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Abstract: After peak snowmelt, baseflow is the primary contributor to streamflow in snow-dominated
watersheds. These low flows provide important water for municipal, agricultural, and recreational
purposes once peak flows have been allocated. This study examines the correlation between peak
snow water equivalent (SWE), post-peak SWE precipitation, and baseflow characteristics, including
any yearly lag in baseflow. To reflect the hydrologic processes that are occurring in snow-dominated
watersheds, we propose using a melt year (MY) beginning with the onset of snowmelt contributions
(the first deviation from baseflow) and ending with the onset of the following year’s snowmelt
contributions. We identified the beginning of an MY and extracted the subsequent baseflow values
using flow duration curves (FDCs) for 12 watersheds of varying sizes across Colorado, USA. Based on
the findings, peak SWE and summer rain both dictate baseflow, especially for the larger watersheds
evaluated, as identified by higher correlations with the MY-derived baseflow. Lags in the correlation
between baseflow and peak SWE are best identified when low-snow years are investigated separately
from high-snow years. The MY is a different and more effective approach to calculating baseflow
using FDCs in snow-dominated watersheds in Colorado.

Keywords: baseflow; peak SWE; precipitation during snowmelt; summer rain; Colorado

1. Introduction

In high-elevation, snow-dominated watersheds, baseflow is the primary driver of
streamflow for most of the year, except in spring and early summer during the snowmelt
season (Figures 1 and A1) when higher temperatures and increased solar radiation drive
the onset of snowmelt. In such small watersheds, baseflow can persist for more than
200 days (Figure Ala,b), contributing 5 to 20% of total flow during the snow accumulation
period (Figure Alc). In large catchments of the Upper Colorado River Basin, baseflow
has been estimated to contribute between 40 and 86% of streamflow during low-flow
periods [1]. Baseflow has been approximated using chemical mass balance hydrograph
separation, frequency analysis, flow duration curves (FDCs), and tracing the movement
of stable isotopes using specific conductance [2,3]. Another common method is to use
a minimum of the several-day running median as a baseflow proxy [4-6]. These more
complex techniques, though robust, require additional resources in the form of time and
financial support, neither of which were available for this multi-decadal study. Here, we
used FDCs to estimate baseflow for a time series assessment. FDCs provide a computation-
ally inexpensive and efficient way to estimate baseflow. However, the use of FDCs in the
context of the traditional water year may result in baseflow values being pulled from both
before and after the peak in the hydrograph (Figure 1). In high-elevation, snow-dominated
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basins, baseflow follows melt and should not be derived from the period before the peak in
streamflow due to melt.
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Figure 1. A sample hydrograph from the Cabin Creek gauging station illustrating two traditional
water years (WYs) and a melt year as proposed in this study (MY). The MY begins with the onset of
melt on 1 May 2015, and it ends one day before the next onset of melt on 5 May 2016.

While today there are a variety of techniques to measure different snowpack vari-
ables [7,8], most are newer and are not available for long historical time series. Thus, in
many previous studies, the 1 April snow water equivalent (SWE) is used as a proxy for
winter precipitation [9-14] due to the long record of manual, monthly snow course SWE
measurements [15] and the ease of manipulation of a static date. Yet these quantities do not
represent peak SWE due to their timing [16] or are not actually measured on the first of the
month [17,18].

Although the relationship between winter snowpack and baseflow has been stud-
ied [4,5,19-22], the findings vary across regions, and research in Colorado using the fol-
lowing methods has not been conducted previously. Given that a majority of annual
precipitation falls as snow in these watersheds (Figure 2), we hypothesize that peak SWE
will be an indicator of baseflow volume following melt. We use FDCs to estimate baseflow
and peak SWE for 12 snow-dominated watersheds in Colorado and define the following
research objectives: (1) compare FDC-derived baseflow for two temporal approaches (water
year versus melt year), (2) to determine the drives of baseflow, correlate peak SWE, pre-
cipitation during snowmelt, and summer precipitation with subsequent baseflow, (3) use
multivariate regressions with peak SWE, precipitation during melt, summer precipitation,
and baseflow derived from the melt year, and (4) correlate peak SWE and baseflow using a
yearly lag from 0 to 5 years, contrasting low- and high-snow years. Throughout this study,
we considered the potential implications of varying elevation, drainage area, and latitude.
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Figure 2. Mean annual peak SWE (gray), precipitation during melt (light blue), and summer precipi-
tation (orange) in stacked bars for each station. Mean daily baseflow is represented by the blue line
for each station.



Water 2024, 16, 1665

30f13

2. Data

We examined streamflow, snow water equivalent, and precipitation at 12 locations
for 44 years across the Rocky Mountains of Colorado, U.S.A. (Table 1 and Figure A4). We
assumed that 100% of low flow was baseflow. During the cold season (approximately
October through April), high elevations tend to receive larger amounts of precipitation
(as snow) than lower elevations, which receive less precipitation in general, although this
varies by year and location [23]. Between accumulation in the fall and the onset of melt
in the spring, we assumed that no precipitation or snowmelt was contributing to runoff.
We examined the period from 1 October 1979 to 30 September 2023. Daily streamflow
data were obtained from the U.S. Geological Survey [24]. Stations were selected to include
basins with varying drainage area, elevation, and latitudes, and all had fewer than ten years
of missing data during the study period. The drainage basins that contain each stream
gauge vary in latitude (37.054 to 40.496° north), elevation (2100 to 3180 m) and area (4
to 730 km?) (Table 1 and Figure A4). Each stream gauge was paired with a U.S. Natural
Resources Conservation Service (NRCS) Snow Telemetry (SNOTEL) monitoring site within
or near the drainage basin (Table 1) [25]. When the nearest SNOTEL station was inactive for
more than 4 consecutive years, another nearby station was selected from the same cluster
based on the clusters defined by Fassnacht and Derry [26]. The peak SWE, the amount
of precipitation during melt, and summer precipitation were extracted for each SNOTEL
station, for each year. This precipitation during melt is on average 10 to 20% of peak SWE
(Figure 2). The computed summer precipitation accounts for about 32 to 76% of peak SWE
(Figure 2). The highest area of each basin is in the alpine (Table 1 and Figure A4), with the
remainder of each basin being in the evergreen forest; the higher-elevation forests consist
mainly of Engelmann Spruce (Picea engelmannii) and sub-alpine Fir (Abies lasiocarpa), while
the lower-elevation forests consist mainly of Lodgepole Pine (Pinus contorta). The lowest
elevations of Fish Creek and Crystal River consist of Ponderosa Pine (Pinus ponderosa).

Table 1. Summary of the study sites, presenting the streamflow (USGS)-paired snow (SNOTEL)
stations ordered by area, with the station pair name underlined.

USGS Streamflow Gauging Station SNOTEL Snow Station
Code Name Latitude (N), Elev. (m) Drainage Area Code Name Elev. (m)
Longitude (W) ’ (km?) )
6614800 Michigan River near Cameron Pass 40.496, 105.865 3167 3.99 551 Joe Wright 3084
9032100 Cabin Creek near Fraser 39.986, 105.745 2914 12.6 838 University Camp 3139
9034900 Bobtail Creek near Jones Pass 39.760, 105.906 3179 145 335 Berthoud Summit 3445
9066300 Middle Creek near Minturn 39.646, 106.382 2499 154 842 Vail Mountain 3139
7083000 Halfmoon Creek near Malta 39.172,106.389 2996 60.9 369 Brumley 3231
9238900 Fish Creek near Steamboat Springs 40.475, 106.787 2179 66.3 457 Dry Lake 2560
9073300 Roaring Fork River near Aspen 39.141, 106.774 2475 196 542 Independence Pass 3231
9165000 Dolores River below Rico 37.639, 108.060 2567 275 586 Lizard Head Pass 3109
9107000 Taylor River at Taylor Park 38.860, 106.567 2847 332 680 Park Cone 2926
9081600 Crystal River near Redstone 39.233,107.228 2105 433 618 McClure Pass 2895
9112200 East River near Crested Butte 38.784, 106.871 2573 619 380 Butte 3097
8246500 Conejos River near Mogote 37.054,106.188 2522 730 431 Cumbres Trestle 3060

3. Methods

The traditional WY separates baseflow into two different periods (grey in Figure 1). To
reflect the hydrologic processes that are occurring in snow-dominated watersheds [27], we
propose using a melt year (MY) beginning with the onset of snowmelt and ending with the
onset of the following year’s snowmelt (Figure 1). The beginning of the MY was defined as
the day at which the rate of increase in streamflow changes, defined from a specific increase
in the cumulative streamflow, as presented by Pfohl and Fassnacht [28].

To find the onset of melt, the cumulative sum of the runoff was calculated for each
water year. Using the cumulative sum, the onset of melt was selected as the first day when
the daily slope was K times greater than the baseflow slope [28]. The constant K was
determined to be 6 after testing other values to ensure that an onset of melt contributions
date was selected at a reasonable time, based on manual identification of the onset of melt.
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The baseflow slope was calculated between 1 January and 31 March. If the onset of melt
contributions date was not identified by the routine, the MY start was manually extracted.
Once the MY was identified for each year, all daily flows in a melt year were ranked,
and the probability of exceedance for each streamflow value was found; the same was
performed for the 365 or 366 daily streamflow values for each WY. Flow duration curves
(FDC) were constructed by plotting streamflow versus the probability of exceedance for
each value per year (Figures 3 and A1b). The mean streamflow within 50-90% probability
was deemed to be the annual average baseflow [2] (Figure 3). We used the Pearson
correlation coefficient to compare the WY and MY average baseflow from the same year.
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Figure 3. Flow duration curves (FDCs) from (a) water years (WY) and (b) melt years (MY) 2014, 2015,
and 2016 at the Cabin stream station. Baseflow is isolated in gray.

Annual peak SWE was extracted for each station and year as the maximum SWE.
Peak SWE was then correlated with the annual average baseflow values from the WY
and from the same MY for all stations throughout the time series. We also correlated
average WY and MY baseflow with precipitation that occurred during melt (between peak
SWE and snow-all-gone) and with precipitation that occurred during the summer (after
snow-all-gone and before first accumulation the following season) using Pearson’s method
for both.

To examine how each of these different precipitation types correlated to the MY
average baseflow, multivariate regressions were run for MY baseflow versus peak SWE,
precipitation during melt, and summer precipitation for each station. MY baseflow was
also regressed with the sum of peak SWE and precipitation during melt, or the input from
the snowpack, and summer precipitation. In each station regression, each independent
variable (peak SWE, precipitation during melt, summer precipitation) for each year was
divided by the maximum recorded value to standardize the independent variables to a
value between 0 and 1 so that the relative regression coefficient could be compared. The
correlation coefficients and p-values were also computed for each of the regressions and
the latter for each independent variable in the regression.

The average MY baseflow values were correlated with peak SWE from the same year
and every year prior up to 5 years using Pearson’s method. For example, the MY 1985
average baseflow was compared to the peak SWE from MY 1980 (lag of 5 years) to 1985
(lag of 0 years). In addition, the peak SWE values were divided into low-, average-, and
high-snow years by considering +/—0.5 standard deviations from the mean (approximately
30.9%) (Figure A2). We used drainage area, elevation, and latitude to compare how basin
characteristics affected the results of the correlations and multivariate regressions.
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4. Results
4.1. Water Year and Melt Year versus Precipitation

The MY and WY average baseflow correlation coefficient was less than 0.5 at every
station, i.e., less than 50% of the variance is explained, except for Middle, which had an
explained variance of 55 percent (Figure 4). Out of the 12 stations, 4 had a correlation
value between the MY and WY average baseflow that was 0.3 or greater: Dolores (0.34),
Roaring Fork (0.43), Conejos (0.43), and Crystal (0.48) (Figure 4). Summer precipitation
and peak SWE tended to be more positively correlated with the MY average baseflow,
while correlations between the WY and any of the three precipitation types were generally
much smaller (Figure 4). None of the stations demonstrated a correlation between the WY
average baseflow and precipitation above 0.3. The maximum R? value for the WY was
0.21 for the correlation between the WY average baseflow and peak SWE. Contrastingly,
the correlation between the MY and summer precipitation was above 0.3 at three stations:
Dolores (0.33), Crystal (0.33), and Fish (0.45). The only station that demonstrated a positive
correlation between the MY average baseflow and peak SWE was Middle, with an R? value
of 0.41. Precipitation during melt was strongly correlated with neither the MY nor the WY
average baseflow.
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Figure 4. Comparison of the water year (WY) correlation coefficient versus the melt year (MY)
correlation coefficient for the annual peak SWE (gray), precipitation during melt (light blue), and
summer precipitation (orange). Only the two MY correlation coefficients greater than 0.4 were
statistically significant at p < 0.05.

4.2. Multivariate Regressions

Both sets of multivariate regressions (MY average baseflow vs. peak SWE, P during
melt, and summer P, and MY average baseflow vs. peak SWE + P during melt and summer
P) demonstrated similar results. For this analysis, we will only include the results of
the former (Figure 5). Of the 12 stations, all but 2 (Cabin and Bobtail) had significant
(p-value < 0.05) correlation coefficients (Figure 5a). Michigan was the only station of those
remaining with an R"2 below 0.3. Significant correlation coefficients above 0.5 were found
at six of the stations: Fish (0.51), Dolores (0.53), Middle (0.54), East (0.55), Conejos (0.60),
and Crystal (0.62) (Figure 5a). Most of the stations showed a significant relationship
between both the peak SWE and summer precipitation coefficients (Figure 5b). Cabin
and Bobtail were, again, the only two stations with no significant coefficients. The only
time that precipitation during melt was moderately significant (p-value < 0.1) was at the
Halfmoon station.
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Figure 5. (a) Correlation coefficient and (b) multi-variate regression coefficients in the multi-variate
regression. The solid line around a bar represents a significance of p < 0.05.

4.3. Melt Year versus Lagged Peak SWE

Across all years at all stations, every station had a positive R value for the comparison
between the MY average baseflow and peak SWE with a lag of 0 years (Figure 6). Six had a
coefficient of determination greater than 0.3, and two were greater than 0.5 across all years:
Roaring Fork (0.39), Cabin (0.40), Conejos (0.40), Crystal (0.40), Halfmoon (0.41), East (0.43),
Taylor (0.53), and Middle (0.55). When separated into high- and low-snow years, the low
years showed a similar pattern with higher coefficients of determination at eight stations:
Roaring Fork (0.39), Fish (0.51), Dolores (0.54), Cabin (0.58), Conejos (0.59), Halfmoon (0.69),
Middle (0.71), and East (0.80). The other lags for the low-snow years showed inconsistent
results with minimal large (greater than 0.3) coefficients of determination (Figure 6). When
separated into high-snow years only, the coefficients of determination were also widely
varied, with four stations having a more negative value at lag 0 (Middle, Dolores, Taylor,
and East), while Cabin demonstrated a large positive value (0.46) (Figure 6). There were
two stations for lag 1 with coefficients of determination larger than 0.3, and two more with
values larger than 0.5: Dolores (0.32), Roaring Fork (0.45), Middle (0.51), and Fish (0.51).
The two stations that had lag 0 values less than 0.3 and lag 1, 2, and 3 values greater than
0.3 were Middle and Dolores (the latter also had a lag 4 coefficient of determination of 0.56)
(Figure 6).
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Figure 6. Coefficient of determination for each station with lag from 0 to 5 years for (a) all years,
(b) high-snow years, and (c) low-snow years.

5. Discussion

Most of the stations (8 out of 12) showed a very weak correlation between the MY and
WY average baseflow (e.g., Figure 3). This indicates that deriving baseflow from FDCs with
the MY approach produces different (Figure 4) and more representative baseflow values
than using the traditional WY. The larger-drainage-area basins showed a slightly higher
correlation between the MY and WY average baseflow. This could indicate that larger
basins are less likely to experience high amounts of interannual variability in baseflow
(Figure A3), and thus more similar MY and WY baseflow values. The larger basin size could
also act as a buffer to interannual variability in peak SWE and subsequent baseflow [29].

The correlation between the MY, WY, and precipitation types shows a stronger con-
nection between the MY average baseflow and both peak SWE and summer precipitation
(Figure 4). Because neither the MY nor the WY average baseflow was highly correlated
with precipitation during melt, it can be assumed that precipitation during this time does
not have as big of an impact on baseflow as other forms of precipitation. Precipitation
during snowmelt tends to be small compared to snowfall prior, i.e., peak SWE (Figure 2),
but, like SWE (Figure A2), it does vary interannually [30].

Similarly, peak SWE and summer precipitation tended to have more significant cor-
relations to the MY average baseflow in the multivariate regressions. While precipitation
during melt contributes less water to baseflow than the snowpack and summer precipi-
tation, these values were standardized to ensure that the differences in magnitude of the
precipitation types were not influencing the correlations and, thus, it can be assumed that
precipitation during melt is less correlated with baseflow than the other two precipitation
groups. This could have implications for water availability in the face of climate change, as
timing and quantity of precipitation are changing [31-33].
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Since peak SWE showed a larger correlation to the MY average baseflow values in the
direct correlation (Figure 4) and the multivariate regressions (Figure 5), it is expected to
see the same results for a lag of 0 years. The low-snow years seemed to directly impact
the baseflow values during the same year but not years later, which is likely due to the
interannual variability of peak SWE in the basins (Figure 6¢). During high-snow years,
where there do not appear to be many high coefficients of determination (Figure 6b), it
is possible that the excess runoff replenished depleted groundwater supplies from low
years but did not lead to a legacy effect increase like that explored by Godsey et al. [4]. The
variable nature of the snowpack in these basins likely acts as a buffer to impacts of low-
and high-snow years beyond the subsequent baseflow from the same year.

As in this study, baseflow is often estimated through separation of the other main
component of streamflow, runoff, using various methods. Some techniques used to estimate
baseflow include baseflow separation using recession analysis [34], the chemical hydro-
graph separation approach [3], the minimum 7-day moving average [5], and conductivity—
mass—-balance hydrograph separation [21,35,36]. Here, we used FDCs [2] (Figure 2). For
the small headwater basins examined in this study (Table 1, Figure A4), the snowpack
does not begin to melt until after peak accumulation (Figure 3), which typically occurs
in April or May [30]. While rain-on-snow is becoming more relevant in snow-dominated
systems [37,38], in the watersheds that we studied, rainfall is limited [30,39]. Once the
snowpack begins to accumulate in the fall, which usually begins in October, there are
seven or eight months of the year with no precipitation or snowmelt input into the stream-
flow [20] (Figures 1 and Al). Thus, using FDCs to identify baseflow (Figures 1 and A1)
is valid. There is baseflow throughout the year (Figures 1 and Ala) [1], including during
snowmelt [1,21]; here, we are focusing on the maintenance of winter low flows. Specific
conductance, together with water temperature, is being added to streamflow gauging
stations [3,21] and could be used to assess baseflow throughout the year as a comparison
to the FDC approach used herein. However, variation in specific conductance does not
always indicate baseflow changes [40], and detailed investigations must examine hillslope
processes at various scales [41-43]. Furthermore, a changing climate will alter the timing
and nature of baseflow [19,22,44-48].

One SNOTEL station was used to represent each watershed (Table 1). Point snow
measurements or stations may not be representative of the area surrounding them [49,50].
However, the SNOTEL stations are an index of the snowpack [15,25,49] and represent the
interannual variability of the snowpack (Figure A2), which tends to be spatially consis-
tent [51]. Using multiple snow stations could better identify the actual amount of snow [7],
but this current paper focuses on the correlation between snow, rain (Figure 3), and baseflow
(Figures 4 and 5), as well as the lags between them (Figure 6).

6. Conclusions

The use of the MY, i.e,, starting at the rise of the hydrograph at the onset of snowmelt
contributions, is a novel approach to calculating baseflow in small, snow-dominated
watersheds. The MY baseflow amounts are a more accurate representation of baseflow
as a product of snowmelt and are different from WY average baseflow amounts. Peak
SWE and summer precipitation have the largest impact on the resulting MY baseflow
during the same year, but precipitation during melt does not correlate highly with MY
average baseflow. Both the simple correlations and multivariate regressions showed that
baseflow derived from FDCs using the MY rather than the WY more accurately represents
the hydrological processes occurring in high-elevation, snow-dominated watersheds in
Colorado. Future research could include the use of triple diagram models to examine the
influence of climate on peak SWE and baseflow, as well as a more in-depth examination of
the influence of basin characteristics.
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Appendix A. Interannual Variability of Streamflow and Peak SWE

This appendix provides a station example of streamflow over the study period as daily
hydrographs starting at the onset of melt (Figure Ala) and ranked per MY (Figure Alb) and
the 43-year time series of total runoff and the runoff during flow snowpack accumulation
(Figure Alc). An example is presented for a peak SWE time series (Figure A2).
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Figure Al. Example of interannual variability among (a) streamflow hydrographs, (b) ranked runoff
for the Michigan River streamflow gauging station from 1980 to 2022 with a low (1980) and high
(1995) flow year identified, and (c) annual time series of total runoff (dark blue) and runoff during
snow accumulation (light blue).
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Figure A2. Example of interannual variability of peak SWE at Cabin Creek SNOTEL station from
1980 to 2022 with peak SWE separated into low, average, and high years using 0.5 standard deviations

from the mean of the time series.

0.8
T
= 0.6
£
2
ke!
=
(0]
(2]
3
=04+
>
c
C
©
(0]
()]
©
—
(0]
5 0.2+
0 1 1 1 1 1 1 T 1 1 1 1 1
[ [ = (] [ c (@)1 [%2] = © * [72]
T § & [ © 8 £5 © & £ & o
R © Qo kel o L S o %" [ I [
S O o = £ @ s & =2 c
o m = = g 8 o o
s £ o

Figure A3. The variation in average baseflow for the 12 stations examined in this study in order of

basin size from least to greatest [52].

Appendix B. Location Map

This appendix presents a location map for the 12 study watersheds, plus their shape,

relative size, and general orientation (Figure A4).
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Figure A4. Location map of the 12 study watersheds in the state of Colorado, U.S.A. (inset) illustrating
the shape of each watershed.
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