydrograph recession. Removal of days when
these large variations in NO3

– concentrations prevented
evaluation of a diel pattern means that our analysis is
biased toward low and moderate flow conditions. The ex-
tent to which diel variation may have affected NO3

– con-
centrations during and immediately after storms could not
be assessed with the analysis approach applied here.

A digital filter hydrograph separation approach was ap-
plied as described by Lim et al. (2005; BFLOW; available at:
https://engineering.purdue.edu/~what/) to evaluate high-
flow days for potential removal. This program separates the
hydrograph into direct runoff and baseflow components
and is a convenient, objective, and reproducible empirical
approach for distinguishing rapid runoff from baseflow.
Days in which direct runoff was >20% of streamflow were
considered candidates for removal, but first were checked
visually by examining graphs of river discharge (Q) and
NO3

– concentrations. Small precipitation events some-
times resulted in little change in NO3

– concentrations
and were insufficient to halt diel variation. Therefore, these
days were not removed prior to analysis. In contrast, large
storms sometimes disrupted diel variation patterns for
several days after the hydrograph peak. Some days with
direct runoff <20%, particularly during hydrograph reces-
sions, were removed prior to analysis based on visual in-
spection. Step 2 resulted in elimination of 129 d from fur-
ther analysis. This final step resulted in a data set of 537 d
available for analysis over the 2-y study period. The sea-
sonal division in the analysis was: winter (21 December–
20 March) = 116 d, spring (21 March–20 June) = 138 d,
summer (21 June–20 September) = 153 d, and autumn (21
September–20 December) = 130 d.

Data analysis
A 5-sample moving-average NO3

– concentration was
calculated to minimize the influence of signal noise in the
analysis. These moving-average values were the basis for all
analyses described herein. Before eliminating missing or

storm-influenced data as described above, a Loess smooth
was applied to 30-d data windows. Loess is a weighted
regression-based smoothing approach (Cleveland and Devlin
1988). In this case, a 1st-order polynomial regression was
applied using a tricube weighting function applied to 6%
of the data window (~1-d smoothing window). The smooth
provided a reference level from which the time of the daily
NO3

– maximum and minimum values could be identified
(as shown in Fig. 2). The timing of these maximum and
minimum diel NO3

– concentrations was summarized across
seasons as standardized z scores. The z score was calculated
as z = x – μ/σ, where x is each measurement, μ is the
mean for each day, and σ is the SD of the mean. The appli-
cation of the smooth to provide a daily reference level was
necessary because the maximum and minimum diel NO3

–

values did not always equate to the maximum and mini-
mum concentrations in a given day when NO3

–was under-
going multiday increases or decreases associated with sea-
sonal or multiday sources of variation.

The magnitudes of daily NO3
– variation and loss were

calculated by connecting the daily NO3
– maxima with a

linearly interpolated line and calculating the maximum and
mean daily difference of this line from the sensor NO3

–

concentrations (Fig. 2). This approach is similar to the

Figure 2. Idealized representation of 2 d of NO3
– sensor

data to illustrate how the times of maximum (max) and mini-
mum (min) diel NO3

– concentrations and NO3
– loss were

identified. The time of maximum diel NO3
– concentration was

identified as the point on the NO3
– sensor line at which the

length of arrow 1a was at a maximum on each day. The time of
minimum diel NO3

– concentration was identified as the point
at which the length of arrow 1b was at a maximum on each
day. The concentration difference between the max linear inter-
polated (interp) line and the sensor NO3

– line as identified by
the sum of the lengths of arrows 1a and 1b provided the daily
maximum diel NO3

– concentration loss. The daily mean diel
NO3

– concentration loss was calculated as the mean difference
between the max linear interpolated line and the sensor NO3

–

line within the triangle formed by Max Time 1, Min Time 1, and
Max Time 2.
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2nd method for calculating autotrophic NO3
– assimilation

described by Heffernan and Cohen (see fig. 1B by Heffernan
and Cohen 2010). The daily mean diel NO3

– concentration
loss was calculated as:

Daily mean diel NO3
–concentration loss

= ∑(NO3
–
max −NO3

–
i)=96;

(Eq. 1)

for i = 1 to 96, where NO3
–
max is the NO3

– concentration
(mg N/L) of the interpolated line that connects daily maxi-
mum values at each 15-min interval (Fig. 2) and NO3

–
i is

the NO3
– concentration at each 15-min interval. The daily

maximum diel NO3
– concentration loss was the maximum

value of NO3
–
max – NO3

–
i on each day. The daily mean

and maximum diel NO3
– concentration loss also were ex-

pressed as monthly and seasonal mean values and as a
percentage of the cumulative value of NO3

–
max – NO3

–
i on

each day. Daily mean and maximum diel NO3
– load loss

was calculated in a manner similar to the calculation of
concentration loss by multiplying each NO3

– concentra-
tion by Q in units of L/15 min.

Several physical measures were explored for their
strength of association with the magnitude of diel NO3

–

loss and the timing of diel maximum and minimum NO3
–

values by calculating Pearson product–moment correlations.
The time of maximum and minimum diel NO3

– concen-
trations were converted to Cartesian coordinates and an
approach for calculating the linear association between a
circular and linear variable was applied (Zar 1999). The
physical measures included daily mean: water tempera-
ture, Q, and photosynthetically active radiation (PAR). Q
and water temperature are measured at the Potomac River
at Little Falls stream gage by the USGS (data available from:
http://waterdata.usgs.gov/md/nwis/uv?site_no=01646500).
Several additional metrics were derived from daily mean Q
to allow consideration of antecedent and threshold effects,
including days since Q exceeded thresholds of 283 m3/s,
425 m3/s, and 566 m3/s (representing flow exceedance
values of ~65, 80, and 90%, respectively), and 1, 3, 5, 7, 10,
and 14-d mean antecedent Q.

PAR was not measured at the Potomac stream gage, but
these data were available at 3-min intervals from the US
Department of Agriculture Research Station in Beltsville,
Maryland, ~ 22 km from the stream gage (data available at:
http://uvb.nrel.colostate.edu/UVB/index.jsf ). Several thresh-
old and antecedent metrics were derived from these data
including mean, median, maximum, 10th, 25th, 75th, and 90th

percentile for each day, and 1-, 3-, 5-, 7-, 10-, and 14-d mean
antecedent values. In addition to the correlations of these
physical measures with diel NO3

– loss, various combinations
of these measures were explored for their ability to explain
variation in the magnitude of diel NO3

– loss through for-
ward stepwise multiple linear regression (Appendix S1).

Daily areal NO3
– loss rate was estimated as:

Daily areal loss rate = (Q=WV )∑(NO3
–
max −NO3

–
i);

(Eq. 2)

for i = 1 to 96, where Q = river discharge (m3/15 min),W =
river channel width (m), V = river velocity (m/15 min),
NO3

–
max and NO3

–
i are as shown previously except in

units of mg/m3. This quantity can be viewed as an estimate
of the daily net areal loss rate of NO3

– that results from all
processes that contribute to diel NO3

– variation. These
processes include direct assimilation from the water col-
umn and indirect processes, such as denitrification, that
may be driven in part by assimilation. The term ‘loss’ rather
than uptake or assimilation as applied in other analyses is
used here because of the potential and unquantified effects
of hydrologic processes, such as hydrodynamic dispersion
and transient storage, on the magnitude of these diel pat-
terns. This estimate of loss is similar to equation 2 by Hef-
fernan and Cohen (2010) with 2 exceptions: 1) here effec-
tive river bed or river surface area was assumed to be a
dynamic quantity, and 2)WV replaces riverbed area in our
calculation. It follows that the effective area of the river
reach assumed to influence diel NO3

– loss varies withV
andW. A 1-d travel distance was calculated by multiply-
ing V in Eq. 2 by 96, and is based on the assumption that V
is representative of the entire reach.

Highly accurate Ws and Vs for calculating daily NO3
–

loss rates would require detailed measurements of these
quantities at several locations along a river reach that rep-
resents 1 d of travel time upstream of the Little Falls gage.
These measurements would be needed over a range of flow
conditions becauseW and V vary with Q. Such detailed data
were not available. However, W and V have been measured
repeatedly to define the stage–discharge relationship at the
Little Falls gage and at the Point of Rocks gage (USGS ID =
01638500), ~66 km upstream, a travel time of 13 to 63 h over
the range of flow represented by the current analysis (Searcy
and Davis 1961). MeanW between these 2 gages was esti-
mated to be 379 m based on the polygon representing the
river channel as obtained from the high-resolution National
Hydrography Dataset (http://nhd.usgs.gov/data.html). Ws
measured at Point of Rocks provided a better representa-
tion of this mean W because the mean width at the mea-
surement section for this gage was 279 m based on 176 mea-
surements during 1905 to 2012. In contrast, the measurement
section at Little Falls is narrow and deep with a mean width
of 55 m based on 177 measurements during 1930 to 2012.
Therefore, W and V measurements from Point of Rocks
were applied to estimate diel areal NO3

– loss rates for the rel-
evant reach. The measurements at Point of Rocks showed
a strong regression relationship between W and Q (W =
177.58Q0.0896, p < 0.001, r2 = 0.58) and between V and Q
(V = 0.275 + 0.00144Q + 0.000000534Q2, p < 0.001, r2 =
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0.92). These regressions were applied to provide estimates
of W and V as a function of Q to calculate diel areal NO3

–

loss rates according to Eq. 2. The daily mean V was also
used to calculate a 1-d travel time that represents the ap-
proximate reach length along the main channel over which
processes that affect the diel variation in NO3

– concentra-
tions are thought to have influence.

Daily areal loss rates (mg N m–2 d–1) reflect estimates
of the effects of all processes that result in diel variation
of NO3

– in the Potomac River. Diel NO3
– variation may

reflect the net effects of several different processes includ-
ing autotrophic uptake, denitrification, nitrification, hydro-
dynamic dispersion, and anthropogenic withdrawals or ad-
ditions to the river. Given the diverse and large Potomac
basin, we are not able to attribute NO3

– losses to any par-
ticular process, so these rates should be viewed as a metric
that reflects the net effects of all processes that act to af-
fect diel variation in NO3

– concentrations in this system.
Daily mean and maximum diel NO3

– load losses were
compared on a seasonal basis to daily total basin in-stream
and near-stream (post-terrestrial processing, but including
the hyporheic zone) NO3

– losses by applying an approach
developed by Miller et al. (2016). In this approach, the river
NO3

– load was assumed to reflect the following mass-
balance expression that was solved on a daily basis:

NO3
−
inQstream =NO3

−
GWDQGWD +NO3

−
ROQRO; (Eq. 3)

where NO3
–
in is the NO3

– concentration resulting from
the combined transport of NO3

–
GWD and NO3

–
RO to the

river, Qstream is river discharge, NO3
–
GWD is the NO3

–

concentration transported to the river as groundwater,
QGWD is discharge of water to the river as groundwater,
NO3

–
RO is NO3

– concentration transported to the river
as runoff, and QRO is discharge of water to the river as
runoff. Loss or gain in NO3

– concentration was then
calculated as:

NO3
–
proc =NO3

–
in – NO3

–
meas; (Eq. 4)

where NO3
–
proc = the net loss (+) or gain (–) in NO3

–

concentration resulting from in-stream biogeochemical
processes and NO3

–
meas is daily mean NO3

– concentra-
tion in the river. QGWD and QRO were calculated through
a graphical hydrograph separation using a digital-filter ap-
proach (Eckhardt 2005) with the backward filtering method
of Collischonn and Fan (2013), and Qstream was the daily
mean discharge at the Little Falls gage. The NO3

– concen-
trations in groundwater (NO3

–
GWD) and runoff (NO3

–
RO)

were calculated by assuming that NO3
–
proc was minimal

during winter when river temperature was <5°C. A linear
least squares regression was then developed between QGWD

and NO3
–
meas for these winter conditions in the river. This

relationship was highly significant (p < 0.001) with r2 = 0.52,
providing confidence that this winter relationship reflects the
mixing of 2 sources with little attenuation from in-stream
processing. In contrast, similarly derived linear regression
relations for the other seasons had r2 < 0.07, suggesting that
stream processing of NO3

– in the river during the nonwin-
ter seasons does not simply reflect the mixing of 2 NO3

–

sources. NO3
–
GWD was obtained from the winter regres-

sion for QGWD = Qstream, and NO3
–
RO was obtained for

QGWD = 0. Equation 3 was then solved for NO3
–
in, which

represents the NO3
– concentration in water transported to

the river prior to any effects of in- or near-stream process-
ing, just outside the zone of hyporheic mixing. NO3

–
meas was

then subtracted from NO3
–
in to estimate the increase or de-

crease in NO3
– concentration attributable to the net effects

of in- or near-stream biogeochemical processing through-
out the basin. This daily change in NO3

– concentration caused
by in-stream processing is equivalent to a NO3

– mass when
multiplied by daily meanQ.

The loss of potential NO3
– load from in- and near-

stream processes was compared to the loss of NO3
– from

diel processes. However, these losses apply to different
parts of the river network. The approach of Miller et al.
(2016) calculates NO3

– loss applicable to the entire reach
length of the river network (252 km during their study).
In contrast, the 1-d travel distance that is the dominant
influence on diel NO3

– loss is on the order of 40 to 50 km
at moderate flow (Searcy and Davis 1961), a 5- to 7-fold
shorter distance. The estimated 1-d travel distance during
our study is reported in the Results section of this paper.
Additional details about this method and its assumptions
were published by Miller et al. (2016).

RESULTS
General patterns with season and storms

NO3
– concentrations showed a distinct seasonal pat-

tern in the Potomac River with peak values of ~2 mg/L in
winter, declining concentrations through spring and sum-
mer, and annual minimum concentrations of ~0.5 mg/L in
late summer to autumn (Fig. 3A). Superimposed on the sea-
sonal NO3

– pattern were excursions typically driven by rain
events and the associated response at high flows. NO3

– con-
centrations commonly decreased during the hydrograph rise
and then increased and peaked early in the recession, but
this pattern varied with season and the size of the event. At
the scale of 2 y, diel NO3

– concentration patterns are not
readily apparent (Fig. 3A). However, these patterns emerge
when shorter periods are examined. For example, diel NO3

–

variation was apparent from 3 to 9 May 2013 (Fig. 3B). A
rain event that resulted in increased Q beginning 9 May il-
lustrates how diel NO3

– patterns were disrupted by storms
with NO3

– dilution during peak flow (some data are missing)
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and a gradual increase during recession. A pattern of diel
variation appeared to re-establish itself on 22 May, nearly 2 wk
after the storm, but then dissipated as NO3

– concentrations
increased again in association with a small hydrograph rise
on 24 May. Another rain event during July 2012 showed a
different pattern. NO3

– concentrations increased and peaked
~2 d after the hydrograph (Fig. 3C). This storm led to a smaller
response in NO3

– concentrations and Q than did the May
2013 storm, and the diel NO3

– pattern generally persisted ex-
cept for a period ~1 to 2 d after the hydrograph peak. These
examples highlight the observed variation in diel patterns and
the need to exclude data mainly from large storms when non-
diel patterns of variation are dominant. A diel signal was gen-
erally not evident after large storms and, therefore, could not
be quantified in our analysis.

Magnitude of diel NO3– concentration loss
Daily decreases in NO3

– concentrations that may be
attributable to a variety of processes, such as assimilation
and denitrification, are here termed ‘diel losses’, and mean
and maximum values of diel loss were calculated for each

day of the 24-mo study period (Fig. 4A). Daily mean diel
loss values ranged from ~0.01 mg N/L in winter to 0.02
to 0.03 mg N/L in summer and peaked in July of each
year. The exception to this pattern was in December 2012
when the highest monthly mean diel loss value of ~0.04 mg
N/L was recorded. This range of variation is well within
the ability of the sensor to detect change based on the
short-term precision of 0.004 mg/L, which we attempted
to further enhance by using a 5-measurement moving av-
erage. The daily maximum diel loss value generally was
~2× the daily mean loss value, and the seasonal patterns
of these 2 quantities were nearly identical (Fig. 4A). As a
percentage of the cumulative daily NO3

–
max − NO3

–
i con-

centration, diel loss ranged from <1% in winter to ~2 to
4% in summer and peaked in July of each year (Fig. 4B).
Again, December 2012 was anomalously high on a sea-
sonal % basis, with a daily mean diel loss of ~3%. The %
daily maximum diel NO3

– loss values were ~2× those cal-
culated on a daily mean basis.

Figure 3. Nitrate (NO3
–) and discharge (Q) in the Potomac

River at Little Falls from December 2011 to November 2013
(A), 3–24 May 2013 (B), and 3–17 July 2012 (C). Dates are
formatted mm/dd/yy.

Figure 4. Mean (±SD) daily diel NO3
– loss and daily maxi-

mum diel NO3
– loss expressed as mg N/L (A) and as % daily

mean NO3
– concentration (B) in the Potomac River at Little

Falls for each month during December 2011–November 2013.
Dates are formattedmonth-yy.Max =maximum,min =minimum.
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Timing of diel NO3– concentration maxima and minima
In summer, maximum diel NO3

– concentrations gen-
erally occurred during late morning, and minimum diel
values occurred in the early evening (Fig. 5A). A small sec-
ondary peak in maximum diel NO3

– concentrations also
was evident at ~0300 h in summer. In spring, the maximum
diel NO3

– concentrations occurred most often at 0930 h,
earlier than the summer value of 1100 h. The minimum
diel NO3

– concentration occurred most often at 1630 h in
spring, similarly earlier than the summer value of 1945 h.
The predawn secondary peak in maximum diel NO3

– con-
centrations was barely evident in spring. The greater z scores
for maximum and minimum diel NO3

– concentrations in
summer than in spring indicate that more summer than
spring days followed the dominant diel pattern.

In autumn, maximum diel NO3
– concentrations tended

to occur in the morning with a fairly broad peak centered

at 0730 h (Fig. 5B). The minimum diel NO3
– concentra-

tions in autumn showed a broad and indistinct range that
extended from late afternoon through midnight. The pat-
tern in winter showed 2 diel NO3

– peaks at 2400 and
0945 h and 2 minima at 0415 and 1500 h. This pattern
does not necessarily indicate that 2 maxima and minima
occurred on a daily basis, but rather that timing varied from
day to day, and that these 2 maxima and minima times were
the most common in winter. In general, the mean z scores
indicate that autumn (maximum = 0.31, minimum = –0.27)
and winter (maximum = 0.37, minimum = –0.32) showed
less tendency for repeated occurrence of a single maximum
andminimumdiel NO3

– concentration than did spring (max-
imum = 0.41, minimum = –0.37) and summer (maximum =
0.65, minimum= –0.70).

Relationships of diel NO3– concentration amplitude
and timing to physical measures

The physical measures that showed the strongest asso-
ciations with diel NO3

– loss and timing are shown in Table 1
(see Table S1 for complete results). Among all physical mea-
sures that were explored, daily mean water temperature gen-
erally showed the strongest association with diel NO3

– loss
magnitude and timing, and the relationships generally were
highly significant (p < 0.001) except for the time of diel NO3

–

minima. These associations were generally positive, indicat-
ing greater NO3

– loss as temperature increased.
Measures derived from Q generally showed the next

strongest associations with diel NO3
– loss and timing, and

PAR measures generally showed the weakest associations
with a few exceptions (Table 1). Diel NO3

– loss was inversely
related to daily Q and 7-, 10-, and 14-d antecedent Q. An-
tecedent 14-d PAR was positively related to diel NO3

– loss.
Among the diel NO3

– loss metrics, % mean loss and
% maximum loss generally showed the strongest associa-
tions with the physical measures, whereas the timing of
maxima and minima showed the weakest associations (Ta-
ble 1). The daily diel NO3

– mean and maximum loss metrics
(mg/L and %) showed similar correlation strengths with the
physical measures, but the maximum values always showed
slightly stronger correlations.

Exploration of these diel NO3
– loss metrics through mul-

tiple linear regression showed that various combinations of
water temperature, Q, and PAR could account for 21 and
25% of the variation in mean and maximum diel NO3

– loss,
respectively, and 43 and 53% of the variation in mean and
maximum % diel NO3

– loss, respectively (Table S2). The
best models included 3 to 5 dependent variables and always
had water temperature as the strongest explanatory variable.
Regression models with larger numbers of predictive var-
iables had unacceptably high autocorrelation (variance in-
flation factor > 6) or explained little additional variation in
the diel NO3

– metrics. This effort was intended to be explo-

Figure 5. Mean z score for NO3
– concentrations by time

of day in spring (21 March–20 June) and summer (21 June–
20 September) (A) and in autumn (21 September–20 December)
and winter (21 December–20 March) (B). Values are normal-
ized as z scores by subtracting the NO3

– concentration for each
15 min measurement from the daily mean value derived from
the Loess smooth and dividing by the standard deviation of the
smooth mean. Time of day is formatted as hh:mm:ss.
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ratory to provide an indication of the predictive ability of
variables that might explain the seasonal variation in these
NO3

– data. Therefore, the models are not described or dis-
cussed in detail here (see Table S2).

Magnitude of load loss from diel variation
in NO3– concentrations compared to total
in-stream load loss estimates

Data from the NO3
– sensor at Little Falls were applied

in combination with a hydrograph separation approach to
estimate NO3

– concentrations that represented the inte-
grated groundwater and runoff NO3

– contribution to the
river. The sum of the groundwater and runoff NO3

– mass
contributions minus the river NO3

– load provided an esti-
mate of total in-stream NO3

– loss during transport in the
river network. The mean total NO3

– loss for the 2-y study
period was estimated to be 33.6% of the potential NO3

–

load, and this value ranged from 2.8% during winter to

56.0% during summer with intermediate values during spring
and autumn (Table 2). The NO3

– loss at Little Falls attrib-
uted to diel variation was considerably less than the total
in-stream loss with values that ranged from 0.7% of the
NO3

– load during winter to 3.0% in summer. Even the max-
imum NO3

– diel loss rate ranged from only 1.5% to 6.3%
seasonally, still considerably less than the total in-stream
loss.

Estimates of areal NO3– loss rates
Areal diel NO3

– loss rates generally ranged (inter-
quartile range) from ~800 to 2300 mg N m–2 d–1 during all
seasons, with only slight differences in values across the
seasons (Fig. 6). Mean loss rates were ~1500 to 1900 mg N
m–2 d–1 and median values were ~1200 to 1600 mg N m–2

d–1. Mean and median loss rates were highest in sum-
mer and lowest in winter (mean) or autumn (median). The
broadest range between mean and median values and the

Table 1. Pearson product moment correlations for daily metrics of diel NO3
– loss in the Potomac River and physical measures of

water temperature, discharge (Q), and photosynthetically active radiation (PAR). Analysis is based on 537 daily values from December
2011 to November 2013. The measures shown are those with the strongest relationship to diel NO3

– loss among a larger group of
variables that were explored. Correlations of variables with daily loss and maximum daily loss were significant (p < 0.05) when r >
|0.09| and highly significant (p < 0.001) when r > |0.145|. Correlations of time of daily maximum and minimum were calculated with
a circular statistics approach. Variables for these correlations were significant when r > 0.109 and highly significant when r > 0.161.

Metric of diel NO3
–

loss
Water

temperature (°C)
14-d antecedent

Q (m3/s)
10-d antecedent

Q (m3/s)
Q

(m3/s)
7-d antecedent

Q (m3/s)
14-d antecedent PAR

(W/m2)

Daily loss (mg/L) 0.294 −0.299 −0.270 −0.268 −0.228 0.157

% daily loss 0.598 −0.490 −0.456 −0.422 −0.406 0.445

Maximum daily loss
(mg/L) 0.343 −0.323 −0.299 −0.278 −0.258 0.205

% maximum daily
loss 0.672 −0.526 −0.493 −0.442 −0.441 0.528

Time of daily
maximum 0.262 0.206 0.205 0.182 0.208 0.207

Time of daily
minimum 0.122 0.177 0.171 0.154 0.157 0.135

Table 2. Mean (±SD) estimates of total in-stream NO3
– loss, daily mean diel NO3

– loss, and daily maximum diel NO3
– loss in the

Potomac River at Little Falls from December 2011 to November 2013 by season and for the complete study period as a percentage
of the stream NO3

– load.

Season
Total in-stream NO3

– loss
(% of load)

Daily mean diel NO3
– loss

(% of load)
Daily maximum diel NO3

– loss
(% of load)

1-d travel reach length
(km)

Winter 2.8 ± 11.2 0.7 ± 0.4 1.5 ± 0.7 55.8 ± 10.6

Spring 40.7 ± 10.5 1.5 ± 1.0 3.1 ± 1.6 51.5 ± 12.7

Summer 56.0 ± 11.1 3.0 ± 1.6 6.3 ± 2.7 37.1 ± 3.4

Autumn 25.4 ± 28.1 1.8 ± 1.1 3.6 ± 2.0 41.7 ± 14.1

Total 33.6 ± 25.1 1.8 ± 1.4 3.8 ± 2.6 46.0 ± 3.1
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highest 95th percentile value occurred in autumn, the most
skewed distribution among the seasons. These high values
generally occurred during December 2012, an unusually
warm, sunny, and low-flow period.

DISCUSSION
The data analysis methods and derived quantities de-

veloped and applied here, such as NO3
– loss, are intended

to provide estimates that characterize and reflect diel NO3
–

variation patterns and allow comparisons to river sites where
high-frequency measurements of NO3

– and other variables,
such as temperature and Q, are available. The Little Falls
site did not have a dissolved O2 (DO) sensor operating dur-
ing the analysis period (high frequency DO measurements
began in late 2013), and thus, measures of stream metabo-
lism could not be estimated and compared with estimates
of NO3

– loss. However, even if available, high-frequency
measurements of DO and NO3

– at one site in a heteroge-
neous river setting, such as that of the Potomac River, vio-
late many of the assumptions for calculating measures of
stream metabolism (Reichert et al. 2009), which probably
necessitate measurements at ≥2 sites along a reach with
better constrained conditions. Nonetheless, our analysis pro-
vides insight into seasonal patterns in the magnitude and
timing of diel NO3

– variation in the Potomac River, how
strongly diel variation was related to physical factors that
may serve as drivers, comparison of diel NO3

– variation
with total river network in-stream NO3

– loss estimates,
and seasonal patterns of NO3

– loss rates.
Despite broad seasonal and storm-driven variation in

NO3
– concentrations in the Potomac River, clear diel

NO3
– variation also was evident in this ~30,000 km2 ba-

sin, especially at low flow and during summer. A tendency
for disruption of the diel NO3

– pattern during storms was
noted, with a gradual recovery of this pattern during hy-

drograph recession, which has been observed previously
in other systems (Reilly et al. 2000) and interpreted as rep-
resenting the effects of post-flood ecological succession
(Grimm 1987). The diel pattern tended to persist during
storms that resulted in only a small hydrograph rise. Our
analysis and available data cannot be used to determine
unequivocally the dominant processes responsible for the
diel NO3

– concentration patterns observed and quantified
in the Potomac River. Previous investigators have identi-
fied a large range of mechanisms that can result in diel varia-
tion including: autotrophic assimilation by periphyton and
macrophytes (Grimm 1987, Heffernan and Cohen 2010),
indirect effects of assimilation on denitrification through
the availability of labile C (Heffernan and Cohen 2010) or
DO (Christensen et al. 1990, Holmes et al. 1996), cycling
between nitrification and denitrification driven by the avail-
ability of DO (Laursen and Seitzinger 2004), and effects
of evapotranspiration on transporting NO3

– from ground-
water adjacent to the channel (Flewelling et al. 2014, Duncan
et al. 2015). Some combination of these processes may act
in concert to produce the observed diel signal, especially in
the large heterogeneous Potomac River basin. In addition,
hydraulic factors, such as hydrologic dispersion, transient
storage, contributions from tributaries that are not tempo-
rally synchronized with the river, and anthropogenic dis-
charges can influence the presence/absence of a diel solute
signal and the timing and magnitude of that signal (Hensley
and Cohen 2016).

Magnitude of diel NO3
– variation

The magnitude of diel variation in the river generally
was not large (<1% of the daily mean NO3

– concentration
in winter and ~2 to 4% of this value in summer), although
values >10% were observed on some days in summer. This
range of relative variation is generally less than that reported
for many smaller streams and rivers (Mulholland 1992, Hef-
fernan and Cohen 2010, Halliday et al. 2013, Flewelling
et al. 2014). Even when the maximum diel loss values were
applied rather than the mean values as above, diel NO3

–

variation generally peaked at ~8% in July of each year.
Diel NO3

– loss diminished stream loads on average by
a range of 0.7% in winter to 3% in summer. Percent load
losses reached values >5% on some summer days. These
values represent losses of NO3

– at low and moderate flow.
The extent to which diel processes may have diminished
loads during storms is not known because diel patterns
could not be identified in these high-flow data.

The diminishment of NO3
– loads by diel processes was

much less than estimated total losses of NO3
– (except

during winter) throughout the Potomac River basin from
all in-stream and near-stream processes, which ranged
from 2.8% in winter to 56% in summer. However, these
total NO3

– losses represent those that occurred through-
out the whole basin channel network (mean reach length =

Figure 6. Box-and-whisker plot showing seasonal estimates
of areal NO3

– loss rates in the Potomac River at Little Falls.
Lines in boxes are medians, dashed lines are means, box ends
are quartiles, whiskers are the 90th and 10th percentile of data,
and filled circles are 95th and 5th percentiles.
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252 km), whereas the values from our analysis primarily
represent those that occurred within a 1-d travel time up-
stream of the Little Falls gage, a mean reach length of 46 km
(Table 2). The maximum NO3

– load losses that could be
attributed to diel-driven processes were in the range of 7 to
13× less than those calculated for the total in-stream river-
network NO3

– load losses during the nonwinter seasons
(Table 2), which were less than the 5.5-fold difference in
mean reach lengths for the 2 methods. This indicates that
non-diel-driven processes probably are important in dimin-
ishing in-stream NO3

– concentrations during transport in
the Potomac River. A more complete quantitative assessment
of the basin-wide role of diel-driven NO3

– loss rates would
require multiple analyses across a range of sites with varying
basin areas.

Our results suggest that much of the near-stream and
in-stream removal or retention of NO3

– may occur either
through hyporheic exchange or as groundwater discharges
to the stream network in the Potomac basin via processes
that are not reflected in the diel variation of NO3

– concen-
trations measured at Little Falls. Much NO3

– removal in
the near-stream environment may occur either through ver-
tical hyporheic exchange driven by hydrogeomorphic varia-
tion in the channel (Gomez-Velez et al. 2015) or through
denitrification as inflowing groundwater enters through
deeper sediment (Stelzer and Bartsch 2012, Lansdown
et al. 2015). Both of these processes may be minimally
influenced by diel variation in processes such as photo-
autotrophy. The data presented here are consistent with
these observations that much in-stream NO3

– loss in the
Potomac River may not be greatly influenced by diel-driven
processes. However, this statement must be qualified by
emphasizing that the true diel losses of NO3

– that may
have resulted from various biogeochemical processes may
be larger than the values quantified in our analysis be-
cause of the unknown role of various hydraulic factors that
may partially obscure the diel signal (Hensley and Cohen
2016).

Timing of diel NO3
– patterns

The timing of the diel maxima and minima differs from
the patterns reported by many authors in which the maxi-
mum value typically occurs at night in predawn hours and
the minimum value in mid-afternoon (Mulholland et al.
2006, Heffernan and Cohen 2010, Halliday et al. 2013).
However, widely varying patterns have been reported that
may reflect complex daily dynamics in evapotranspiration
(and near-stream ground water), pH, water temperature, or
agricultural water management practices (Laursen and Seit-
zinger 2004, Pellerin et al. 2009, Flewelling et al. 2014). A
recent modeling investigation demonstrated that the daily
minima in NO3

– concentrations can lag behind solar forcing
because of transport processes and that water arriving at
a measurement location reflects the effects of cumulative

rather than instantaneous processes (Hensley and Cohen
2016). The timing of the diel maxima and minima ob-
served in the Potomac River did not coincide with daylight
in a simplistic manner in any season. The maximum diel
NO3

– concentration typically occurred from early to late
morning, except for winter when a midnight peak was co-
dominant with a mid-morning peak. Similarly, the mini-
mum diel NO3

– concentration tended to occur between
late afternoon and early evening, lagging the peak sunlight
hours. In addition, the maxima and minima in autumn and
winter had lower mean z scores indicating less persistent
patterns in these seasons. In contrast, the z scores in spring
and particularly in summer were more persistent indicat-
ing higher repeatability of the maxima and minima. These
seasonal differences may be explained in part by seasonal
patterns in incident solar radiation. Mean PAR values in
autumn and winter were 180.7 μmol m–2 s–1 and 183.3 μmol
m–2 s–1, respectively, whereas these mean values were
386.7 μmol m–2 s–1 in spring and 403.1 μmol m–2 s–1 in
summer. The greater PAR values in spring and summer
may have led to stronger persistence in the timing of the
daily maxima and minima, whereas in winter, other factors,
such as variation in water temperature and Q, may have
played a stronger role in causing greater variation in the
day-to-day timing of the maxima and minima.

The differences in timing across seasons suggest that a
complex mix of processes may be responsible for the ob-
served variation. Two of these processes are hydrodynamic
dispersion and transient storage, which can affect both the
timing and amplitude of the diel NO3

– signal (Heffernan
and Cohen 2010, Hensley and Cohen 2016). The combined
effect of both processes results in a lag of the minima from
peak solar forcing (Hensley and Cohen 2016). Dispersion
and storage in a given river reach vary in a complex man-
ner with discharge and season as reflected by variation in
velocity, depth, width, turbulence, and water temperature
(viscosity). The extent to which seasonal variation in hydro-
dynamic dispersion and transient storage may have affected
seasonal variation in the timing of diel NO3

– maxima and
minima is not known.

A critical factor that affects the timing of diel varia-
tion (and magnitude) of any water-chemistry variable is
the mean in-stream residence time of a parcel of water
as it passes the sensor or sampling location (Worrall et al.
2013). The effects of any processes driven by variation in
solar radiation are expected to vary because day length,
the timing of sunrise and sunset, and V affect the amount
of time that a water parcel is exposed to light and dark
conditions. These factors are especially critical in small
streams where travel times may be a few hours to <1 d,
which greatly affects the relative amounts of time a parcel
of water has been exposed to light or dark conditions. How-
ever, at the scale of the Potomac River at Little Falls, in-
stream residence time is likely to be a minor explanatory
factor because travel times in the river at this scale are in
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the range of 4–14 d (Searcy and Davis 1961), and the rel-
ative light vs dark exposure diminishes as residence time
increases downstream. V estimates applied in our analysis
yielded mean basin-wide travel times of 4 to 6 d during the
December 2011 to November 2013 study period, indicat-
ing that river water was exposed to several days of the pro-
cesses that drive diel variation before reaching the Little
Falls stream gage. This result suggests that the diel varia-
tion in NO3

– concentrations observed at the scale of Little
Falls primarily should reflect the most recent 24 h. How-
ever, hydrodynamic dispersion and transient storage dur-
ing transport as discussed above also can affect the timing
of the diel signal.

Role of physical drivers of diel NO3
– variation

Among the potential physical drivers that may affect
the magnitude and timing of diel variation in NO3

– con-
centrations in the Potomac River, water temperature was
most strongly related to the daily patterns. Metrics based
on PAR generally were not as strongly related to the mag-
nitude and timing of diel NO3

– patterns as were those based
on water temperature, suggesting that these patterns were
not simply driven directly by solar radiation as observed in
some studies (Mulholland et al. 2006, Heffernan and Cohen
2010). However, water temperature variation has proven
the strongest predictor of diel NO3

– variation in many set-
tings (Laursen and Seitzinger 2004, Birgand et al. 2007).
The central role of water temperature as a driver of diel
NO3

– variation may reflect decreased dynamic viscosity of
water as temperature increases, which increases saturated
hydraulic conductivity and hyporheic exchange in riverbed
sediment (Storey et al. 2003). Alternatively, diel NO3

– var-
iation may be driven largely by increased rates of micro-
bial processes, such as denitrification as water temperature
increases (van Kessel 1977).

The strong inverse relationship of metrics based on Q
with the magnitude of diel NO3

– variation is consistent with
an increasing influence of photoautotrophs during hydro-
graph recession and low flow. As Q increases, organic-rich
sediment may be readily scoured from the channel bottom
and replaced by sandy sediment, which can promote an
inverse relationship between Q and denitrification rate
(Christensen et al. 1990). The inverse relationship with Q
also suggests a potential role for dispersion in diminishing
NO3

– variation during high flow. Last, despite the statisti-
cal significance of the associations of water temperature,
Q, and PAR with diel NO3

– variation, no combination of
factors could account for even 1/2 of the diel variation mea-
sured. Our inability to build regression models with high
explanatory power indicates the likelihood of complex non-
linear interactions of the various processes that affect diel
NO3

– variation in the Potomac River, which were not read-
ily accounted for by simple metrics based on temperature,
Q, or PAR.

Areal NO3– loss rates
The diel areal NO3

– loss rates estimates were generally
in the range of 800 to 2300 mg N m–2 d–1, about an order
of magnitude greater than those reported in many studies
in small streams and rivers (Mulholland et al. 2006,
Heffernan and Cohen 2010, Halliday et al. 2013), compa-
rable to those reported in some rivers (Peterson et al.
2001), but less than those reported at a few sites (Laursen
and Seitzinger 2004). In a review of published NO3

– re-
moval rates in streams, ~1/2 of the reported rates were
<350 mg N m–2 d–1, and <20% were >1000 mg N m–2 d–1

(Birgand et al. 2007). Thus, the diel areal NO3
– loss rates

in the Potomac River are greater than most previously
reported rates. This result is especially surprising because
the values reported here are not total loss rates, but just
the fraction that can be attributed to diel variation. How-
ever, an examination of literature values shows that most
of the published rates are from streams and rivers consid-
erably smaller than the ~30,000 km2 Potomac River basin.
Equation 1 shows that the fundamental controls on the
diel areal loss rate of NO3

– are the magnitude and tempo-
ral extent of the daily dip in NO3

– concentrations and the
depth of the water column. The term Q/WV in Eq. 1 rep-
resents the depth of the water column above each square
meter of channel bottom. As a consequence, diel areal
loss rates will be greater for a similar dip in NO3

– concen-
trations in a large river than in a smaller river or stream.
Thus, the most meaningful comparisons of the areal loss
rates calculated here are among similarly sized rivers. How-
ever, few values are available from river systems compara-
ble to the Potomac.

Only slight seasonal variability was identified in the
diel areal NO3

– loss rates estimated in our study. For ex-
ample, the highest seasonal mean rate in summer was just
24% greater than the lowest seasonal mean rate in winter.
This result may seem surprising because most previous in-
vestigators have found substantially higher rates in spring
or summer than in winter (Mulholland et al. 2006, Birgand
et al. 2007). However, mean river depth in winter was ~2×
that in summer on days for which rates were estimated.
Therefore, a diel NO3

– concentration loss in winter that is
1/2 that of summer, would result in a similar diel areal loss
rate if summer river depth were 1/2 that of winter. This
seasonal variation in Q and river depth effectively smoothes
some of the seasonal differences that were evident in diel
NO3

– concentration and load losses when rates are calcu-
lated on an areal basis.

Unusually high diel NO3
– variation in December 2012

The mean diel variation in NO3
– concentrations in

December 2012 was ~0.04 mg/L, the highest of any month
during the study period. The magnitude of this variation
seems especially surprising considering the short day length
and cold river temperatures in late autumn. This period of
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unusually high diel NO3
– variation extended from 30 No-

vember to 19 December. A comparison of some physical
measures during this period with those of the succeeding
month, January 2013, and December 2011 suggests some
reasons for such high diel variation in NO3

– concentra-
tions in December 2012 (Fig. 7). PAR was similar among
these 3 periods, but mean water temperature was ~7.5°C
between 30 November and 19 December 2012, ~6°C
in December 2011, and 3.5°C in January 2013. Q showed
the greatest difference among these 3 periods. Q was ~4-
to 5-fold less during the December 2012 period of high
diel NO3

– variation than during the other 2 periods and
was steady with little daily variation. Mean Q during De-
cember 2012 (115 m3/s) was similar to the mean summer
value during our study (103 m3/s). These data suggest that
the extended period of low river flow, perhaps combined
with warmer river temperatures, may have favored greater
diel NO3

– variation than expected during December 2012.
These data indicate that extended periods of low and sta-
ble flow can result in a strong diel NO3

– pattern, even
when day length and PAR were near their lowest levels of
the year.

Conclusions
High frequency sensor measurements revealed strong

seasonal and flow-related patterns of variation in NO3
– con-

centrations in the Upper Potomac River at a basin scale of
30,000 km2. Within these broader patterns was clear and
repeatable diel variation in NO3

– concentrations in the river
that was especially evident during periods of low and mod-
erate flow. This diel NO3

– variation ranged from daily mean
values of 0.01 mg N/L in winter to 0.02 to 0.03 mg N/L
in summer with intermediate values in spring and autumn.
NO3

– concentrations generally showed maximum diel
values in mid- to late-morning and minimum diel values

in late afternoon to early evening with less distinct maxima
and minima in autumn and winter. The range of diel var-
iation reached maximum summer values equivalent to only
~8% of the daily NO3

–
max concentration. However, themean

estimated areal diel NO3
– loss rate was quite high, and ranged

from ~800 mg N m–2 d–1 to 2300 mg N m–2 d–1 through-
out the year with slight seasonal variation. These areal loss
rates are generally greater than most rates reported in the
literature, which are mainly from streams and small rivers.
These relatively high areal loss values reflect that the Po-
tomac is a 7th-order river that integrates diel NO3

– losses
over a greater depth/unit of channel bottom area than that
of smaller streams and rivers. The proportion of the po-
tential river NO3

– load that was removed through diel loss
in the study reach ranged from 0.7% in winter to 3% in
summer, much less than whole-basin annual loss rates of
~33% of the NO3

– load calculated by an independent method
that considers all in-stream and near-stream losses of NO3

–

discharged to the river from ground water. These diel load
losses cannot account for a substantial proportion of the
total basin in-stream load losses reflecting in part, the shorter
1-d reach length but also suggesting that processes not driven
by diel variation are responsible for much of the in-stream
load loss in the Potomac River.

The extent to which diel NO3
– variation was damped

by hydrologic dispersion and transient storage would have
to be quantified to constrain our estimate fully. More spa-
tially detailed measurements of W, depth, V, and Q along
the reach, which generally influence diel NO3

– variation
also would help to better constrain the loss rate estimates
presented here. In addition, the roles of several variables that
may serve as drivers, covariates, or links in the N cycle, such
as DO or dissolved organic N, for which high-frequency mea-
surements were not available, are not well known. Fur-
thermore, the conclusions that can be drawn from this
analysis of high-frequency measures of NO3

–, Q, water tem-
perature, and PAR could be further constrained by apply-
ing a 2-station approach focused on intensive measure-
ments along a stream reach that included DO, NH4

+, and
organic N. Accompanying measurements of ground water, the
hyporheic zone, and sediment chemical gradients could im-
prove understanding of the physical and biogeochemical
processes that affect diel NO3

– loss in the Potomac River.
The approach and description/quantification of diel NO3

–

variation provided here can serve as a framework for esti-
mates of seasonal and annual patterns that may be applied
at other river sites where high-frequency NO3

– sensor data
are available.
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