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Abstract

Seasonal snowmelt pulses are the dominant hydrologic feature of most alpine catchments. The majority of annual export of
water, carbon and nitrogen occurs within a short window of only a few weeks. This observation has largely been based on
relatively infrequent manual sampling, and our understanding of responses to finer-scale variation, “pulses within the pulse”, is
critically incomplete. Here, we combine high-frequency sensor measurements of dissolved organic carbon (DOC) and nitrate
(NO3-N) with historical grab sample data from a high altitude stream in the Rocky Mountains of Colorado. We characterize
the linkages between precipitation, snowpack, streamflow, and solute export, over time scales ranging from decades to minutes.
At all time scales, discharge (Q) variation was several orders of magnitude larger than concentration (C) variation, making it
the dominant control on solute flux rates. Interannual variation in Q, and by extension solute export, appeared correlated to
the depth of the winter snowpack, and how late into the spring the snowpack persisted. Seasonally, we observed clockwise C-Q
hysteresis, with solute stores becoming depleted as the melt pulse proceeds. Using the sensor data however, we were able to
observe individual events. In contrast to the seasonal patterns, these events enriched concentrations, suggesting the persistence
of additional DOC and NO3-N stores which can be mobilized within, and even after the main seasonal snowmelt pulse. The
historical data suggest that reduced snowpack and earlier snowmelt in the coming decades may result in reduced export of DOC
and NO3-N. The sensor data however make this conclusion uncertain, as rain on snow events, which are expected to become
more prevalent, appear equally capable of mobilizing solutes.
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Abstract

Seasonal snowmelt pulses are the dominant hydrologic feature of most alpine catchments. The majority
of annual export of water, carbon and nitrogen occurs within a short window of only a few weeks. This
observation has largely been based on relatively infrequent manual sampling, and our understanding of
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responses to finer-scale variation, “pulses within the pulse”, is critically incomplete. Here, we combine high-
frequency sensor measurements of dissolved organic carbon (DOC) and nitrate (NO3-N) with historical
grab sample data from a high altitude stream in the Rocky Mountains of Colorado. We characterize the
linkages between precipitation, snowpack, streamflow, and solute export, over time scales ranging from
decades to minutes. At all time scales, discharge (Q) variation was several orders of magnitude larger than
concentration (C) variation, making it the dominant control on solute flux rates. Interannual variation in
Q, and by extension solute export, appeared correlated to the depth of the winter snowpack, and how late
into the spring the snowpack persisted. Seasonally, we observed clockwise C-Q hysteresis, with solute stores
becoming depleted as the melt pulse proceeds. Using the sensor data however, we were able to observe
individual events. In contrast to the seasonal patterns, these events enriched concentrations, suggesting
the persistence of additional DOC and NO3-N stores which can be mobilized within, and even after the
main seasonal snowmelt pulse. The historical data suggest that reduced snowpack and earlier snowmelt in
the coming decades may result in reduced export of DOC and NO3-N. The sensor data however make this
conclusion uncertain, as rain on snow events, which are expected to become more prevalent, appear equally
capable of mobilizing solutes.

Keywords:snowmelt, carbon, nitrogen, solute flux, in-situ sensors, NEON

1. INTRODUCTION

Much of the world’s streamflow is derived from mountain snowfall (Viviroli et al., 2007). In the western
United States, up to 70% of streamflow originates from seasonal snowmelt (Li et al, 2017). Annual melt
pulses provide a critical resource (Sturm et al., 2017), supplying water for drinking, irrigation, and power
generation. Understandably, considerable work has gone into characterizing the hydrology of melt pulses,
particularly the response to warming temperatures and reduced snowpack (e.g. Bales et al., 2006; Rauscher et
al., 2008; Dudley et al., 2017; Marshall et al., 2019). As the principle hydrogeochemical and ecohydrological
forcing in most montane environments, equal effort has gone into understanding processes controlling the
chemistry of snowmelt (Campbell et al., 1995; Williams et al., 1996a; Brooks et al., 1996;), and the role of
melt pulses dynamics in the retention or export of carbon and nitrogen from catchments (Sickman et al.,
2001; Meixner et al., 2003; Sickman et al., 2003; Sebestyen et al., 2008).

Stream water chemistry represents the concatenation of all processes occurring in the upstream watershed
(Mulholland and Hill, 1997). For snowmelt dominated catchments these processes include atmospheric
deposition (Williams et al., 1991a; Sievering et al., 1992), biogeochemical cycling within the winter snowpack
and subnivean zone (Brooks et al., 1996; Williams et al., 1996a), and delivery to and export in the stream
(Brooks and Williams, 1999; Williams et al., 1991b). Often, concentrations of dissolved carbon and dissolved
nitrogen tend to increase rapidly with the onset of the seasonal melt, reaching a maximum several weeks
before the peak in discharge (Q) and then decline rapidly (Hornberger et al., 1994; Boyer et al., 1997;
Sickman et al., 2001). This “first flush” response has been interpreted as rapid mobilization of limited stores
which have built up within the catchment soils during periods of lower flow (Baron et al., 1991; Sickman
et al., 2001). Unsurprisingly, inter-annual variability in the depth of snowpack and melt pulse timing can
exert considerable influence on carbon and nitrogen processing and transport (Brooks and Williams 1999;
Sickman et al., 2003). Understanding these relationships is critical in predicting the response of watersheds
to a changing climate.

Notably, most of these studies have relied on grab sampling, with frequencies ranging from daily to weekly.
Advancements in field deployable water chemistry sensors have revolutionized the frequency at which mea-
surements can be collected (Rode et al., 2016), allowing us to better characterize processes varying over
shorter time scales (Pellerin et al., 2012). Within the melt pulse, rain-on-snow (ROS) events and daily
freeze-thaw cycles can generate “pulses within the pulse”. Summer rainfall can also generate higher Q events
outside the seasonal melt pulse window. This additional Q variation can also profoundly impact dissolved
carbon and nitrogen concentrations in snowmelt dominated streams (Casson et al., 2014; Koenig et al.,
2017), but is only apparent when high frequency sampling is employed (Pellerin et al., 2012). While of short
duration relative to the melt pulse, these events may still constitute an important component of the catch-
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. ment flux budget and may provide insight into the potential for mobilization of additional solute pools not
depleted by the seasonal pulse. They are also likely to become increasingly common as warmer temperatures
result in a greater fraction of annual precipitation falling as rain rather than snow.

Here, we analyze in-situ sensor-based datasets from a snowmelt dominated catchment in the central Rocky
Mountains and characterize hydrologically driven variability in stream concentrations (C) of dissolved or-
ganic carbon (DOC) and nitrate-nitrogen (NO3-N) across multiple scales. First, we test the hypothesis that
a deeper and more persistent winter snowpack will produce a larger and more prolonged spring melt pulse.
If Q is the dominant control on mass flux, this will in turn result in greater export of solutes. Second, we
hypothesize that high-frequency measurements will reveal finer-scale, event-driven variation of C-Q relation-
ships. We test whether the C-Q dynamics of these events (e.g. dilution versus enrichment) differ from those
observed at seasonal scales. We also test whether inability to account for this high-frequency variation in C
(e.g. relying on grab sampling vs high frequency sensor-based measurements) substantially alters the esti-
mated annual solute flux. Finally, we place the results in the context of climate change projections and what
they suggest for export/retention of carbon and nitrogen from alpine catchments in the coming decades.

2. METHODS

Como Creek (Figure 1) is located in the Niwot Ridge Long Term Ecological Research (LTER) site in the
state of Colorado. Located just east of the North American continental divide, it has an area of approxi-
mately 5 km2, with elevations ranging from 3,000-3,600 m above sea level. This makes it one of the highest
instrumented catchments anywhere in the world. It experiences long cold winters, and short cool summers;
mean air temperatures for January are -12ºC, and mean temperatures for July are 12ºC. The average annual
precipitation is 730 mm, with roughly two thirds as snowfall (snowfall values are reported in snow-water
equivalent; SWE). The majority of the watershed is forested, consisting of Engelmann spruce (Picea engel-
mannii), subalpine fir (Abies lasiocarpa), limber pine (Pinus flexilis), lodgepole pine (Pinus contorta var.
latifolia) and quaking aspen (Populus tremuloides). Approximately 10% of the watershed is above treeline,
consisting of alpine tundra and scree slopes.

We obtained four years (Oct 2018 - Sep 2021) of high frequency data from the National Ecological Observatory
Network (NEON). NEON (https://neonscience.org) is a National Science Foundation-funded network of
monitoring sites throughout the United States providing long-term, open-access ecological data (Goodman
et al., 2015). Since 2017, NEON has maintained a monitoring reach along Como Creek, instrumented with
a standardized suite of automated sensors. Stream stage is recorded using AquaTroll 600 vented pressure
transducers (In-situ; Fort Collins CO). Bi-weekly manual Q measurements are used to develop rating curves
and estimate continuous Q. Rating curves are created for each water year (defined as October 1 through
September 30). Water quality measurements, including specific conductance (SpC), dissolved oxygen (DO),
and fluorescent dissolved organic matter (fDOM) are measured at one minute intervals using an EXO2
multiparameter sonde (YSI; Yellow Springs OH). Stream NO3-N is measured using a submersible ultraviolet
nitrate analyzer (SeaBird Scientific, Bellevue WA) configured to take a 20 measurement burst at 15 minute
intervals. The first 10 bursts of each measurement are discarded to allow the SUNA lamp sufficient time to
warm up. Concentrations reported in μM were converted to mg-N L-1 using the molar mass. The sensors
remain installed throughout the winter, measuring concentrations in the liquid water under the ice and snow
cover. Both the EXO2 and SUNA were equipped with automated wipers to prevent biofouling. They are also
manually cleaned bi-weekly, and calibrated monthly. A time-lapse video of the stream using images from the
NEON monitoring location is included as Video 1. Additional images, including real-time, are available from
the PhenoCam Network (https://phenocam.sr.unh.edu/webcam/sites/NEON.D13.COMO.DP1.20002/ ).

NEON also collects bi-weekly grab samples of stream water chemistry. Samples are collected and stored on
ice until analysis at the EcoCore laboratory at Colorado State University. In addition to major cations and
anions, grab samples are analyzed for DOC, total organic carbon (TOC), NO2+NO3-N (of which NO3-N is
the overwhelming majority in Como Creek), ammonium (NH4-N), total dissolved nitrogen (TDN), and total
nitrogen (TN). Grab samples of these additional species allowed us to contextualize the sensor-based DOC
and NO3-N measurements in terms of the total C and N budgets.
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. We used the neonUtilities R package (Lunch et al., 2021), to download the following publicly available
NEON datasets: Continuous discharge (NEON 2021a), Water quality (NEON 2021b), Nitrate in surface
water (NEON 2021c), Temperature in surface water (NEON 2021d) and Chemical properties of surface
water (NEON 2021e). Quality flagged measurements were excluded from our analysis; this constituted a
relatively small fraction of the total data (˜5%) and the majority of these were periods in winter when
the stream froze to a depth where the sensors became encapsulated in ice and were no longer measuring
concentrations in the liquid water beneath. Because they occured when the stream was not flowing, their
omission does not substantially impact annual flux estimates. In a few instances, NEON maintenance and
calibration records were used to correct for drift or calibration offsets in the data. Datasets published at
higher frequencies (e.g. water quality) were averaged to 15 minute intervals to match nitrate in surface water,
which had the lowest temporal resolution. A linear regression between bi-weekly manual DOC measurements
and corresponding sensor fDOM measurements was used to estimate continuous DOC from the fDOM time-
series. Multiplying DOC and NO3-N concentrations by the corresponding Q measurement, we calculated a
continuous record of DOC and NO3-N flux. The na.spline function in the zoo R package was used to fill
short gaps of less than 6 hours. Two larger concentration gaps (fDOM from 24 May to 4 June 2018 and
NO3-N from 27 June to 1 Aug 2019) were filled using linear interpolation. The effects of uncertainty in this
concentration approximation on flux values are expected to be relatively small given that Q is expected to
be the primary driver. All other major gaps were left unfilled because they occurred during periods of little
to no flow and were deemed to exert almost no influence on annual flux budgets.

To quantitatively compare interannual variability, we determined the date of the centroid of the annual
melt pulse, the annual water yield (WY; cumulative Q divided by watershed area), and the annual ex-
port of DOC and NO3-N. The NEON precipitation gage is located next to the eddy flux tower, high
on Niwot ridge, at an elevation much higher than most of the catchment. Instead, we obtained pre-
cipitation and snowpack data was from the National Water and Climate Center Snow Telemetry (SNO-
TEL;https://www.wcc.nrcs.usda.gov/snow/ ) Niwot station (ID 663), which is located near the center of the
Como Creek catchment and likely more representative. It also has a much longer period of record. From
these data we calculated the total annual precipitation, maximum depths of annual snowpack, and the date
in the spring when the snowpack depth dropped below 10 cm. We then compared these values with the
annual melt pulse and solute flux metrics calculated above.

For each solute we determined the coefficients of variation (CV) for discharge and concentration to determine
which constituent component of flux exhibited the larger degree of variation, and thus acted as the primary
control. We calculated Gini coefficients (G) to quantitatively characterize the temporal inequality in flux
(Jawitz and Mitchell et al., 2011). Commonly used to characterize the distribution of wealth, a Gini coefficient
of zero represents complete equality (i.e. a constant mass flux rate) while a value of one represents complete
inequality (i.e. entire flux in one instant).

For each solute we generated C-Q plots and fit the log-transformed data with a linear regression (i.e. a power
function in un-transformed data) to determine whether they exhibited an enrichment, dilution, or chemostatic
response (Godsey et al., 2009). A positive slope indicates enrichment, a near-zero slope indicating relative
chemostasis, and a negative slope indicates dilution; a slope of exactly -1 is a special case indicating perfect
dilution of a constant flux of solute. We carefully examined the C-Q relationships for any signs of hysteretic
behavior at both annual and event time scales, noting the directionality. Clockwise hysteresis indicates
relative enrichment of earlier arriving water, while counter-clockwise hysteresis indicates relative enrichment
of later arriving water (Evans and Davies, 1998).

The NEON sensor array has only been deployed since fall 2017, providing four years of data at the time of
this analysis. To better characterize drivers of inter-annual variability, and better contextualize the results in
the context of long term trends, we supplemented this data with historical LTER records of daily average Q
(Williams et al., 2021) and weekly grab samples from 2004 through 2014 (Williams 2021). This data was pub-
licly available from the Environmental Data Initiative (EDI) data portal (https://portal.edirepository.org/ ).
To understand the potential for the different sampling frequencies of the historic data to influence estimates
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. of annual flux, we downsampled our sensor-based solute measurements to match the intervals used in the his-
toric sampling (daily average Q and concentration measurements from every Monday at 12:00). Using these
values, we re-calculated the estimated annual fluxes of DOC and NO3-N and compared with the estimates
made using the 15 minute data.

3. RESULTS

The annual snowmelt pulse typically began in early May, peaked in early June, and had subsided by early
July (Figure 2). Seasonal increases in concentrations of DOC and NO3-N appeared to precede the melt
pulse by several weeks, typically peaking in April to May and then, especially in the case of NO3-N, already
declining well before Q peaked in June. Similar temporal patterns were observed in the historic data collected
by the LTER (Supporting Figure 1).

There was considerable interannual variation in the timing and magnitude of the snowmelt pulse among the
four study years (Table 1). For example, the centroid of the pulse in 2019 was over 3 weeks later than in
2018, and the water yield for 2019 was over 50% higher than 2018. The historical LTER records showed
similar interannual variation (Supporting Table 1).

The annual flux estimates from downsampled sensor data were not substantially different from those made
using the whole dataset (Table 2), never off by more than ±3% in any year. This indicates that weekly
concentration sampling is likely sufficient for estimating annual fluxes, and that values calculated using
the 2018-2021 NEON sensor data can be accurately compared with historical LTER values. We noted that
this was not the case if Q was downsampled to a discrete dailymeasurement rather than a daily average
. Because of large diel variation in Q, the time of day chosen for the Q measurement has the potential
to substantially impact annual flux estimates (by up to ± 30% or more!). Because it exerts such a strong
influence, high-frequency Q measurements appear essential for accurately estimating fluxes.

Despite concentrations which were already declining, maximum export of DOC and NO3-N (mass flux shown
as gray lines in Figure 2) occurred concurrent with the peak of the melt pulse. Over the 4 years of NEON
sensor data, the CVQ was 2.47 while CVDOC was 0.47 and CVNO3-N was 0.61. This made Q variation the
dominant control on flux. Flux was highly unequal in time, with a GDOC of 0.87 and GNO3-N of 0.82. Seventy
nine percent of the DOC export and 71% of the NO3-N export occurred within just 10% of the time; the
peak weeks of snowmelt.

Globally, fitted C-Q relationships suggest DOC was slightly enriched (Log-Log slope = 0.14), though still in
the range (slope < ± 0.2; Godsey et al., 2009) which would be considered relatively chemostatic. NO3-N was
almost perfectly chemostatic (Log-Log slope = 0.01). In contrast, C-Q relationships for major conservative
solutes (Supporting Figure 2) exhibited moderate dilution responses, though with slopes still far from a value
of -1 which would signify a perfect dilution response of a fixed mass flux of solute. Coefficients of variation
for conservative solutes (e.g. CVNa = 0.64, CVCa = 0.46) were also much less than CVQ , and using SpC as
a surrogate for a continuous conservative ion concentration produces a GSpC of 0.75. Thus, despite the weak
dilution response, the majority of conservative ion export also occurs during the melt pulse.

The seasonal increase in DOC and NO3-N concentrations which preceded the melt pulse resulted in noticeable
clockwise C-Q hysteresis for both solutes over annual time scales (dashed lines in Figure 3a&b). Within these
larger annual hysteresis loops are smaller loops generated by individual precipitation events. These include
spring ROS, summer rainfall when no snow is present, and autumn/early-winter snow that quickly melts
without becoming snowpack. These events produce consistent enrichment of DOC and NO3-N, with fitted
LogC-LogQ slopes ranging from 0.15 to 0.35 across individual events. These slopes for individual events
are distinctly steeper than those observed at seasonal time scales. Concentration variations typically lag Q
during such events (Figure 3c-f), producing counterclockwise C-Q hysteresis loops within the larger clockwise
seasonal loop (solid line in Figure 3a&b).

Discharge exhibited significant diel variation during the melt pulse, with peak daily values often 50% higher
than the minima for the same day (Figure 4a). These daily pulses, presumably driven by greater daytime
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. melting, typically peak in the late afternoon. DOC and NO3-N, as well as SpC, DO and Temperature also
exhibited varying degrees of diurnal variation (Figures 4 & 5). SpC was especially interesting in that during
the peak of the melt pulse it showed extremely modest diel variation (<0.2 μS cm-1) despite large diel
variation in Q (>100 L s-1). During base flow however, when diel Q variation was orders of magnitude less,
diel Spc variation was considerably greater (1-2 μS cm-1).

4. DISCUSSION

4.1 Drivers of inter-annual variability

Inter-annual variability in the timing and magnitude of the melt pulse appears somewhat, though imperfectly
correlated with metrics of precipitation and snowpack. This is likely due to the complex nature of how
precipitation translates to runoff in this catchment, and the difficulty in characterizing something as nuanced
as snowpack and a melt pulse with singular metrics. Annual WY was only weakly correlated with annual
precipitation (Figure 6a), and constituted only around 30-40% of the latter. This difference is the result of
sublimation and evapotranspiration (ET), and is consistent with findings in adjacent catchments (Sueker et
al., 2001). Maximum snowpack depth was not correlated with annual precipitation (not shown, p = 0.71).
This can partially be explained by remembering that around a third of the annual precipitation falls as
rain, and does not contribute to the snowpack (and may even accelerate melting of the snowpack). This
fraction also changes from year to year. For example, 2020 experienced relatively heavy snowfall followed by
a relatively dry summer, with 76% of the annual precipitation falling as snow. In contrast, the reverse was
true in 2021 and this fraction was only 58%. Even then, the maximum snowpack is not a perfect reflection
of cumulative snowfall; the region is famous for its Chinook Winds, and some fraction of the snowpack may
sublimate.

Timing also appears critically important. For example, 2020 saw rapid early snowpack accumulation, and
late season storms pushed the maximum depth to near-record levels in late April (Figure 7b). However, it
began to rapidly melt and was gone by mid-May. In contrast, 2021 saw near record low snowpack early in the
season and a lower maximum depth, but it ultimately persisted into June. Persistence of the snowpack later
into the spring appears to be an important factor in generating a larger melt pulse and a higher annual water
yield (Figure 7c). Thus, while annual WY shows some correlation with maximum snowpack depth (Figure
6b), the correlation with the date the snowpack remains above 10 cm is stronger (Figure 6c). Persistence of
the snowpack later into the spring appears a critical factor in generating larger melt pulses. This may be
because a greater volume is melting and becoming runoff, versus losses earlier in the season which are more
to sublimation.

These larger melt pulses in turn seem to transport a larger mass of DOC (Figure 6e,f). This correlation
was less apparent for NO3-N mass flux in the years with high frequency data. This potentially has to
do with differences in the seasonality of NO3-N vs DOC concentrations, with the latter peaking several
weeks earlier than the former, and thus less temporally aligned with the Q peak. It is also worth noting
that NO3-N is only one component of dissolved nitrogen. Grab samples revealed concentrations of NH4-N
often comparable to NO3-N, and by difference suggest the largest component of TDN may be dissolved
organic nitrogen (DON). TOC and TN values were almost identical to DOC and TDN, suggesting minimal
particulates. Interestingly, TDN concentrations appeared to peak later in the spring than NO3-N, closer to
the annual peak Q. The NEON grab sample dataset is admittedly short (and COVID-19 mitigation protocols
further limited grab sampling in much of 2020), but historic samples collected by the LTER seem to confirm
this (Supplemental Figure 1c). Flux of TDN is likely to show greater alignment with Q, and respond more
strongly to inter-annual variability in the melt pulse (Figure 6f).

Looking at extremes from the historical record (Supplemental Table 1), 2011 had the highest annual precip-
itation, the deepest maximum snowpack, the latest centroid of the melt pulse, and nearly the highest annual
water yield. Unsurprisingly, this resulted in the greatest annual export of DOC and TDN. Conversely, 2012
had the lowest annual precipitation, the shallowest maximum snowpack, the earliest centroid of the melt
pulse, and the lowest annual water yield. Again unsurprisingly, this resulted in the lowest annual export of

6



P
os

te
d

on
A

u
th

or
ea

19
J
an

20
22

—
T

h
e

co
p
y
ri

gh
t

h
ol

d
er

is
th

e
au

th
or

/f
u
n
d
er

.
A

ll
ri

g
h
ts

re
se

rv
ed

.
N

o
re

u
se

w
it

h
ou

t
p

er
m

is
si

on
.

—
h
tt

p
s:

//
d
oi

.o
rg

/1
0.

22
54

1/
au

.1
64

26
17

52
.2

85
23

13
7/

v
1

—
T

h
is

a
p
re

p
ri

n
t

a
n
d

h
a
s

n
o
t

b
ee

n
p

ee
r

re
v
ie

w
ed

.
D

a
ta

m
ay

b
e

p
re

li
m

in
a
ry

. DOC, and nearly the lowest of TDN. Similar to what we observed in the high frequency data, years with
below average maximum snowpack (e.g., 2010) can still produce above average annual water yield and in
turn above average solute fluxes, but only when the snowpack persists later into the spring.

4.2 Inferences from finer-scale variation

Using sensors, we were able to observe finer-scale temporal variation in DOC and NO3-N C-Q dynamics
than are apparent from grab samples. Of particular note, higher Q generated by ROS or other precipitation
events resulted in marked enrichment of DOC and NO3-N (Figure 3c-h). Notably, this enrichment response
required rainfall (or rapidly melting snowfall). Diel variation in Q during melting of the snowpack, though
of similar or often even greater magnitude, does not generate the same concentration response as even a
small increase in Q due to new precipitation. Furthermore, it occurs during periods when DOC and NO3-N
concentrations have otherwise shown signs of being depleted. This suggests that recent precipitation-derived
increases in Q, as opposed to snowpack derived, are somehow able to mobilize additional solute sources, or
short circuit retention along regular transport pathways. The temporal lag between Q and concentration,
and the counter-clockwise hysteresis it produces (Figure 3a,b), suggests it is the later arriving water that
is more enriched (Evans and Davies 1998). One potential explanation is that stores of carbon and nitrogen
in more distal regions of the catchment, being further from the “drain”, are less depleted (e.g., Hood et
al., 2006). Rainfall events are able to temporarily establish great connectivity with these regions, and their
distance is responsible for the temporal lag. The temporal alignment of high Q and high concentrations
makes ROS and other precipitation-driven events “hot moments” for solute transport, generating some of
the highest instantaneous flux values observed in the record. However, their relatively infrequent occurrence
and short duration mean they are still a much smaller contributor to annual flux budgets than the seasonal
melt pulse.

High-frequency measurements also enabled us to observe diel variation. During the melt pulse (Figure 4a),
diel Q variation was consistent with greater afternoon melting (Caine, 1992; Lundquist and Cayan, 2002;
Kirchner et al., 2020). Following the melt pulse, the timing of peak daily Q shifted to earlier in the day,
consistent with effects of riparian ET (Gribovszki et al., 2010; Kirchner et al., 2020). We also observed
small, but noticeable diel variation in DOC and NO3-N concentrations. Signal timing was often consistent
with daytime production of DOC through gross primary production (GPP), and the coupled assimilatory
uptake of NO3-N (Heffernan and Cohen 2010). However, we were confounded in our attempt to estimate
rates of GPP using the streamMetabolizer R model (Appling et al., 2018), because the diel DO signal
exhibited daytime minima instead of expected maxima (Figure 4c & 5c). To some extent this was the
result of effects of diurnal temperature variation on solubility. However, even after accounting for this, the
percent saturation still exhibited consistent daytime minima (not shown). One possible explanation is that
ecosystem respiration (ER) is stimulated by temperature, and daytime rates of stream ER have been found
to be considerably higher than nighttime rates (Tobias et al., 2007; Hotchkiss and Hall 2014). In a narrow,
forested stream such as Como Creek, light inhibition by the canopy may limit GPP to a level where daytime
enhancement of ER by warmer daytime water temperatures, and the resulting consumption of DO, may
become the dominant process. Rates of denitrification are also sensitive to temperature (Rusjan and Mikos,
2010), and this could also potentially explain the diel NO3-N signal absent assimilatory uptake. It is quite
interesting to note however, that some of the largest diel variation in NO3-N (Figure 4b) occurred prior to
the melt pulse when the stream was still mostly snow covered, there was almost no diel variation in DO, and
temperatures were very near freezing. An alternative explanation is that diel solute variation (including DO)
is not primarily biological, but potentially an expression of diel Q variation (Nimick et al., 2011; Hensley
et al., 2017). This conclusion is supported by the large diel variation in conservative SpC during much
of the year. Unfortunately, parameters which could be used to more definitively constrain biologic versus
hydrologic influence (e.x. C and N isotopes, concentrations of other dissolved gases), are not collected at the
sub-daily resolution required.

4.3 Projections in a changing climate

Over the past decades, the western United States has experienced declining snowfall (Kunkel et al., 2009;
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. Harpold et al., 2012) and earlier melt pulses (Clow, 2010), a trend that is projected to continue (e.g., Siirila-
Woodburn et al., 2021). Based on observations that solute fluxes are strongly tied to the magnitude and
timing of the melt pulse, this will potentially result in decreased carbon and nitrogen export and greater
retention within the catchment. While regionally, the western United States is expected to become dryer,
some areas may actually see increased precipitation as a result of local conditions. The leeward side of the
central Rocky Mountains appears to potentially be one such case (Kunkel et al., 2009). Indeed, from 1951
to 1994, Niwot Ridge LTER experienced a statistically significant (p < 0.01) increase in annual precipitation
of 7.5 mm yr-1 (Williams et al., 1996b). However, this trend appears to have reversed, or at the very least
stalled in the more recent SNOTEL data from 1995 to 2021 (slope = -3.9 mm yr-1; p = 0.19).

In addition to the overall volume, the form of precipitation (i.e. snow versus rain) may also change. With
warmer temperatures, a greater fraction of precipitation would be expected to fall as rain rather than snow.
As illustrated by the sensor data, rainfall events are clearly capable of rapidly mobilizing and transporting
solutes, perhaps even more effectively than snowmelt. This suggests that a shift from snow to rain may not
result in as large a decline in solute export as otherwise expected. Warmer temperature could also result
in more frequent “mini-melt” periods. Modeling studies (Jennings and Molotch, 2020) suggest only a 3°
C increase is required for much of Como Creek watershed to experience significant melting throughout the
winter. More precipitation falling as rain rather than snow, combined with more frequent periods of winter
melt would alter the timing of export such that it is more evenly distributed and less condensed into a
singular seasonal pulse

Several additional sources of very large uncertainty also remain. In addition to changing precipitation, chan-
ging catchment characteristics may also influence stream hydrology. Warmer temperatures will likely result
in a general upward migration of the tree line, though temperature is far from the only controlling factor
(Bueno de Mesquita et al., 2018). The fraction which is forested has been demonstrated to exert substantial
control on rates of evapotranspiration and water yield in nearby catchments (Sueker et al., 2001). It is pos-
sible that a shift to an earlier melt pulse, when rates of evapotranspiration are lower, could at least partially
offset these losses (Barnhardt et al., 2020). Recent modeling work in Como Creek (Barnhart et al., 2021) has
also suggested that expansion of forested area in response to warming temperatures may actually increase
streamflow by decreasing snow wind-scour. In short, there is large uncertainty in how temperature driven
changes to catchment vegetation will interact to affect catchment hydrology, including runoff.

Another large unknown is how biogeochemical processing of carbon and nitrogen within the catchment will
respond to changing temperatures and snow cover. Biogeochemical cycles consist of multiple interconnected
and sometimes reciprocal pathways. With the N cycle for example, atmospheric fixation, mineralization of
organic nitrogen, nitrification and denitrification are all sensitive to temperature and soil moisture (e.g.,
Fisk and Schmidt, 1995; Osborne et al., 2016; Chen et al., 2020; Maslov and Maslova, 2021). Somewhat
counterintuitively, reduction in the depth and duration of the insulating snowpack may actually result in
colder subnivean temperatures and reduced biological activity (Williams et al., 1998). Snow cover has been
identified as a critical control on subnivean microbial processing (Brooks et al., 1996), and by extension, soil
water chemistry (Lewis and Grant, 1980). Williams (et al., 1998) projects that increased snow cover will
enhance net soil nitrification and result in greater NO3-N availability, while a reduction in snowfall will have
the opposite effect and result in greater retention. This is strongly supported by the observation that solute
flux appears most closely associated with persistence of the snowpack later into the spring (which results in
higher discharge but also higher concentrations). While the total snowfall, maximum snowpack depth, and
its duration are certainly linked, they are not perfectly correlated. An unseasonably warm spring can quickly
melt a deeper than average snowpack, as we observed in 2020. This provides a third example of how changing
temperatures over the coming decades can alter the solute export, even if total annual precipitation remains
unchanged.

5. CONCLUSIONS

Because of their remoteness and inhospitality, high-altitude (as well as high-latitude) snow-melt dominated
catchments remain understudied. These catchments contribute a significant fraction of global streamflow
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. (Viviroli et al., 2007) and are also among the most susceptible to the effects of changing climate (Adam et
al., 2009). Mobilization and downstream transport by river networks are critical processes in carbon and
nitrogen cycles. This makes developing a generalized understanding of the solute dynamics of snowmelt
dominated catchments, and in particular the response to hydroclimatic perturbation, of global importance.
Como Creek represents one of the highest elevation locations we yet have data for.

Using big, open-data is the new frontier in hydrological and ecological sciences (Hampton et al., 2013), and
this study relied entirely on publicly available data. We took a network-of-networks approach to combine
historical and high-frequency precipitation, snowpack, discharge, and solute data to assess drivers of carbon
and nitrogen export from a high altitude stream in the Rocky Mountains. We found that DOC and NO3-N
fluxes were strongly controlled with discharge, over time scales ranging from minutes to decades. Seasonal
snowmelt pulses are the dominant driver of annual solute export. Interannually, the magnitude and timing of
the snowmelt pulse, and by extension solute export, was strongly correlated with both the depth and persis-
tence of the snowpack. As in prior studies, we found that clockwise C-Q hysteresis over the snowmelt pulse
was suggestive of seasonal depletion of solute pools. Yet, the high-frequency data revealed pulses within pul-
ses from individual events wherein concentrations where enriched and C-Q hysteresis was counter-clockwise -
indicating that additional DOC and NO3-N pools persist and can be readily mobilized, particularly through
rain on snow events. While the historical low-frequency grab sample data suggest that reduced snowpack
and earlier snowmelt may result in reduced export of DOC and NO3-N, the sensor data make this conclusion
uncertain, as increasingly prevalent rain on snow events appear equally capable of mobilizing solutes.
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FIGURE LEGENDS

Figure 1. Como Creek, Colorado. The star indicates the sampling location (40.0350 N, -105.5444 W), dashed
line is the approximate watershed boundary and green shows the approximate tree line.

Figure 2. Time-series of Q (a), DOC (b) and NO3-N (c) from Como Creek. Colored lines are concentration,
gray lines are mass flux (concentration x discharge).

Figure 3. C-Q plots of DOC (a) and NO3-N (b) exhibited clockwise hysteresis (dashed lines) over seasonal
time scales. At the scale of events, enrichment of DOC (c,e,g) and NO3-N (d,f,h) typically lagged Q, producing
counterclockwise hysteresis (shown as solid lines in a,b).

Figure 4. Onset and peak of 2020 melt pulse. A ROS event occurred on 30 May. While the volume of rainfall
was relatively modest (12 mm), it produced a large increase in discharge (a). This resulted in enrichment of
DOC and NO3-N concentrations (b).

Figure 5. Late baseflow 2020 showing diel variation in all stream parameters. On 8 Sep, early season snowfall
occurred (17 mm SWE), which melted as air temperatures warmed on 10 Sep (a). The relatively small
increase in Q produced a large, and prolonged enrichment of DOC and NO3-N concentrations (b). Axes
scales are the same as for Figure 5, with the exception of Q, which is 250x larger.

Figure 6. Annual WY exhibited varying degrees of correlation with various metrics of precipitation and
snowpack (a-d). Solute fluxes were in turn strongly correlated with WY (e,f). Colored points correspond to
years with NEON sensor measurements, gray are historic LTER data.
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. Figure 7. Cumulative precipitation (a), snowpack depth (b), water yield (c) and DOC export (d).

TABLES

Table 1. Summary of annual snowpack, melt pulse and flux statistics for the 4 years of high-frequency data.
+estimates requiring some gap filling.

2018 2019 2020 2021
Annual precip (SWE mm) 635 706 654 745
Max snowpack (SWE mm) 307 340 480 381
Date snowpack < 10 cm 16 May 4 June 21 May 4 June
Date melt pulse centroid 29 May 22 June 3 June 11 June
Annual water yield (mm) 150 244 181 218
Annual DOC flux (kg) 4175+ 7798 4655 6067
Annual NO3-N flux (kg) 69.1 40.4+ 58.7 70.5

Table 2. Effect on annual flux estimates of down-sampling high frequency data to simulate weekly grab
sampling. Down-sampled values can be compared with actual values shown in Table 1 to calculate the
percent difference.

Flux (kg) Flux (kg) Difference (%) Difference (%)
Year DOC NO3-N DOC NO3-N
2018 4225 71.4 +1.2% +3.3%
2019 7628 40.4 -2.2% -0.1%
2020 4616 57.5 -0.8% -2.0%
2021 6120 72.8 +0.9% +3.3%
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