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Baseflow recession analysis in the inland Pacific Northwest

of the United States

R. Sanchez-Murillo - E. S. Brooks - W. J. Elliot -
E. Gazel - J. Boll

Abstract The storage-discharge relationships of 26 water-
sheds in the inland Pacific Northwest of the United States
were analyzed. Four fitting methods were used to obtain
the baseflow coefficients: lower envelope, organic corre-
lation, and ordinary and inverse least squares. Several
climatic and terrain attributes were evaluated as predictors
of baseflow coefficients. Watersheds dominated by basalt
and flatter landscapes exhibited the smallest recession
time scales (K) (12.5-20.0 days). Greater K values
(33.3-66.7 days) were obtained over catchments
dominated by metamorphic and sedimentary rocks.
Mean basin slope and the aridity index were found
to be the best estimators of baseflow coefficients.
Baseflow in flat basalt landscapes, located in dry warm
climates, decrease rapidly during summer months and
are most sensitive to future droughts and warming
climates. Groundwater systems feeding streams during
the driest months can drop to less than 1 mm of
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effective storage in these sensitive systems. In contrast,
the minimum annual storage in mountainous systems
can have greater than 10 mm effective storage. By
understanding the main factors controlling baseflow
recession characteristics, environmental agencies could
prioritize efforts in areas where future droughts and
land use changes may affect ecological assemblages
and socio-economic activities.

Keywords USA - Groundwater/surface-water
relations - Geology - Climate - Watershed management

Introduction

Climate change is expected to increase evaporation and
precipitation across the globe resulting in an intensifica-
tion or acceleration of the water cycle in the coming
decades (Del Genio et al. 1991; Nijssen et al. 2001;
Huntington 2006; Durack et al. 2012), which may
significantly alter the magnitude and timing of streamflow
regimes (Tang and Lettenmaier 2012; D61l and Zhang
2010; Doll and Miiller-Schmied 2012; Arnell and Gosling
2013). Consequently, international efforts (e.g.
International Flood Initiative; UNESCO 2005) and gov-
ernment attention has been geared to prevent and mitigate
the effects of extreme flood events (Plate 2002), especially
in developing countries. A broad spectrum of human
activities (e.g. food production, drinking water, recreation)
and ecological assemblages (e.g. habitat volume for
aquatic biota, biochemistry and thermal regimes) rely on
sustained baseflow conditions. Despite its importance,
however, current understanding of future impacts on long-
term groundwater storage and baseflow regimes is limited
(Dams et al. 2012; Brutsaert 2012).

Baseflow is described as the cumulative outflow from
all upstream riparian aquifers during rainless periods, in
the absence of snowmelt or any other hydrologic inputs
such as return irrigation return flows (Brutsaert 2005).
Changes in groundwater storage and baseflow discharge
constitute a critical component of any ecosystem. For
example, baseflow plays an important role in regulating
stream chemistry, water temperature and dissolved oxygen
during critical summer months, and provides continuous
habitat volume to endangered aquatic species in temperate
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regions (Sanchez-Murillo et al. 2013). Furthermore,
information on baseflow characteristics and groundwater
storage is important for decision making related to
effective allocation of resources, water-quality-standard
assessments and regulations, and prioritization of water
conservation efforts in areas of accelerated potential future
droughts or population growth.

The Pacific Northwest of the United States (PNW) has
been recognized as a particularly sensitive region to climate
variability (Miles et al. 2000; Elsner et al. 2010). Since the
1940s, a decreasing trend in snow water equivalent has been
observed while water consumption has increased (Mote
2003; Stewart et al. 2005; McCabe and Clark 2005; Van Kirk
and Naman 2008). Overall, a consensus exists that snow-
dominated watersheds within the PNW will potentially
experience spring runoff episodes up to 4 weeks earlier.
Future climate scenarios for the PNW (Mote and Salathé
2010) project a warming of 0.1-0.6 °C per decade.
Furthermore, Mayer (2012) found that baseflow is one of
the major factors controlling summer thermal regimes across
the region with a mean sensitivity of 0.47 °C (stream)/°C
(air). Stream water temperature is a function of heat load and
discharge volume (i.e. water temperature o heat load/
discharge); consequently, an increase of air temperature
and decline in baseflow discharge may cause the disruption
of stream thermal regimes especially throughout the summer
(Poole and Berman 2001), indicating a need to improve our
understanding of how seasonal variability in baseflow
impacts stream environments.

Over the last half century, the PNW has been
experiencing declines in summer baseflow. Clark (2010)
found a decrease of 25 % in daily minimum streamflow
across Idaho, western Wyoming, and northern Nevada.
Luce and Holden (2009) examined 43 stream stations
throughout the PNW and found a significant decline in the
25th percentile of annual flow in 72 % of the stations. Half
the stream stations showed a 29 % decline in the 25th
percentile of flow between 1948 and 2006 with records
from one station indicating a 47 % drop. Leppi et al.
(2012) examined 50-year records from 153 stream stations
in the Central Rocky Mountain Region and found
declining trends in the mean monthly flow in August in
89 % of the stations. Fu et al. (2010) noted similar
differences in mean annual flow at 35 stations in
Washington State. In a recent study of 420 catchments
across the contiguous United States, Berghuijs et al.
(2014) indicated that annual fraction of precipitation
falling as snow has a significant influence on the mean
annual streamflow, independent of precipitation amount;
therefore, a precipitation shift from snow towards a rain-
dominated regime significantly decreases the mean
streamflow. Understanding long-term patterns of base-
flow recession emerges as a fundamental mission. It is
essential that new methods are developed to support
future decisions responding to how accelerated popula-
tion growth and climate variability may impact water
distribution systems in the PNW and elsewhere (Milly
et al. 2005; Huntington 2006; Bates et al. 2008; Zhou
et al. 2011).
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This study analyzed the storage-discharge relationships
across 26 watersheds in the inland PNW with a variety of
basin areas, geologic formations, land uses, and temper-
ature and precipitation gradients. A modified methodology
for baseflow analysis applicable for steep and flat land-
scapes is presented. This study presents the first baseflow
recession analysis for the inland PNW. The specific
objectives were: (1) to evaluate the main terrain character-
istics controlling the natural release of water as baseflow;
(2) to estimate the role that climate plays in the baseflow
recession process; and (3) to determine the regional
variability of the recession time scale (K) and minimum
annual storage across the inland PNW.

Baseflow recession analyses methods

Generally, baseflow is examined using low frequency
analysis such as Q7o (i.e. 7-day, 10-year return period
discharge) (Vogel and Kroll 1992; Brandes et al. 2005),
baseflow indices (Wolock 2003; Bloomfield et al. 2009),
and recession analysis methods (Tallaksen 1995). De-
tailed reviews of recession analysis have been reported
elsewhere (Hall 1968; Wittenberg 1999; Smakhtin 2001;
Kirchner 2009; Price 2011). To overcome the
uncertainties involved in defining the time at which the
recession begins, Brutsaert and Nieber (1977) proposed
a method to parameterize a storage-discharge relation-
ship based on the Boussinesq equation (i.e. flow from an
unconfined horizontal aquifer). The solution to the
problem of outflow from an unconfined rectangular
aquifer on a horizontal impermeable layer into a fully
penetrating stream channel was proposed by Boussinesq
(1877). The solution assumes that the water table is a
free surface and neglects the effects of capillarity above
the water table. It also relies on Dupuit assumptions,
specifically that: (1) flow is parallel to the bed slope, (2)
the velocity is uniform perpendicular to the bed, and (3)
the hydraulic gradient equals the slope of the free
surface. In this application, the slope of the
impermeable bed is neglected and assumed to be
horizontal.

Brutsaert and Nieber (1977) method consists of
plotting the decline in discharge (—dQ/df) [L T 2] versus
average discharge (Q) [L T '] (Eq. 1; Fig. 1). The main
advantage of representing the recession curve in the form
shown in Eq. (1) is the elimination of time as a dependent
variable; thus, it is unnecessary to select the precise
beginning of the recession.

_49 _

=10 (1)

where f'is a characteristic function for a given watershed
and Q [L/T] is streamflow. When using actual discharge
data, Eq. (1) can be expressed as follows:

0.0, (0.0
< —f< e ) 2)
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Fig. 1

a Natural spectrum of data points showing decline in discharge, —dQ/dt [mm d ]
during the period 1939-2011 on Lochsa River, Lowell, Idaho. The drainage area is 3,060 km~.

versus the average discharge, O [mm d '],

3 The lower envelopes are represented by the

lines with slopes b= 1 and »=3. The organic correlatlon fitting method exhibits a slope of 1.079. b Shows the distribution of average

discharge Q [mm d N

where the subscript i represents a counter in the discharge
time series. Change in underground water storage in a
particular watershed over a period of time is described by
the conservation of mass equation:

ds

= P-ET-Q0-L
dt Q

(3)

where S [L] is the volume of water stored in the
watershed, P [LT '] is Prec1p1tat1on ET [LT ] is
evapotransplratlon O [LT'] is discharge, and L [LT']
is lateral flow. In the absence of aquifer recharge, when P,
ET, and L are negligible, baseflow dominates stream
discharge and Eq. (3) can be written as:

ds

=0 @

Linear reservoir theory assumes that outflow O from
the bedrock or riparian aquifer is linearly dependent on the
storage S (Tallaksen 1995):

Q=as (5)

where a is a constant [T ']. Substituting Eq. (5) into
Eq. (4), the mass balance equation yields a power law
relationship between —dQ/dt and discharge QO:
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b
E_aQ (6)

where b is an exponent; b=/ yields the linear reservoir
special case. One of the advantages of representing the
recession process in a power form such as Eq. (6) is that
three well-known analytical solutions (Table 1) to the
Boussinesq equation for an unconfined horizontal aquifer
can also be expressed in a power form where coefficient a
is a function of the hydraulic properties of the system.
Equation (6) can be also log-transformed to:

log(~dQ/dt) = log(a) + b log(Q) (7)

In the method of Brutsaert and Nieber (1977) when
plotting the decline in dlscharge (—dQ/dr) [LT 2] versus
average discharge (Q) [L T '] on a log-log scale a natural
cloud of data points is obtained, where the lower envelope
represents the lowest dQ/dt for a given Q (Fig. 1). The
lower envelope can be analyzed using three fixed slopes b
equal to 1, 1.5, and 3 (Brutsaert and Lopez 1998). A slope
of 1 represents a linearized outflow from a rectangular
aquifer into a fully penetrated channel. A slope of 1.5
describes a situation in which the shape of the water table
remains curvilinear for a long time. Finally, a slope of 3
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Table 1 Solutions to Boussinesq equation for an unconfined horizontal aquifer

Linearity Time domain Slope b Outflow time Source

a (L7PT
Non-linear Short 3 ](1,"71D333L42 Polubarinova-Kochina (1962)
Non-linear Long 1.5 % Boussinesq (1904)
Linearized Long 1 kDL’ Boussinesq (1903)

k hydraulic conductivity, ¢ drainable porosity, D aquifer depth, L upstream length, 4 drainage area, p is a constant (0.3465)

describes a high flow scenario based on the assumption that
the aquifer boundary at the divide stays infinitely distant from
the channel (Brutsaert and Lopez 1998; Brutsaert 2005).

The selection of the exact lower envelope position has also
been a matter of discussion (Ajami et al. 2011; Stoelzle et al.
2012), because there is some degree of subjectivity or
uncertainty related with this procedure. Kirchner (2009)
suggested estimating the central tendency of —dQ/dt instead
of the lower envelope as a better average descriptor of a
watershed’s natural behavior. Several fitting techniques have
been used to estimate the baseflow coefficients (i.e. @ and b)
from linear regression models (Brutsaert and Lopez 1998) to
binning means (Parlange et al. 2001; Kirchner 2009; Palmroth
et al. 2010), and mean relative errors (Pefia-Arancibia et al.
2010; van Dijk 2010). Rupp and Selker (2006) reported that
the lower envelope may be affected by precision and noise in
the streamflow data causing scattering and discretization at low
flows. These two factors, illustrated by the horizontal artifacts
when plotting —d(Q/dt versus average discharge Q (Fig. 2), may
lead to misinterpretation of the recession phenomena.

Despite the variety of approaches used to determine the
baseflow coefficients, the Brutsaert and Nieber (1977)
method has been successfully used to determine basin-
scale effective groundwater parameters (i.e. aquifer
thickness, hydraulic conductivity, drainage porosity;
Zecharias and Brutsaert 1988; Troch et al. 1993;
Brutsaert and Lopez 1998; Szilagyi et al. 1998; Mendoza
et al. 2003); mountain block recharge (Ajami et al. 2011),
human influences on baseflow (Wittenberg 2003; Wang
and Cai 2009; 2010a, b), and long-term minimum annual
storage trends (Brutsaert 2008, 2012; Brutsaert and Sugita
2008). The latter application provides meaningful infor-
mation to evaluate water management under changing
climate conditions and may be a potential tool to estimate
water availability in ungauged basins.

The minimum annual storage in a particular basin can
be evaluated as:

S =Ky (8)

where y=0/A is the rate of flow (Q) per unit of drainage
area (4) [LT '] and K (ie. a ', see Eq. 5) is the
characteristic recession time scale [T]. Basically, K
represents mainly the groundwater drainage characteristic
of a particular watershed. Since the rate of flow per unit
area continually changes during the year, it’s necessary to

evaluate which value of the baseflows best reflects the
Hydrogeology Journal (2015) 23: 287-303

annual value of the basin minimum storage. Brutsaert
(2012) reported the annual lowest 7-day daily mean flow
(yL7) as a robust measure to evaluate the minimum annual
basin storage. Additionally, several studies (Brutsaert
2008, 2010, 2012; Brutsaert and Sugita 2008) have found
on average a K of 45 days with an uncertainty of 15 days
for large basins (i.e. >100 km?). Brutsaert and Lopez
(1998) found a mean K of 31.6 days for 22 subbasins in
the southern Great Plains of the United States with
extremes of 12.5 and 66.5 days.

Materials and methods

Data selection and watersheds characteristics
Long-term daily discharge and precipitation records were
obtained for 26 watersheds throughout eastern Washing-
ton and central and northern Idaho (Fig. 3; Tables 2 and 3)
from the United States Geological Survey National Water
Information System (USGS 2011) and the National
Oceanic and Atmospheric Administration (NOAA 2011),
respectively. Total discharge and precipitation records
ranged from 7 to 75 years with a mean length of 33
years. In selecting the watersheds, hydrological alterations
such as dams, reservoirs, irrigation, and return flows were
avoided. Therefore, most of the watersheds represent near-
natural conditions corresponding to inter-mountainous
forested or semi-arid areas. Daily streamflow records were
normalized to unit area discharge [L .

Several geomorphic and climatic attributes were deter-
mined for each watershed (Tables 2 and 3) based on digital
elevation models (30x30 m, Seamless, USGS) and the
Parameter-Elevation Regressions on Independent Slopes
Model (PRISM, Climate Group, USA) using ArcGIS
version 9.3.1. (ESRI, USA). The study watersheds cover a
wide range of climate gradients and terrain characteristics. A
detailed summary of main underlying geology in each
watershed is presented in Table 4 and Fig. 4.

Recession extraction and analysis

To ensure comparability of the recession analysis, several
procedures were applied according to the Brutsaert and
Nieber (1977) method. Data points within a recession period
were extracted in accordance with the following steps: (1)
positive or zero dQ/dt values were eliminated; (2) —dQ/dt
values were only considered after 3 days of any precipitation
event, to avoid the influence of surface flows; (3) days with
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Fig. 2 a Example of horizontal artifacts due to noise and precision errors of streamflow records at lower flow rates when plotting —dQ/dt
[mm d %] versus the average O [mm d '] during the period 1939-2011 on Lochsa River, Lowell, Idaho. The drainage area is 3,060 km?”. b
Shows the distribution of average discharge O [mm d™']

recorded precipitation were excluded; (4) due to precision precision of stage height and streamflow values), where Q;
errors at low flows, a trial and error threshold was applied (1—  is the initial discharge and Q;.,, is the discharge corresponding
0:,/0>0.1) to avoid horizontal artifacts (i.e. effect of to the selected time step (d¥).
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Fig. 3 a Location of Washington (#A) and Idaho (/D) states within the Pacific Northwest of the United States. b Study area including
watershed outlets (numbered black dots; see Table 2) boundaries (black lines) across eastern Washington and northern/central Idaho
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Table 4 Summary of main geologic features in the study watersheds

Watershed Percent of main geologic features
Alluvial ~ Granitic Basalt Eolian Mafic Metamorphic  Sedimentary  Glacial =~ Volcanic  Unconsolidated
drift material

1. Lawyer 0.0 12.3 77.1 0.0 0.0 10.6 0.0 0.0 0.0 0.0
Creek

2. Asotin 0.0 0.0 0.0 4.8 95.2 0.0 0.0 0.0 0.0 0.0
Creek

3. Fish Creck 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0

4. Big Creek 0.6 38.0 0.0 0.0 0.0 27.1 0.0 0.0 343 0.0

5. Pine Creek 0.0 0.0 0.0 0.0 0.0 63.1 36.9 0.0 0.0 0.0

6. Canyon 12.9 32 0.0 0.0 0.0 66.1 17.8 0.0 0.0 0.0
Creek

7. Mica 0.0 0.0 0.0 0.0 0.0 0.0 100.0 0.0 0.0 0.0
Creek

8. Salmon 0.0 57.1 0.0 0.0 0.0 13.4 0.0 0.0 29.5 0.0
River,
Stibnite

9. Clearwater 0.8 60.0 11.3 0.0 0.0 26.9 0.4 0.1 0.5 0.0
River,
Kamiah

10. Little 0.0 39.6 0.0 0.0 0.0 2.3 1.2 56.6 0.0 0.4
Pend
Oreille
River

11. Union 6.7 10.3 0.0 75.5 7.6 0.0 0.0 0.0 0.0 0.0
Flat Creek

12. Asotin 0.1 0.0 0.0 36.7 62.6 0.0 0.6 0.0 0.0 0.0
Creek

13. Johnson 0.6 81.9 0.0 0.0 0.0 9.0 0.0 8.4 0.0 0.0
Creek

14. Saint 3.8 1.4 7.6 0.0 0.0 39.9 47.3 0.0 0.0 0.0
Maries
River

15. 0.0 100.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Crumarine
Creek

16. SF 0.2 18.7 0.0 0.0 0.0 78.2 2.9 0.0 0.0 0.0
Clearwater
River

17. Paradise 0.9 34.1 0.0 65.1 0.0 0.0 0.0 0.0 0.0 0.0
Creek

18. SF 5.8 28.7 0.1 58.9 5.8 0.7 0.0 0.0 0.0 0.0
Palouse
River

19. Palouse 3.8 15.2 0.8 15.8 0.0 54.7 9.7 0.0 0.0 0.0
River,
Potlatch

20. Tucannon 1.1 0.1 0.0 43.6 54.8 0.0 0.3 0.1 0.0 0.0
River

21. NF Couer 33 0.0 0.0 0.0 0.0 63.7 33.0 0.0 0.0 0.0
D’Alene
River

22. Boundary 0.6 86.5 0.0 0.0 0.0 4.1 8.8 0.0 0.0 0.0
Creek

23. Lochsa 0.1 76.9 0.0 0.0 0.0 22.1 0.0 0.0 0.8 0.1
River

24. Selway 0.6 82.2 0.0 0.0 0.0 17.2 0.0 0.0 0.0 0.1
River

25. Salmon 15.4 11.0 0.0 0.0 0.0 10.5 16.2 5.1 41.7 0.2
River,
Salmon

26. Palouse 49 5.0 0.2 54.5 22.8 7.7 2.4 2.3 0.0 0.2
River,
Hooper

Since this study combines a series of flat and steep used to evaluate the baseflow coefficients (intercept a and
watersheds in the inland PNW with a broad spectrum of slope b): (1) lower envelope (LE) with a fixed slope b=1;
mean watershed slopes, four different fitting methods were (2) organic correlation (OC); (3) ordinary least squares

Hydrogeology Journal (2015) 23: 287-303 DOI 10.1007/s10040-014-1191-4
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(OLS); and (4) inverse least squares (ILS; see Appendix
for more fitting method details). The lower envelope
represents an advanced state of the recession process,
which is characterized by small recession rates. The OC,
OLS, and ILS present regressions through all the data
points. The intercept @ can be seen as an indicator of
storage volume, whereas slope b is usually linked to the
rate and dynamic of the recession process (Stoelzle et al.
2012). Variation in minimum annual storage S [L] was
conducted using Eq. (8) (Brutsaert 2008) where the y; 7 is
used as a reasonable measure of minimum baseflow
conditions. Minimum annual storage was computed using
an average characteristic drainage timescale of 45 days
(K) (Brutsaert 2012) and K values calculated for each
watershed using the aforementioned fitting models (See
Table 1 in the electronic supplementary material (ESM)).

Statistically significant differences for intercepts,
slopes, characteristic recession timescales, and minimum
annual storage were evaluated using Tukey’s multiple
comparison procedure. Tukey’s procedure is more conser-
vative than the commonly used Least Significance
Difference (LSD) or Student-Newman-Keuls (SNK) meth-
ods; thus, it declares fewer significant differences among ¢
population means (Ott and Longnecker 2008).

Hydrogeology Journal (2015) 23: 287-303
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Regression analyses

Pearson’s product moment correlation coefficient, including
statistical significance, was calculated between baseflow
coefficients, geomorphic parameters, and climatic attributes.
Regression modeling between the remaining catchment
attributes and baseflow coefficients was conducted to select
the best individual predictor for intercept a, slope b, and
minimum annual storage S. A correlation matrix per
individual fitting method is presented in Table 2 of the ESM.

Results

Estimation of baseflow recession characteristics

The overall mean intercept a (lower envelope, b=1) for
the 26 watersheds analyzed was 0.037+0.016 (10)
d' mm"? d” with extremes ranging from 0.015 up to
0.08 d”' mm"? d” (Fig. 5a). Intercepts a calculated from
other fitting methods (where 5>1) are presented in Fig. Sa
and Table 1 of the ESM, intercept a units are represented
as mm‘""?d’. All distributions were positively skewed for
intercepts a. Greater intercepts were found in steeper and
forested catchments and lower values in flatter semi-arid
catchments. Beck et al. (2013) presented a global analysis

DOI 10.1007/s10040-014-1191-4
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of baseflow index and recession coefficient (a) from
streamflow observations in 3,394 catchments. The range of
intercept @ (0.02-0.08 d ") reported by Beck et al. (2013) for
the inland PNW is consistent with the results obtained when
applying the Brutsaert and Nieber (1977) lower envelope
method. Slopes b (from OC, OLS, and ILS) varied from 0.82
up to 1.54 with a mean of 1.18+£0.13 (1o) (Fig. Sb;
Table 1 ESM). Distribution of slope b from OLS was
negatively skewed. Values of » from OLS and ILS were
found to be significantly different (p<0.001).

The characteristic recession time scales K (i.e. LE) were
fairly variable with extremes ranging from 12.5 days up to
67 days (Table S1). The mean K value was 33+15 days (10).
The minimum annual storage (S) ranged from less than
1 mm up to 16 mm. An additional minimum annual storage
condition was analyzed using a K value of 45 days as
proposed by Brutsaert (2008) resulting in a greater median
storage of 7.4 mm (Table S1).

Faster recessions and lower minimum annual storage
values were found in flatter and semi-arid catchments
dominated by basalt features and eolian-originated soils
(e.g. Asotin Creek, Union Flat Creek, and South Fork
Palouse River). Longer recessions and greater storage
were found consistently where granitic, metamorphic or
sedimentary rock composition is the dominant underlying
geology (e.g. Crumarine Creek, Pine Creek, Mica Creek,
and Saint Maries River). These catchments are also
characterized by greater mean basin slopes. Individual
log-log scatter plots —dQ/dt versus average Q including all
four fitting methods are shown in Fig. 6. The natural
spectrum of data points observed is largely the result of
non-uniform distribution of characteristics across the
watersheds and the evolution of the recession process

Hydrogeology Journal (2015) 23: 287-303

from faster depletion in channel storage (i.e. upper
envelope) to lower rates of depletion from the gentler
parts of the aquifer (i.e. lower envelope). Interestingly, the
intercept a3 calculated with a fixed slope =3 (Table 1)
exhibited a strong power regression with drainage area
(+*=0.74) (Fig. 7) and total stream length (+*=0.67, not
shown in Fig. 7). High variability in a; was observed for
drainage areas less than 1,110 km?, whereas more
predictable values were found as area increased. The
power exponent (a3=10 x A*'%; based on the short-time
solution when b=3) is close to the theoretical value of —2
described by Brutsaert and Lopez (1998). This shows that
a; may be used as an alternative predictor of scale-
dependent hydraulic parameters such as hydraulic con-
ductivity and drainable porosity (Table 1).

Climatic and terrain relationships
In general, baseflow coefficients were poorly correlated
with catchment scale parameters such as drainage area,
perennial stream length, drainage density, and total relief
(Table 2 of ESM). Intercept a was weakly correlated
with drainage area for all fitting models (—0.26 to
0.09). The best individual regression (=0.57) was
assessed with mean basin slope as a single predictor of
intercept a (LE) (Fig. 8a). The minimum annual
storage was strongly correlated with mean basin slope
(0.62-0.77). The power regression (+*=0.75) between
minimum annual storage (S) versus mean basin slope
is shown in Fig. 8b.

The characteristic recession timescale (K) shows a
similar pattern found with intercept a where the best
correlation is linked to the mean basin slope; however, due

DOI 10.1007/s10040-014-1191-4
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Fig. 6 continued.

to their high collinearity, K was not used in the regression
analysis. Brutsaert’s approach using a constant K of
45 days to calculate storage for watersheds with area
greater than 100 km? tends to overestimate the minimum
annual storage in comparison with the fitting methods.

The aridity index (Al=mean annual P/mean potential
ET) ranged from 1.09 up to 2.70. A moderate power
regression (Amean=0.051A1 **; ,2=0.40) was found
between mean intercept a and the aridity index (Fig. 9)
Semi-arid watersheds with greater ET exhibited lower
aridity index values; therefore, lower recession timescales.
Forested areas with greater mean annual precipitation and
lower ET tend to have longer recession depletions and
greater minimum annual storage. This is similar to a
relationship reported by Pefia-Arancibia et al. (2010) in a
study of 167 subtropical and tropical watersheds.

Discussion
As baseflow will likely continue to decrease in the coming
century in the inland PNW, understanding the processes that
10!
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Fig. 7 Intercept a; versus drainage area 4 (log-log scale). Solid

line is the best-fit power curve for the observed data

Hydrogeology Journal (2015) 23: 287-303

impact baseflow at catchment scales and over a range of
climate gradients and geology units can inform management
of the ecosystem services that society and nature derive from
watersheds. This study analyzed a wide range of storage—
discharge relationships to attempt a regionalized baseflow
characterization in the inland Pacific Northwest that can be
translated to ungauged basins sharing similar climate and
underlying geological features.

No significant relationship was found between drainage
area and baseflow coefficients a and b (i.e. obtained from the
linear lower envelop method). Similar findings have been
reported elsewhere (Lacey and Grayson 1998; Pefia-Aranci-
bia et al. 2010; Stoelzle et al. 2012). Generally, small
intercepts were associated with longer characteristic reces-
sion times and larger minimum annual storage. Catchments
with underlying basalt tended to be drier, had flatter slopes,
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and exhibited shorter recession times and lower storages
values. These watersheds are also characterized by a lower
aridity index (i.e. lower P and greater ET) that may
accelerate the rate of recession. The potential for increased
ET with warming climates could lead to even higher
recession depletions in these areas affecting irrigation
activities and the thermal regime of aquatic habitats.
Forested areas resulted in longer recession times and greater
minimum storage. These near-natural forested areas, mainly
underlain by granitic, metamorphic, and sedimentary fea-
tures, with lower hydraulic conductivity relative to fractured
basalt, may play a significant role in the groundwater storage
and baseflow contributions (Fig. 10). It has been reported
that the power law coefficient a depends on the initial storage
in the basin (Biswal and Marani 2014; Biswal and Kumar
2014a, b), therefore, if a basin is more wet, ‘a’ will be
smaller, and vice versa. Additionally, the mean basin slope

appeared to be the best estimator of intercept a in a power
function following by the climatic aridity index. This could
potentially be used to characterize baseflow conditions in
ungauged basins across the inland Pacific Northwest.
Several authors have identified that the variability of
slope b could bring useful information about aquifer
behavior. In this study, watersheds located in eastern
Washington and western Idaho dominated by flatter
landscapes, shallow eolian-originated soils, and basalt
geology exhibited a predominant linear behavior. In
contrast, watersheds in northern and east-central Idaho
dominated by steeper forested terrains resulted in greater
slopes that may be a result of more active channel storage
and lateral flow pathways. Overall, slope » was in the
range of literature values (Brutsaert and Lopez 199§;
Palmroth et al. 2010; Biswal and Marani 2010; Wang
2011; Shaw and Riha 2012). Since the values of b evolve
and denote distinct stages of the recession phenomena,
when analyzed as individual recession events (Shaw and
Riha 2012), an analysis of all recession events might mask
other relationships with geomorphic characteristics of the
riparian aquifers that do not emerge at the watershed scale.
Probably, the most useful application of knowing the
characteristic recession timescale of any catchment is the
estimation of storage conditions. It is well known that
long-term records of groundwater storage are scarce
within the inland Pacific Northwest and in many regions
of the world; therefore, estimation of minimum annual
storage becomes critical for noteworthy diagnoses of
water availability under different land use and climate
change scenarios. This analysis suggested that water-
sheds located in eastern Washington and northwestern
Idaho due to a combination of several factors such as
flatter basalt landscapes, low precipitation and high ET
rate could confront even shorter recession times and less
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than 1 mm of minimum annual storage in several water
catchments. Lower storage can result in decreased
summer flows that with the same pollutant inputs could
lead to declining water quality, recreation opportunities,
and availability of ecological habitat for endangered
species such as salmonids. Additionally, forested areas
of northern and eastern Idaho characteristically have
longer recession times and greater minimum annual
storage volumes with S values greater than 20 mm.

Conclusions

Baseflow recession characteristics and their relationship to
landscape, geomorphic, and climatic attributes have been
a matter of debate among the hydrology community for
several decades. Despite this debate, the spatial heteroge-
neity and intrinsic complexity of baseflow processes have
turned the attention of researchers to (1) physically based
efforts that permit the parameterization of hydraulic
parameters over meso (10? km?) and large (10° km?)
catchment areas and (2) regional analyses that provide a
systematic perspective of water sustainability (i.e. surface
and groundwater resources) for the upcoming decades.
For the inland Pacific Northwest, water managers,
understanding how the combination of potentially greater
ET, earlier spring runoff, and prolonged droughts will
affect baseflow regimes has become an imperative.

The long-term trend of declining summer baseflow in the
PNW and the threat of continued and potentially more
significant declines in the future due to climate change depicts
future hydro-climate scenarios that may translate in severe
consequences to the demand for groundwater for food
production, electricity generation, clean drinking water, and
recreation. This increase in demand may lead to individual and
inter-state water rights debates, and disruption of ecological
attributes (e.g. high water temperatures, low dissolved oxygen
concentrations) during summer flows that are critical to many
ecosystems such as steelhead/salmon rearing habitats.

The findings of this study indicate that baseflow coefficients
are not strongly related with drainage scale. The most
significant parameter controlling the natural release of water
as baseflow was the mean basin slope. The climatic aridity
index also could be a useful estimator of baseflow parameters.
The findings suggest that watersheds located in eastern
Washington and northwestern Idaho due to a combination of
several factors such as flatter basalt landscapes, low precipita-
tion, and high ET rates could experience even faster recession
times and less than 1 mm of minimum annual storage.

The baseflow recession characteristics provided in this
study may enhance physically based modeling by reduc-
ing the use of trial and error approaches to calibrate
baseflow or deep percolation conditions. By knowing
baseflow characteristics such as minimum annual storage
and recession timescales, land managers and environmen-
tal agencies could prioritize efforts and resources in areas
where potential future droughts may drastically affect
overall ecosystems services.

Hydrogeology Journal (2015) 23: 287-303
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Appendix 1

To estimate the baseflow coefficients (i.e. a and b), four
different fitting methods were used: lower envelope, the
organic correlation technique (Egs. 9 and 10), ordinary
(Egs. 11 and 12) and inverse (Eqgs. 13 and 14) least square
estimation. There is some argument over the best
technique for fitting a line through data: either ordinary
least squares (the commonly used approach in statistics),
inverse least squares, or the organic correlation technique
described by Hirsch and Gilroy (1984). The ordinary least
squares technique determines a line which minimizes the
sum of the square errors in the vertical or y direction. This
is the preferred method for estimating a particular value of
y, given a value of x where x is measured without error
(Hirsch and Gilroy 1984). Conversely, the inverse least
squares method is used to estimate x (assumed measured
without error) given a value of y. The organic correlation
technique minimizes the sum of the squared geometric
means of the distances in both the vertical and horizontal
directions. This technique is not suited for minimizing
estimation errors, but is most applicable for establishing
equivalence between x and y. In addition, Brutsaert (2005)
emphasized that in hilly watersheds, it may be advisable
to analyze an average value of the baseflow coefficients.

o = [verage(92) -avrage(©)] s comet (0,2

do

Std —
eVP< 7 >
X —_—

StdevP(Q)

do
StdevP (E)

d
b = sign |:COIT€1 <Q’ a§>:| x StdevP(Q)

o= [average (i,—g) —average(Q)]

do
StdevP <E>

StdevP(Q) (11)

x correl <Q, c;_?) X
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40 StdevP <%>
b = correl <Q, E) X “SdevP(0) (12)
a= [average <Cig> —average(Q)] /correl <Q, ig)
StdevP <d—Q>
dt (13)
8 StdevP(Q)
d d

b = StdevP <a§> /correl (Q, dgtz) /StdevP(Q) (14)

where StdevP is the standard deviation of the population.
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