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Abstract Effective science-based management of water resources in large basins requires a qualitative
understanding of hydrologic conditions and quantitative measures of the various components of the water
budget, including difﬁcult to measure components such as baseﬂow discharge to streams. Using widely
available discharge and continuously collected speciﬁc conductance (SC) data, we adapted and applied a
long established chemical hydrograph separation approach to quantify daily and representative annual
baseﬂow discharge at 14 streams and rivers at large spatial (> 1000 km2 watersheds) and temporal (up to
37 years) scales in the Upper Colorado River Basin. On average, annual baseﬂow was 21–58% of annual
stream discharge, 13–45% of discharge during snowmelt, and 40–86% of discharge during low-ﬂow conditions. Results suggest that reservoirs may act to store baseﬂow discharged to the stream during snowmelt
and release that baseﬂow during low-ﬂow conditions, and that irrigation return ﬂows may contribute to
increases in fall baseﬂow in heavily irrigated watersheds. The chemical hydrograph separation approach,
and associated conceptual model deﬁned here provide a basis for the identiﬁcation of land use, management, and climate effects on baseﬂow.

1. Introduction
The Colorado River and its tributaries provide municipal water to approximately 40 million people in seven
states and Mexico, irrigation water for over 20,000 km2 of land, and support hydropower facilities that supply more than 4200 MW of electrical capacity [U.S. Bureau of Reclamation, 2012]. Additionally, the river provides recreational opportunities and critical habitat for both aquatic and terrestrial biota. To effectively
manage current use and plan for future use of water, it is necessary to quantify components of the Colorado
River Basin water budget. One component that is often a large fraction of total streamﬂow, but that is difﬁcult to measure, is baseﬂow. For the purposes of this study, baseﬂow is deﬁned as water that sustains ﬂow
in a river during low-ﬂow time-periods, but is also a component of streamﬂow during high ﬂow conditions,
that is composed primarily of groundwater.
Quantitative estimates of baseﬂow in streams can be applied to address questions of baseﬂow response to
environmental conditions. For example, daily estimates of baseﬂow can be used to inform scientiﬁc or management questions that require ﬁne-scale, time-speciﬁc information, such as short-term mass balance investigations [Burns, 1998]. Seasonal estimates of baseﬂow are needed to examine questions including amongsite differences in baseﬂow during low-ﬂow or snowmelt conditions as a function of differences in watershed geology [Bloomﬁeld et al., 2009] or hydrologic alteration due to the presence of diversions or reservoirs
[Magilligan and Nislow, 2005]. Baseﬂow estimates can also be used to address questions of baseﬂow
response to irrigation practices [Stanton et al., 2010] or drought [Dahm et al., 2003].
A common approach for quantiﬁcation of different source-water components of streamﬂow is to use a
graphical hydrograph separation approach, for which stream discharge data is the only requirement
[Nathan and McMahon, 1990; Wahl and Wahl, 1988; Eckhardt, 2005]. One advantage of using graphical
approaches for hydrograph separation is that stream discharge records are widely available, and therefore,
the approach can be applied at a large number of sites, from small to large spatial scales, and extrapolated
to ungauged sites. Indeed, baseﬂow estimates for the conterminous United States [Wolock, 2003; Santhi
et al., 2008] and the entire globe [Beck et al., 2013] have been developed. Another approach for
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quantiﬁcation of different source-water components of streamﬂow, that has greater data requirements
than the graphical approaches, and therefore is often limited to streams draining small to midsized watersheds, is a chemical mass balance approach that uses the unique chemical signatures of the source waters
to separate the hydrograph. While wide application of chemical mass balance approaches is often limited
by data availability, they incorporate watershed-speciﬁc geochemical information to a greater extent than
approaches that rely on stream discharge data alone. Therefore, chemical mass balance estimates of baseﬂow are often considered to be more reliable than those from graphical hydrograph separation estimates
[Stewart et al., 2007].
Beginning in the late 1960s, stable isotope tracers such as deuterium (dD) and oxygen-18 (d18O), and major
ions such as calcium (Ca), silica (Si), sodium (Na), and speciﬁc conductance (SC), have been used to quantify
surface runoff and groundwater discharge to streamﬂow [Pinder and Jones, 1969; Dinçer, et al., 1970]. Stable
isotopes are generally considered to be the most accurate chemical tracers for hydrograph separation [Kendall and Caldwell, 1998]. However, the analytical costs associated with these constituents often limit their
use in large studies. In a comparison of hydrograph separations conducted using geochemical tracers; Cassie et al. [1996] demonstrated that SC was the most effective single parameter for quantifying the runoff
and groundwater components of total streamﬂow.
Of the chemical constituents commonly used to separate hydrographs, SC is unique in that it can be measured in situ continuously, thereby providing an opportunity for high-frequency hydrograph separation at a
low cost. Continuous SC data have been used to successfully quantify two source-water end-members in a
variety of stream ecosystems including snowmelt-dominated watersheds [Covino and McGlynn, 2007], urban
watersheds [Pellerin et al., 2007], and a range of other settings [Stewart et al., 2007; Sanford et al., 2011; Lott
and Stewart, 2012]. Most chemical hydrograph separation studies have been conducted in small watersheds
and for short durations (e.g., storm events), although some continuous chemical hydrograph separations
have been conducted for periods of 1–4 years [Stewart et al., 2007; Sanford et al., 2011]. Numerous studies
have quantiﬁed two or more source-water end-members in snowmelt-dominated streams [Caine, 1989;
Sueker et al., 2000; Liu et al., 2004; Covino and McGlynn, 2007]. However, to our knowledge, the use of chemical hydrograph separation to continuously estimate the runoff and baseﬂow components of total streamﬂow in snowmelt-dominated streams in large watersheds and for a long duration (21 years) has not been
reported.
The purpose of this study is to present an approach that estimates baseﬂow discharge to streams draining
large snowmelt-dominated watersheds that range in size from 1000 to >60,000 km2 using a wellestablished two component chemical hydrograph separation approach applied to long-term discharge and
SC records. A conceptual model of source-water components of snowmelt-dominated streams and rivers in
the Upper Colorado River Basin (UCRB) was developed to provide a framework from which the patterns in
baseﬂow estimates can be interpreted at large temporal and spatial scales. Source waters were lumped into
two end-member components: runoff and baseﬂow (deﬁned in the following sections), and stream hydrographs were separated into runoff and baseﬂow components at a daily time step for the period of record
(up to 37 years). Annual and seasonal (snowmelt and low-ﬂow time-periods) baseﬂow volumes were calculated from mean daily baseﬂow hydrographs. Examples of how the annual and seasonal baseﬂow volume
estimates could be used to investigate the relationships between baseﬂow and land use or management
activities at the large watershed scale are discussed.

2. Conceptual Model
Understanding the physical processes that control how water that enters the watershed as precipitation
ultimately discharges to the stream is a topic that has been studied by hydrologists for decades. The level
of detail with which runoff processes and sources are identiﬁed and quantiﬁed, and in turn, the number of
end-members examined, varies depending on the spatial and temporal scale of interest in a particular
study. For example, Inamdar et al. [2013] used end-member mixing analysis (EMMA) to identify temporal
variation in eleven distinct streamﬂow end-members in a small forested watershed in the mid-Atlantic US.
Quantiﬁcation of end-members at this level of detail provides much needed insight into hydrologic partitioning, processes, and streamﬂow response to variable watershed conditions. However, as the temporal
and spatial extents of studies increase, so does the level of difﬁculty associated with identifying greater
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Figure 1. Conceptual model of source waters contributing to snowmelt-dominated streams. (a) Example data from CO1—there is a yearly pattern in in-stream discharge (Q) and speciﬁc
conductance (SC), with (b) peak Q and minimum SC being observed during snowmelt conditions (late spring through early summer) and (c) minimum Q and peak SC being observed
during low-ﬂow conditions (late summer through early spring). Low SC overland ﬂow and local shallow subsurface ﬂow are the dominant ﬂow paths contributing to the stream during
snowmelt in Figure 1b. There is year-round high SC deep regional subsurface discharge to the stream, with the greatest relative contribution occurring during low-ﬂow conditions in Figure 1c.

numbers of end-members. When quantifying source waters at broad spatial scales (e.g., multiple watersheds within the UCRB), separation of the hydrograph into many end-members is not practical, and a
coarse-scale separation using two end-members is warranted. Previous studies have suggested that separation of the hydrograph into two end-members is more appropriate for large watersheds, as compared
to smaller watersheds, where greater than two end-members should be considered [Uhlenbrook et al.,
2002].
A conceptual understanding of the multiple ﬂow paths that contribute to stream discharge and water quality is useful for interpreting the results of hydrograph separation. These ﬂow paths include, but are not limited to, direct precipitation, overland ﬂow (inﬁltration excess or saturation overland ﬂow), and subsurface
ﬂow. Subsurface ﬂow paths vary in scale from local shallow-ﬂow paths to long regional deep ﬂow paths.
Compared with shallow-ﬂow paths, the deeper regional ﬂow paths respond more slowly to climate and
anthropogenic activities, and often have greater concentrations of dissolved constituents due to longer
contact times with subsurface materials [Winter et al., 1998]. In general, direct precipitation and overland
ﬂow are the temporally quickest ﬂow paths, followed by shallow subsurface ﬂow, and slower moving intermediate to deep regional ﬂow. Given the small surface area of streams as compared to the surrounding
watershed, the contribution of direct precipitation to streams is generally small, and therefore is ignored in
our conceptual model.
Discharge peaks and SC reaches a minimum value in the late spring or early summer in snowmeltdominated watersheds (Figure 1a). At this time, the stream water has a greater contribution from low SC
source waters relative to deeper groundwater sources (Figure 1b). During times of low-ﬂow and high instream SC, from late summer through early spring, groundwater ﬂow is expected to be the dominant
source-water component contributing to streamﬂow, with lesser contributions from shallow subsurface
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ﬂow (Figure 1c). This conceptual understanding provides a
framework from which the runoff and baseﬂow end-members
can be deﬁned. The runoff
end-member is low SC water
that is delivered to the system
during the snowmelt time
period, and includes melted
snow that picks up solutes on
its way to the stream. Therefore, the runoff end-member is
expected to be more geochemically evolved than freshly
melted snow, and will have a
SC concentration that is
greater than that of snow (<10
lS/cm) [Williams and Melack,
1991], but less than that of the
water in the stream during
snowmelt; which includes
inputs from high SC deep
regional ﬂow. The baseﬂow
end-member represents the
integrated SC signal from all
subsurface water entering the
stream and is high SC groundwater (Figures 1c). Irrigation
Figure 2. Map showing the Upper Colorado River Basin (UCRB) and the sampling locations
return ﬂow, which is irrigation
for the 14 stream sites included in the study. The inset shows the location of the UCRB in
water that is not used by plants
the western United States.
and later returned to the
stream, may also contribute substantial ﬂow and SC to the stream during low-ﬂow conditions in heavily irrigated watersheds, and is therefore included in the baseﬂow end member estimates.

3. Methods
3.1. Data Sources and Site Description
The UCRB is located on the western side of the continental divide, encompasses parts of ﬁve states, and
drains an area of 294,000 km2 (Figure 2). Fourteen sites draining snowmelt-dominated
watersheds > 1000 km2 within the UCRB that have nearly complete (i.e., short data gaps generally
<1 month) yearly records of continuous discharge and SC data are included in this study (Figure 2 and
Table 1). Snowmelt-dominated watersheds are deﬁned as sites where there is a peak in discharge during
snowmelt in late spring or early summer that is approximately an order of magnitude greater than low-ﬂow
conditions, which persist from late summer until late spring. There is an inverse relationship between SC
and stream discharge described by a power function at these sites (Figure 3a). An additional six sites draining watersheds > 1000 km2 and with nearly complete records of continuous discharge and SC are located
within the UCRB, but are not included in the study. These six sites are either heavily inﬂuenced by anthropogenic activities, such as being located directly downstream of large reservoirs or diversions, for example, or
have discharge patterns that are not consistent with snowmelt-dominated systems (e.g., monsoonaldominated hydrology). Direct impacts from anthropogenic activities can alter the natural hydrologic processes such that there is not a consistent inverse relationship between discharge and SC. Accordingly, SCbased hydrograph separation approaches are often not appropriate for these systems. Figure 3b shows the
SC and discharge relationship at a representative site that does not have an inverse relationship between
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Table 1. Descriptive Information for UCRB Sampling Locations

Site ID

Site Name

UNCMP
PLAT
EAGLE

Uncompahgre River at Colona, CO
Plateau Creek Near Cameo, CO
Eagle River Below Milk Creek
Near Wolcott, CO
North FK Gunnison River Above
Mouth NR Lazear, CO
White River Below Meeker, CO
Dolores River at Bedrock, CO
Dolores River Near Bedrock, CO
Yampa River Near Maybell, CO
Dolores River Near Cisco, UT
Gunnison River at Delta, CO
Gunnison River Near Grand
Junction, CO
Colorado River Near Cameo, CO
Colorado River Near
Colorado-Utah State Line
Colorado River Near Cisco, UT

GUN1
WHITE
DOL1
DOL2
YAMPA
DOL3
GUN2
GUN3
CO1
CO2
CO3

Period of
Record

Drainage
Area (km2)

Mean
Discharge
(m3/s)

Mean Specific
Conductance
(lS/cm)

Irrigated
Areaa
(km2)

Reservoir
Storageb
(x107 m3)

2010–2012
1996–2012
2007–2012

1,160
1,533
1,554

6.63
5.35
15.0

529
585
740

39 (3.4%)
52 (3.4%)
1.6 (0.1%)

10 (4)
7.4 (54)
6.2 (13)

2010–2012

2,510

14.0

930

90 (3.6%)

4.1 (40)

1978–1983
1980–2012
1980–2012
1993–2012
2007–2012
2010–2012
1976–2012

2,652
5,245
5,561
8,762
11,862
14,597
20,520

20.4
8.27
8.72
43.0
12.6
41.7
68.6

543
857
3,397
475
1,190
603
847

67 (2.5%)
8.0 (0.2%)
17 (0.3%)
178 (2.0%)
99 (0.8%)
407 (2.8%)
721 (3.5%)

1.1 (12)
51 (14)
51 (15)
17 (70)
55 (37)
140 (147)
150 (205)

1983–2012
1980–2012

20,684
46,229

115
188

882
961

318 (1.5%)
1,247 (2.7%)

450 (158)
600 (437)

2007–2012

62,419

187

983

1,350 (2.2%)

660 (480)

a

The percent of total watershed area that is irrigated is shown in parentheses.
b
The number of reservoirs in the watershed is shown in parentheses.

discharge and SC—The Green River near Greendale UT, which is located 0.8 km downstream from the Flaming Gorge Dam (capacity of 4.7 3 109 m3; http://www.usbr.gov/).
Daily mean stream discharge and SC data were obtained from the U.S. Geological Survey (USGS) National
Water Information System (NWIS) database. Drainage areas at the study sites range from 1160 km2 at
UNCMP to 62,419 km2 at CO3,
periods of record range from 3
years (multiple sites) to 37
years at GUN3, and mean discharge and SC for the periods
of record range from 5.4 m3/s
at PLAT to 188 m3/s at CO2
and 475 lS/cm at YAMPA to
3397 lS/cm at DOL2, respectively (Table 1).

Figure 3. Examples of (a) a site (CO1) that has an inverse relationship between discharge
and SC described by a power function, and (b) a site (Green River 0.8 km downstream of
the Flaming Gorge Dam) that does not have an inverse relationship between discharge and
SC described by a power function.

MILLER ET AL.

C 2014. American Geophysical Union. All Rights Reserved.
V

Streams and rivers in the UCRB
are heavily regulated and their
watersheds have a range of
land-use activities. The number
of reservoirs in watersheds
examined in this study range
from 4 (UNCMP) to 480 (CO3)
and store from 1.1 3 107 m3
(WHITE) to 6.6 3 109 m3 (CO3)
of water (Table 1). Irrigated
agriculture is common in the
UCRB and has the potential to
inﬂuence both the quantity
and chemical quality of stream
water. The area of irrigated
agricultural land is less than
4% of the total watershed area
in all watersheds, and ranges
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from 1.6 km2 at EAGLE to 1350 km2 at CO3
(Table 1). In the Paradox Valley, located
Variable
Abbreviation
between DOL1 and DOL2, there is a colStream discharge
Q
lapsed salt anticline that provides a natural
Baseﬂow discharge
QBF
source of high conductivity water to the
Speciﬁc conductance of the stream
SC
Speciﬁc conductance of the baseﬂow end-member
SCBF
Dolores River. Beginning in 1996, the Bureau
Speciﬁc conductance of the runoff end-member
SCRO
of Reclamation (BOR) began continuously
Speciﬁc conductance of the runoff
SCRO-10
intercepting and removing much of the high
end-member representing direct routing
of freshly melted snow to the stream
conductivity groundwater before it disUncertainty in baseﬂow discharge
WBF
charges to the river [Chaﬁn, 2003]. It has
been demonstrated that, at GUN3, one of the
more heavily irrigated watersheds (Table 1),
ﬂow-normalized salinity concentrations and loads decreased from 1989 to the late 1990s, but then leveled
out until 2007 [Schaffrath, 2012].
Table 2. Frequently Used Variables and Corresponding Abbreviations

3.2. Hydrograph Separation
The baseﬂow component of the hydrograph was estimated at a daily time step for the period of record at
each site. Daily baseﬂow (QBF; m3/s; Table 2) was calculated using a mass balance approach [Pinder and
Jones, 1969]:


SC2SCRO
(1)
QBF 5Q
SCBF 2SCRO
where Q is the daily mean discharge (m3/s), SC is the measured in-stream daily mean speciﬁc conductance (lS/cm), SCRO is the speciﬁc conductance of the runoff end-member, and SCBF is the speciﬁc conductance of the baseﬂow end-member. Q and SC are both measured values; whereas SCRO and SCBF are
estimated.
SCRO represents snowmelt-derived runoff discharging to the stream, composed of low SC source waters. To
quantitatively represent this end-member, in-stream discrete SC data were obtained from two high elevation sites draining small watersheds in the headwaters of the UCRB. These sites are Cabin Creek Near Fraser,
CO (elevation 9560 ft. above sea level, drainage area 12.6 km2) and Elk Creek at Upper Station, Near Fraser,
CO (elevation 9400 ft. above sea level, drainage area 4.3 km2). SCRO for all sites and at all times was deﬁned
as the average of the in-stream SC at these two sites combined during snowmelt (May and June; n555;
SCRO 5 33 lS/cm). The rationale behind this approach is that the high SC groundwater contribution to high
elevation streams draining small watersheds during snowmelt is minimal compared to the potentially large
high SC groundwater contributions to streams in the study watersheds, which drain much larger areas
(1000 to 60,0001 km2).
There are multiple subsurface ﬂow paths contributing to the stream at any point in time, each of which has
a unique SC value. This is especially true in large watersheds, such as those included in this study. The SC
measured in the stream during low-ﬂow, high conductivity periods, when there is minimal contribution
from snowmelt, can serve as a baseﬂow end-member. SCBF represents this integrated baseﬂow conductivity
discharging to the stream upstream of the measurement point. It is possible that anthropogenic activities
over long periods of time, or year to year changes in the elevation of the water table, have resulted in temporal change in the SC of the baseﬂow end-member. To account for this possibility, temporally variable
SCBF values were calculated at each site. Speciﬁcally, to represent temporal variability in the integrated subsurface SC during low-ﬂow and high conductivity conditions, a SCBF value was calculated for each year during the period of record at each of the 14 study streams as the SC of the 99th percentile of the daily SC
values for the year in question. Following the approach applied by Sanford et al. [2011], daily values of SCBF
were estimated by interpolating between the yearly SCBF values. The 99th percentile approach was adopted
to avoid the potential for outlier SC concentrations to be assigned as SCBF concentrations, which could
occur by deﬁning the SCBF end-member as the maximum SC concentrations measured each year. For example, for a four day period of near-zero ﬂow conditions in August of 1981, measured SC at DOL2 was three
times greater than SCBF derived using the 99th percentile approach, and twice that of SC measured during
any other portion of the 33 year period of record. Under these end-member deﬁnitions, a small percentage
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(< 1%) of the days were predicted to have QBF greater than 100% of measured Q. QBF values for these days
were set at 100% of total streamﬂow.
Application of the chemical hydrograph separation method requires that the following assumptions are
made: (1) contributions from other end-members are negligible, (2) SCRO and SCBF are constant over the
period of record, and (3) SCRO and SCBF are signiﬁcantly different from one another [Sklash and Farvolden,
1979]. The assumption that contributions from other end-members are negligible is accounted for by the
lumping of multiple source waters into two broadly deﬁned end-members (see Conceptual Model section
above). While there may be slight temporal variation in the SC of the runoff end-member, it is expected to
be small relative to the measured in-stream SC concentrations at the 14 study sites. For example, the standard deviation associated with SCRO is 10 lS/cm and the average SC of the 14 study streams is 1179 lS/cm.
Therefore, using a constant value of SCRO will not have a large impact on chemical hydrograph separation.
As stated earlier, SCBF is time variable in our models. The assumption that SCRO and SCBF are signiﬁcantly different from one another is supported by large differences between the SC of the end-members (reported
below).
To provide a quantitative estimate of the uncertainty in baseﬂow, 95% conﬁdence levels were applied to
the continuous SC hydrograph separations following the methods of Genereux [1998]:
"
WBF

fBF
WSCBF
SCRO 2SCBF

2 
1

fRO
WSCRO
SCRO 2SCBF

2 
#1=2
21
1
WSCS
SCRO 2SCBF

(2)

where WBF is the uncertainty in QBF at the 95% conﬁdence interval, fBF is the fraction of the total ﬂow that is
baseﬂow, fRO is the fraction of the total ﬂow that is runoff (i.e., 1 2 fBF), WSCBF is the standard deviation of
the highest 1% of measured SC concentrations multiplied by the t-value (a 5 0.05; two-tail) from the Student’s t distribution, WSCRO is the standard deviation associated with SCRO (10 mS/cm) multiplied by the
t-value (a 5 0.05; two-tail), and WSCS is the analytical error in the SC measurement multiplied by the t-value
(a 5 0.05; two-tail). The uncertainty of the instruments is <5% for SC concentrations less than 100 lS/cm
and <3% for SC concentrations greater than 100 lS/cm [Wagner et al., 2006]. Analytical error was set at a
constant value of 5% of measured SC when SC was < 100 lS/cm and 3% of measured SC when SC
was > 100 lS/cm.
3.3. Temporal Resolution of Baseflow Separation
3.3.1. Daily Period of Record Baseflow Estimates
Estimates of QBF were calculated at a range of temporal resolutions as examples of how the separation results
can be presented. At the ﬁnest level of detail, daily estimates of QBF, and the associated daily uncertainty in
QBF, at each site were calculated for the period of record by applying the daily discharge and SC records and
the SCRO and SCBF concentrations to equations (1) and (2). Daily estimates of QBF and WBF were used to calculate mean QBF and WBF values for the period of record at each site. Mean baseﬂow estimates for the period of
record derived using a runoff end-member deﬁned using stream data from the two high elevation streams
draining small watersheds (as described above) were compared to estimates derived using a runoff endmember representative of direct routing of freshly melted snow to the stream [SCRO-10 5 10 mS/cm; Williams
and Melack, 1991].
3.3.2. Mean Daily Baseflow Estimates for 2007–2012
Mean daily baseﬂow hydrographs were generated by calculating mean daily QBF values over a 6 year period
of record (2007–2012) for each day of the year (i.e., mean QBF for all 6 daily QBF values estimated on 1 January, mean QBF for all six daily QBF values estimated on 2 January, etc.). Similarly, mean daily streamﬂow
hydrographs were generated by calculating mean daily discharge for the same 2007–2012 period of record.
For the purpose of generating mean daily baseﬂow hydrographs, SCRO was held constant at 33 mS/cm, and
SCBF was calculated as described above, but using only data from the 2007–2012 period of record. The
restricted date range (2007–2012) was adopted to provide an example of how among-site comparisons in
baseﬂow discharge could be facilitated. A consistent date range is required for among-site comparisons
because among-site differences in baseﬂow estimates generated from sites with different periods of record
may be due to physical differences between the sites, but may also be due to temporally variable differences in baseﬂow. The choice of the 2007–2012 period reﬂects a balance between having a relatively long
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Table 3. Baseﬂow End-Member Concentrations (SCBF) and Baseﬂow Estimates (QBF) 6 Uncertainty (WBF) Derived Using Two Different
Runoff End-Member Concentrations (SCRO) for the Entire Period of Record at Each Sitea
Runoff End-Member
Representative of
Snowmelt Runoff
(SCRO 5 33 lS/cm)

Runoff End-Member
Representative of Direct
Routing of Snowmelt
to the Stream
(SCRO-10 5 10 lS/cm)

Site ID

Mean SCBF (lS/cm)

Mean QBF 6 Mean WBF b (m3/s)

Mean QBFb (m3/s)

UNCMP
PLAT
EAGLE
GUN1
WHITE
DOL1
DOL2
YAMPA
DOL3
GUN2
GUN3
CO1
CO2
CO3

625 6 11
745 6 49
1,289 6 77
1,445 6 55
732 6 74
1,792 6 340
10,656 6 8,100
843 6 145
2,191 6 178
918 6 43
1,222 6 224
1,3356121
1,336 6 165
1,429 6 34

5.0 6 0.3 (75%)
3.0 6 0.4 (56%)
3.7 6 0.4 (25%)
4.5 6 0.2 (32%)
11.9 6 0.8 (59%)
2.1 6 0.2 (25%)
1.0 6 1.2 (11%)
13.4 6 2.3 (30%)
3.9 6 0.3 (31%)
21.6 6 1.9 (53%)
39.4 6 5.0 (57%)
54.4 6 4.5 (47%)
103 6 9.6 (55%)
93.1 6 6.0 (50%)

5.1 (76%)
3.1 (58%)
3.9 (26%)
4.7 (33%)
12.1 (60%)
2.2 (26%)
1.0 (11%)
14.3 (33%)
4.0 (32%)
22.1 (53%)
40.1 (58%)
55.5 (48%)
104 (56%)
94.7 (51%)

a

Sites are listed in order of increasing drainage area.
Ratio of mean baseﬂow to mean total streamﬂow during the period of record, expressed as a percentage, at each site is shown in
parentheses.
b

record (6 years) and retaining a majority (10) of the original 14 sites. Annual, snowmelt time-period, and
low-ﬂow time-period baseﬂow volumes were calculated as the sum of mean daily baseﬂow during the
entire year, the snowmelt time-period, and the low-ﬂow time-period, respectively. The snowmelt timeperiod was deﬁned by visual inspection of the mean daily streamﬂow hydrographs (i.e., beginning of rising
limb to end of falling limb of snowmelt peak), and the low-ﬂow period was the remainder of the year.

4. Results
4.1. Daily Period of Record Baseflow Estimates
SCRO, deﬁned as the average in-stream SC at the two high elevation sites during snowmelt, was 33610 mS/cm.
Mean SCBF concentrations for the period of record ranged from 625611 lS/cm at UNCMP to 10,65668100 lS/
cm at DOL2, where there is a collapsed salt anticline providing a naturally high source of conductivity (Table 3).
For reference, the next highest SCBF concentration was at DOL3 (21916178 lS/cm). End-member concentrations were signiﬁcantly different between sites with differences in mean SCBF being greater than SCRO by a factor of 20 at UNCMP to 320 at DOL2. Mean QBF for the period of record (using a runoff end-member of 33 mS/
cm) ranged from 1.061.2 m3/s at DOL2 to 10369.6 m3/s at CO2 (Table 3—column 3).
Daily SC and discharge for the entire period of record at CO1 are shown as an example of long-term patterns in SC and discharge at UCRB stream sites (Figure 4a). Similar to all 14 sites, discharge and SC were
inversely related to one another at CO1 over the 30 year period of record (Figure 3a). Maximum and minimum SC concentrations tended to be lower during high ﬂow years (e.g., 1983, 1997, 2011) than low-ﬂow
years (e.g., 1989, 2002, 2012). Daily baseﬂow estimates and associated uncertainties derived from the SC
and discharge data at CO1 are shown for the period of record in Figure 4b. QBF was variable over time, with
a mean QBF for the period of record of 54 6 4.5 m3/s (Table 3). Temporally, QBF was higher during high ﬂow
years and lower during low-ﬂow years. Daily baseﬂow estimates and uncertainties for water year 2001 are
shown as examples of ﬁner temporal-scale-resolution patterns in baseﬂow in Figure 4c. Baseﬂow was relatively invariant during low-ﬂow conditions, but increased during snowmelt. In general, uncertainty was
greater during low-ﬂow conditions as compared to during snowmelt.
When the runoff end-member was deﬁned as that of direct routing of freshly melted snow to the stream
(SCRO-10510 mS/cm), the mean baseﬂow for the period of record increased at all sites relative to the baseﬂow estimates derived using a runoff end-member deﬁned using stream data from the two high elevation
streams draining small watersheds (SCRO533 mS/cm; Table 3). However, the increase in estimated baseﬂow
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was small and within the
range of uncertainty at
the 95% conﬁdence interval calculated using the
runoff end-member of 33
mS/cm.
4.2. Mean daily
Baseflow Estimates
2007–2012
Mean daily discharge and
baseﬂow hydrographs for
the 2007–2012 period of
record showed similar
patterns for all 10 sites
(Figure 5). The mean daily
discharge began rising in
spring (March–May),
peaked in June or July,
and returned to low-ﬂow
conditions in August. Discharge was low and relatively invariant for the
remainder of the year
(August-March). There
was a noticeable peak in
baseﬂow discharge concomitant with the rising
limb of discharge in late
spring at all sites;
although the increase
Figure 4. (a) Stream discharge (Q, black solid line) and speciﬁc conductance (SC, gray solid line) for
was substantially less at
the period of record at CO1. Upper and lower dashed lines in (a) represent the baseﬂow (SCBF; red
DOL2, where grounddashed line) and runoff (SCRO; blue dashed line) end-member SC concentrations, respectively. Daily
baseﬂow (QBF; solid line) and upper and lower daily uncertainties at the 95% conﬁdence interval
water is being pumped
(QBF 6 WBF; dashed lines) for (b) the period of record and (c) for a single year (water year 2001).
out of the system prior to
Note that in Figure 2b, the uncertainty is small compared to the magnitude of baseﬂow, and therereaching the river. Mean
fore the uncertainty lines cannot be easily distinguished from the baseﬂow line.
daily baseﬂow increased
in the fall at GUN3, and
to a lesser degree at CO2 and CO3, which are located just downstream of the conﬂuence of the Gunnison
River and the Colorado River.
The annual volume of baseﬂow for the 2007–2012 period of record, calculated from the mean daily baseﬂow hydrographs, ranged from 2.8 3 107 m3/yr at DOL2 to 3.1 3 109 m3/yr at CO2 (Table 4). As a percentage, baseﬂow ranged from 21% (DOL2) to 58% (PLAT and GUN3) of annual stream discharge. Seasonally,
baseﬂow ranged from 1.3 3 107 m3 (DOL2) to 1.3 3 109 m3 (CO2) during the snowmelt time-period and
from 1.5 3 107 m3 (DOL2) to 1.8 3 109 m3 (CO2) during the low-ﬂow time-period. As a percentage, baseﬂow ranged from 13% (DOL2) to 45% (GUN3) of streamﬂow during the snowmelt time-period and from
40% (DOL2) to 86% (PLAT) of total discharge for the low-ﬂow time-period.
Greater than or equal to 40% of the annual baseﬂow volume was discharged to the stream during the
snowmelt time-period (Table 4), which comprises 25% of the year, at all sites. Seventy-eight percent of
the annual baseﬂow was discharged to the stream during the snowmelt time-period at YAMPA, one of the
sites least impacted by reservoir storage. To investigate the potential inﬂuence of reservoir storage on the
timing of baseﬂow discharge, the volume of water stored in reservoirs normalized to watershed drainage
area was plotted against the percentage of annual baseﬂow discharged to the stream during the snowmelt
time-period (using the 2007–2012 baseﬂow estimates). There was a negative logarithmic relationship

MILLER ET AL.

C 2014. American Geophysical Union. All Rights Reserved.
V

6994

Water Resources Research

10.1002/2013WR014939

between the volume of water
stored in reservoirs normalized
to watershed drainage area
and the percentage of total
annual baseﬂow discharged to
the stream during the snowmelt time-period (Figure 6;
R250.60).

5. Discussion
The approach applied here
provides quantitative estimates
of daily and mean daily runoff
and baseﬂow components of
streamﬂow in 14 snowmeltdominated streams and rivers
at large spatial (> 1000 km2
watersheds) and temporal (up
to 37 years) scales, using
widely available discharge and
continuous SC data from USGS
gages in the UCRB. While the
two component tracer-based
hydrograph separation
approach used here has long
been established in the literature, it has not been adapted
and applied to streams draining large snowmelt-dominated
watersheds for long periods of
record. We utilized the unique
geochemical signature of
snowmelt (low SC) and
Figure 5. Mean daily hydrographs (black lines) and mean daily baseﬂow hydrographs (gray
groundwater (high SC) to partilines) for the 2007–2012 period of record at each site. End-member SC concentrations and
the volumes of baseﬂow delivered to each site during snowmelt, low-ﬂow conditions, and
tion channel ﬂow into snowthe entire year are shown in Table 4. Sites increase in drainage area from left to right and
melt and groundwater
top to bottom.
contributions at large temporal
and spatial scales. The ability
to estimate baseﬂow, and associated uncertainty, at a daily time step in snowmelt-dominated systems is
important for a more complete understanding of the water budget in the UCRB, and provides information
for addressing a variety of questions, including, climate, management, and land use impacts on the baseﬂow component of streams.
5.1. Source-Water Contributions to End-Members
The large spatial and temporal extents of the watersheds and data records examined here make it difﬁcult, if not impossible, to quantify the relative contribution of numerous source waters to a stream at a
given point in time; as has been done in smaller watersheds and for shorter durations using EMMA [e.g.,
Christopherson and Hooper, 1992; Burns et al., 2001; Inamdar, et al., 2013]. Examination of end-member SC
concentrations provides some insight into source waters contributing to the runoff and baseﬂow endmembers. If freshly melted snow were the only source water contributing to the stream during snowmelt,
then SCRO, which is deﬁned as 33 lS/cm at all sites, would be expected to be similar to that of snow
[< 10 lS/cm; Williams and Melack, 1991]. The deﬁnition of SCRO is three times that of snow to indicate
that direct routing of snowmelt to the stream is not the only contributor to the runoff end-member.
Rather, snow ﬂows on and inﬁltrates the land surface as it melts, and picks up solutes on its way to the
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Table 4. Summary Statistics for 2007–2012 Period of Record at Each Sitea

Site ID

Annual
Baseflow (m3)

Snowmelt Period
Baseflow (m3)

Low-Flow
Period Baseflow (m3)

Percentage of
Yearly Baseflow
During Snowmelt

PLAT
EAGLE
DOL1
DOL2
YAMPA
DOL3
GUN3
CO1
CO2
CO3

9.4 3 107 (58%)
1.2 3 108 (25%)
3.9 3 107 (33%)
2.8 3 107 (21%)
4.7 3 108 (30%)
1.2 3 108 (30%)
1.2 3 109 (58%)
1.6 3 109 (44%)
3.1 3 109 (53%)
2.9 3 109 (50%)

4.4 3 107 (43%)
6.9 3 107 (17%)
2.3 3 107 (27%)
1.3 3 107 (13%)
3.6 3 108 (27%)
6.0 3 107 (20%)
5.7 3 108 (45%)
6.9 3 108 (29%)
1.3 3 109 (36%)
1.2 3 109 (33%)

4.9 3 107 (86%)
4.6 3 107 (71%)
1.6 3 107 (47%)
1.5 3 107 (40%)
1.0 3 108 (58%)
6.3 3 107 (54%)
6.6 3 108 (77%)
9.1 3 108 (72%)
1.8 3 109 (80%)
1.7 3 109 (77%)

47%
60%
59%
47%
78%
49%
46%
43%
42%
41%

a
The amount of baseﬂow for the speciﬁed time-period is shown in columns 2–4, with the fraction of total streamﬂow that is baseﬂow
during that time period in parentheses. The fraction of the total annual baseﬂow that enters the stream during the snowmelt time
period is shown in the last column. Sites are listed in order of increasing drainage area.

stream [Stottlemyer and Troendle, 1999; Stottlemyer, 2001]. Comparison of baseﬂow estimates derived
using SCRO deﬁned using stream data from the two high elevation streams draining small watersheds
(SCRO533 mS/cm), with baseﬂow estimates derived using SCRO-10, representing direct routing of snow to
the stream, demonstrates that the difference between these two approaches is within the uncertainty of
the baseﬂow estimates.
The high within- and among-site variability in SCBF indicates temporal and spatial variability in source
waters comprising the baseﬂow end-member. The fact that multiple source waters contribute to the baseﬂow end-member (see Figure 1c), and that there is likely temporal variability in the relative contribution of
each source water to the end-member, makes it impossible to identify a single independent subsurface SC
concentration (from a single groundwater well, for example) that can be used to deﬁne SCBF. It is for this
reason that we used the in-stream SC data during low-ﬂow conditions, when snowmelt was not contributing to stream discharge, to characterize the baseﬂow end-member. In a survey of 815 samples collected
from 328 groundwater wells located in a variety of geological formations and along different ﬂow paths in
the Yampa River watershed, SC ranged from 50 to 15,900 mS/cm, with a median concentration of 1170 mS/
cm [Bauch et al., 2012]. This large range in SC concentrations serves as an example of the within-watershed
variability in groundwater SC concentrations that are present in large watersheds, such as those included in
this study. If a single well, or small number of wells, were sampled and used as independent measures of
the baseﬂow end-member, it is possible that a concentration that is not representative of an integration of
all subsurface source waters discharging to the stream could be chosen as the baseﬂow end-member (anywhere from 50 to 15,900 mS/cm in this example). The fact that the median value of 1170 mS/cm is similar to
our estimated average SCBF at the YAMPA site of 8436145 mS/cm provides some conﬁdence in the assumption that SCBF is representative of an integrated SC signal of all subsurface source waters discharging to the
stream.

Figure 6. Percentage of total annual baseﬂow discharged during the snowmelt time-period
(2007–2012 period of record) as a function of the volume of water stored in reservoirs normalized to watershed drainage area.
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point source) in the Paradox Valley. This site also serves as an example of the importance of having time
variable and spatially variable baseﬂow end-members. The pumping to intercept high SC groundwater prior
to reaching the stream, which began in 1996—approximately half way through the period of record at
DOL2—has resulted in a temporal change in the SC of the baseﬂow discharging to the stream. This variability is accounted for by having a time variable baseﬂow end-member, and is reﬂected in the high standard
deviation of SCBF at DOL2. Similarly, salinity control projects in other parts of the UCRB have been suggested
as management actions that alter baseﬂow SC, and subsequently, in-stream SC concentrations. A decrease
in ﬂow-normalized salinity concentrations and loads at GUN3 from 1989 to the late 1990s was identiﬁed
and attributed, at least in part, to the implementation of salinity control projects which began in the late
1980s [Schaffrath, 2012]. If the baseﬂow end-member at GUN3 was not time-variable, it would be impossible
to differentiate the relative importance of temporal change in baseﬂow discharge to a stream from temporal change in the chemistry of the baseﬂow end-member (i.e., decreased contributions of highly saline irrigation return ﬂow water to the baseﬂow end-member). While temporal patterns in baseﬂow are not
investigated as part of this study, the approach of using temporally variable baseﬂow end-members will be
useful for future studies that aim to quantify temporal changes in baseﬂow.
5.2. Relations Between Baseflow, Land Use, Management, and Climate
The chemical hydrograph separation approach for estimating baseﬂow, along with the baseﬂow estimates
for the 14 streams in the UCRB presented here, serve as an example of how the approach could be used in
future studies to address a variety of important questions regarding land use, management, and environmental controls on baseﬂow. The baseﬂow patterns at the 10 sites for which mean daily hydrographs were
generated are similar to many studies that have shown temporal variability in baseﬂow or ‘‘old water’’ components of streamﬂow, including increases in baseﬂow during snowmelt or storm events [Hooper and Shoemaker, 1986; Genereux and Hooper, 1998; McNamara et al., 1997; Lott and Stewart, 2012] due to processes
such as groundwater ridging [Sklash and Farvolden, 1979] or transmissivity feedback [Kendall et al., 1999],
for example. Deviation from the ﬂat line baseﬂow pattern during nonsnowmelt time-periods may suggest
impacts from land use or management effects. For example, the increase in baseﬂow in the late summer
and fall at GUN3, which has the largest percentage of irrigated area of the study streams, may be indicative
of unused irrigation water returning to the stream at this time. This interpretation is consistent with model
results showing seasonal increases in return ﬂows to the Arkansas River during the late summer and fall
months [Gates et al., 2012]. Moreover, this ‘‘fall bump’’ at GUN3 appears to be propagated downstream, as
there is also a slight increase in fall baseﬂow at CO2, and to a lesser degree at CO3. Alternative processes
that could be driving the ‘‘fall bump’’ in baseﬂow at these sites are increased groundwater discharge to
streams following snowmelt recession in response to a reversal in the hydraulic gradient as stream levels
drop [Huntington and Niswonger, 2012], and/or increases in ﬂow as a result of decreasing evapotranspiration
at this time of year [Wigley and Jones, 1985].
While reservoirs can also impact the SC-based separation (see Figure 3b), we propose that SC-based separations conducted at sites far enough downstream from reservoirs, such that the discharge-SC power function
relationship is upheld, can be used to accurately estimate baseﬂow. This is because low conductivity water
that is stored in reservoirs during snowmelt, and later released, would be interpreted as baseﬂow by a
graphical approach, but the geochemical signature (i.e., the low SC) allows for the chemical hydrograph
separation to identify a portion of the reservoir release during the low-ﬂow time-period as runoff. The
among-site variability in the storage of low SC runoff water in reservoirs and/or via geologic and soil conditions, and later release of this low SC water, may be contributing to the ﬁnding that baseﬂow ranged from
as low as 40%, but up to 86%, of streamﬂow during low ﬂow conditions.
Similar to the storage of low SC runoff water, reservoirs have the potential to store baseﬂow that is discharged to the stream during the snowmelt time period. Of the 10 sites for which mean daily hydrographs
(2007–2012) were generated, the YAMPA has the smallest volume of water stored in reservoirs normalized
to watershed area, and had the greatest relative contribution of baseﬂow during snowmelt (78% of baseﬂow was discharged during snowmelt; compared with 41–60% at the other nine sites). The negative relationship between the volume of water stored in reservoirs normalized to watershed drainage area and the
percentage of total annual baseﬂow discharged during the snowmelt time-period (Figure 6) suggests that
watersheds with greater amounts of reservoir storage relative to drainage area may be retaining baseﬂow
discharged to the system during snowmelt. If reservoirs do alter baseﬂow in this way, that would act to
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decrease the magnitude of the baseﬂow ‘‘bump’’ during snowmelt at sites with upstream reservoir storage.
Other studies have found that retention of water in reservoirs in snowmelt-dominated streams results in
reduced variability in ﬂow regimes [Poff et al., 2007; Arrigoni et al., 2010].
The among-site variability in the relative fraction of total stream discharge that is baseﬂow discharge, either
seasonally or annually, may provide some initial insight into the sensitivity of streamﬂow to short-term
changes in climate. For example, at sites with a greater proportion of baseﬂow, stream discharge may
receive greater relative inputs of deep regional groundwater, and therefore, may be less sensitive to shortterm changes in climate, including drought or potential shifts from snow dominated to rain dominated
regimes. However, determination of site-speciﬁc sensitivity to short-term changes in climate requires information on groundwater storage, transit times, and how aquifer recharge is inﬂuenced by climate variability;
none of which are provided as part of this study.
5.3. Conclusions
A chemical hydrograph separation approach has been applied successfully to estimate the baseﬂow component of streamﬂow in 14 large snowmelt-dominated watersheds in the UCRB for long periods of record
(up to 37 years), using only widely available in-stream SC and discharge data. On an annual basis, for a
restricted period of record, the baseﬂow component ranged from 21% to 58% of total annual streamﬂow.
Baseﬂow ranged from 13 to 45% of streamﬂow during snowmelt and 40–86% of total streamﬂow during
low-ﬂow conditions. While data from a larger number of sites are needed to reach deﬁnitive conclusions
regarding environmental effects on baseﬂow discharge, preliminary assessment of seasonal variations in
baseﬂow identiﬁed patterns that may be indicative of reservoir or irrigation effects. Speciﬁcally, reservoirs
may retain baseﬂow and/or runoff discharged to streams during snowmelt and release that water during
low-ﬂow conditions, and irrigation return ﬂows are likely contributing to increases in fall baseﬂow in heavily
irrigated watersheds. While these preliminary baseﬂow-land use relationships warrant further investigation,
the approach and results described here provide a valuable tool to improve our understanding of the water
budget of the UCRB and other snowmelt-dominated watersheds, and further our ability to quantitatively
address relationships between baseﬂow, climate, land use, and management activities.
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