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ABSTRACT

Streamflow was exceptionally low in the spring and summer of 2015 across much of the western United
States because of a regional drought that exploited the sensitivity of both snow- and rain-dominant rivers.
Streamflow during 2015 was examined at 324 gauges in the region to assess its response to the amount, form,
and seasonal timing of precipitation and the viability of using spatially aggregated, normative models to assess
streamflow vulnerability to drought. Seasonal rain and spring snowmelt had the strongest effects on runoff
during the same season, but their effects persisted into subsequent seasons as well. Below-normal runoff in the
spring of 2015 was pervasive across the region, while distinct seasonal responses were evident in different
hydroclimatic settings: January—March (winter) runoff was above normal in most snow-dominant rivers and
runoff in all seasons was above normal for much of the desert Southwest. Summer precipitation contributed to
summer runoff in both the Pacific Northwest and desert Southwest. A first-order model that presumes runoff
is a constant fraction of precipitation (the precipitation elasticity of runoff, E = 1) could be used for assessing
and forecasting runoff responses to precipitation deficits across the region, but runoff generally is more
vulnerable to drought (E > 1) than predicted by a first-order model. Uncertainty in spring and summer
precipitation forecasts remain critical issues for forecasting and predicting summer streamflow vulnerability
to drought across much of the western United States.

1. Introduction magnitude, or spatial extent of droughts would compel
adaptive changes in human water use and could further
jeopardize aquatic biota and ecosystems because of de-
creased streamflow (Chang and Bonnette 2016; Gleick
2016). Regional variation of streamflow responses to me-
teorologic drought is important for assessing vulnerability
as part of drought planning and management.

Pervasive drought across the western United States
during 2015 provides a case for examining streamflow
vulnerability to low spring snowpack, a dry spring, and a
dry summer under warm temperatures. Above-normal
temperatures and below-normal precipitation enveloped
much of the western United States during 2015 (Fosu
et al. 2016; Mote et al. 2016; National Centers for

Globally droughts pose significant social and ecolog-
ical threats in part because of limited water availability
in rivers and streams (Harding et al. 1995; Heim 2002;
Lake 2003; Golladay et al. 2004; Bond et al. 2008; van
Dijk et al. 2013; van Lanen et al. 2016). Reduced
streamflow during drought in the western United States
has wide ranging effects, which can impact society and
ecosystems as a result of their severity and spatial extent
(Cayan et al. 2010; Dettinger et al. 2015). While seasonal
drought is a regular feature of the climate in much of the
western United States, changes in the frequency, timing,
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Environmental Information 2016; Harpold et al. 2017).
January—March 2015 temperatures generally were more
than 4°C above normal west of —105° latitude and below-
normal precipitation extended from coastal California
and Oregon across to the Sierra Nevada, the Cascades,
the Great Basin, and the central Rocky Mountains
(National Centers for Environmental Information
2016). Early spring snowpack was exceptionally low
(Mote et al. 2016). As the spring progressed, the region
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of below-normal precipitation shifted north into the
Olympic and North Cascade Ranges, and northern
Rocky Mountains, while temperatures more than 2°C
above normal persisted over the Pacific Coast states,
Great Basin, and northern Rockies.

The National Weather Service Climate Prediction
Center (2018) forecast drought conditions in the spring
2015, leaving regional water managers to ask: how would
streamflow respond to a warm, dry spring, particularly
where winter precipitation may have been near normal?
The objectives for this analysis are to examine spatial
variation in streamflow responses across the western
United States to the amount, form, and seasonal timing
of precipitation during 2015 and compare approaches
for assessing streamflow vulnerability to drought, for ex-
ample, from long-range (+3 month) quantitative pre-
cipitation forecasts.

Streamflow responses to meteorological drought
(Heim 2002) are conditioned on the seasonal charac-
teristics of a particular drought and the capacity of river
basins to store water, which lead to variation in the runoff
response across river systems and among different types
drought (Risbey and Entekhabi 1996; Andreadis and
Lettenmaier 2006; Safeeq et al. 2014; Stoelzle et al. 2014;
Solder et al. 2016; Harpold et al. 2017). In a general vul-
nerability framework (Turner et al. 2003), streamflow in a
river is vulnerable to drought because of the combination
of its sensitivity to precipitation and the river’s exposure
to precipitation deficits. Sensitivity generally indicates
how much water is stored in a river basin over time scales
longer than the drought and vulnerability represents
streamflow responses during a particular drought. The
vulnerability of streamflow to drought is essential for
predicting long-term impacts from climate change on
water resources in the region (Dai 2013; Overpeck 2013;
Diffenbaugh et al. 2015; Cooper et al. 2016), but also for
near-term forecasting of water availability used to in-
voke drought management actions such as switching
water supplies from surface water to groundwater, cur-
tailing water uses, or leasing water rights to maintain in-
stream flows (Glantz 1982; Seattle Public Utilities
2006; California State Water Resources Control Board
2015; Cronin 2015).

Drought vulnerability assessment must specify a
functional form for streamflow responses to precipita-
tion (Safeeq et al. 2014). If the difference between an-
nual precipitation and streamflow is relatively constant
year-to-year, streamflow has a zero-order relation to
precipitation and streamflow deficits during a drought
year can be estimated from precipitation deficits for the
year. Alternatively, if the ratio of streamflow to pre-
cipitation is relatively constant year-to-year, streamflow
has a first-order relation precipitation and streamflow
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during a drought year scales linearly with precipitation.
Methodological bias in vulnerability assessment associ-
ated with aridity is a key issue in the western United
States because of the range of environments, which
spans from deserts to rain forests and can lead to di-
vergent conclusions regarding vulnerability (Andreadis
and Lettenmaier 2006; Safeeq et al. 2014). Bias of low-
order models may limit their utility for assessing river
vulnerability to extreme drought and these limits should
be known before applying such model.

2. Data and analytical methods

Streamflow responses to precipitation and snowpack
during 2015 are examined at 324 streamflow gauges
operated by the U.S. Geological Survey on rivers in the
contiguous United States draining to the Pacific Ocean
or the Great Basin (Konrad et al. 2018; supplemental
material S1). Multiple linear regression models are ap-
plied to account for the spatial variation in seasonal
streamflow as a result of spatial variation in the amount
and form of precipitation: autumn is defined as October—
December (OND), winter is January—-March (JEM), spring
is April-June (AMJ), and summer is July-September
(JAS). The results indicate the comparative effects of
the form and amount of seasonal precipitation. The
vulnerability of streamflow to the 2015 drought is as-
sessed using at-site “‘normative’” models that compare
the relations between streamflow and precipitation
during 2015 to the relations for a “normal” water year.

a. Datasets

Gauges were included in the analysis if daily stream-
flow records were available for at least 10 years from
water year (WY) 1981 to WY 2015 and the gauge was
active in 2015 (U.S. Geological Survey 2017). Gauges
were excluded from the analysis if they are downstream
of large dams, extensive diversions, point discharges, or
land uses likely to alter streamflow (Falcone 2011,
Table 1). More than half of the gauges had 35 years of
record. Streamflow was aggregated monthly, seasonally,
or annually, divided by the drainage area at the gauge
and is reported as runoff Q (mm).

Mean annual precipitation Py for the current climate
normal period, 1981-2010, and monthly mean precipi-
tation during WY 2015 with a 30-s spatial resolution
were obtained from PRISM Climate Group (2016) and
basin-mean values were calculated in a geographic in-
formation system (GIS). Annual snow water equivalent
(SWE) on 1 April for 2005-2015 (1-km resolution) was
obtained from National Operational Hydrologic Remote
Sensing Center (2016) and basin-mean values were cal-
culated in a GIS.
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TABLE 1. Criteria for low-likelihood of anthropogenically altered
streamflow. Data from Falcone (2011).

Criteria

<1 (1000 km) 2

Basin characteristics

Density of wastewater
discharges

Dam storage <20 ML total storage per km?

Impervious cover <10%

Road density <Skmkm?

Cropland <20% cultivated crops
Irrigated agriculture <5% irrigated agriculture
Canals <2% of channels (by length)

classified as canals

<1 MW

>50% of 100-m riparian buffer
has natural land cover

Power generation capacity
Riparian cover

Snowpack and runoff data were not available for the
complete climate normal period at all sites, so normal
spring snow water equivalent (SWEy) is the median
annual 1 April SWE for 2005-15 and normal water-year
runoff Oy is the median WY runoff for WYs between
1981 and 2015 with available streamflow records. Me-
dian rather than mean annual values are used for SWE 5
and Qy to reduce the influence of extremely dry or wet
years. Median annual SWE and Q generally are less than
mean annual values for their respective normal periods
as indicated by a cross-site mean absolute difference of
22mm for SWE and 39mmyr ' for Q (supplemental
material S1). The difference between Qy and the me-
dian values for WY 2006-15 (the minimum allowable
period of record) at sites with complete records for
WY 1981-2015 had a cross-site mean absolute value of
62mmyr ' (supplemental material S2).

Uncertainty in Qy introduced by using different pe-
riods of record was evaluated in terms of the standard
error of the mean, which is the standard deviation of
annual values divided by square root of the number of
years of record. The standard error of mean runoff had a
cross-site median value of 33mmyr !, the same range
(0-200 mm) for sites with only 10 years of record as the
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range for sites with 35 years, and was not significantly
related to the period of record (p > 0.75 of no difference
based on a Pearson correlation test). The standard error
of the mean for SWE had a cross-site median value of
23mm. The magnitudes of the standard errors of the
mean for runoff and snowpack indicate that additional
years of record would only have an appreciable effect on
normal values in extremely arid basins.

Significant downward bias in precipitation was evi-
dent in wet basins where normal runoff exceeded
normal precipitation. Bias is a structural issue for in-
terpolated precipitation data in the western United
States because of the lack of high-elevation observations
(Henn et al. 2018). Xia (2008) reported bias in PRISM
precipitation of ~150 mm at 600 mmyr ™ '. Precipitation
values were inflated by a factor of 1.25 presuming the
bias scales linearly with precipitation. Adjusted Py was
greater than Qy in all basins, but may still underestimate
actual precipitation particularly in wet, higher-elevation
basins where observational records are limited.

b. Spatial variation in seasonal runoff during the
2015 drought

Multiple meteorological factors contributed to the 2015
drought in the western United States. The effects of sea-
sonal precipitation and spring snowpack on spatial varia-
tion in seasonal runoff were evaluated using multiple linear
regression (R Core Team 2018). This approach presumes
that cross-site deviation of runoff from its cross-site mean
value is related to cross-site variation in precipitation and
snowpack. Models were developed separately for distinct
hydroclimatic strata to account for potential differences in
the responses of seasonal runoff related to gross variation
across the region in climatologies, 2015 weather, and
dominant runoff mechanisms. The use of strata helps re-
solve the effects of specific factors that may not be impor-
tant in all rivers (e.g., snowpack in rain-dominant systems).

The hydroclimatic strata were defined by the seasonal
distribution of normal water-year streamflow (Table 2).
Five strata with distinct seasonal timing and sources of

TABLE 2. Hydroclimatic strata for analysis of seasonal runoff. Autumn is October-December, winter is January—March, spring is
April-June, and summer is July-September.

Streamflow criteria (fraction of WY
streamflow)

Normal SWE on 1 April (fraction of

Autumn Winter Spring Summer Mean basin elevation (m) WY precipitation)
Cold snow — <025 >0.25 — 1390-3180 0.12-0.45
Snow-rain transition <0.5 >025 >025 — 920-2070 0-0.2
Autumn-winter rain  0.25-0.5 <025 <0.25 — 250-1860 0.04
Winter rain — >0.5 — <0.25 320-1550 0
Summer rain — — <0.25 >0.25 1410-2080 0
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FIG. 1. Distributions of normal seasonal runoff for five hydroclimatic strata in the western United States.

runoff were identified: 1) spring snowmelt, 2) snow-rain
transition, which has high winter and spring runoff, 3)
winter rain, 4) autumn-winter rain, and 5) summer rain
(Fig. 1). Final assignments of rivers were examined by
location, mean basin elevation, and normal snow water
equivalent on 1 April as a fraction of normal precipita-
tion. The strata are used to summarize differences in
seasonal responses to drought, which may be related to
either dominant runoff mechanisms or spatial patterns
of precipitation during 2015.

For each strata, the effects of seasonal precipitation
and snowpack on runoff for winter, spring, and summer
2015 were modeled as

Owinoois = b1 T D2(P pyewinaors ~ SWEyis) + b, SWE, s,
1)

QSpr2015 = b, + bs(Pyywinoors — SWEqq5)
+ b SWE, . + b7PSpr2015 , and (2)
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QSumZ()lS = b8 + b‘)(PAutWinZOlS —SWE 5) + bl()SWE

+b, P 3)

127 Sum2015°

201 2015

+ b11PSpr2()15
where mezms» QSprZOlS? and QSum2015 are the respective
estimates of runoff for JFM 2015, AMJ 2015, and JAS
2015; P aurwinzo15 1S precipitation for OND 2014 and JFM
2015; Pspraois is precipitation for AMJ 2015; and Psymo1s
is precipitation for JAS 2015. The term P aywin2o1s — SWE 015
represents rain or snow that melted for October 2014—
March 2015. SWE,(5 was not included in models for the
three rain-dominant strata (autumn—winter rain, winter
rain, and summer rain). All of the terms have consistent
units (mm), so coefficient values can be compared di-
rectly to assess the effects from a unit of seasonal rain or
snowpack.

The coefficients by — by, in Egs. (1)-(3) were solved
separately for each strata. Twelve sites that had exces-
sive leverage on results (e.g., Cook’s distance > 0.5)
were not included in the calibration but predictions for
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these sites are included in the model evaluation. Co-
efficients were retained in final models only when their
two-sided probability of equaling zero, p, was less than
0.1. Two models had one parameter each that was
marginally significant (0.05<p <0.1). Variance in-
flation factors were less than 4 for independent vari-
ables in each model indicating little effect from
multiple colinearity on parameter estimates (Freund and
Wilson 1998).

¢. Runoff in June and August in rivers with normal
WY 2015 precipitation

The comparative effects of rain and snow on runoff
in June and August 2015 independent of water-year
precipitation were examined in rivers where WY2015
precipitation was near normal (Py5 = Py = 10%). Cross-
site median June and August 2015 runoff as a fraction of
normal is estimated for the snow and snow—rain strata as a
conditional, linear function of SWE,y;s as a fraction of
normal using quantile regression (Koenker et al. 2018)
and compared to the distributions of monthly runoff as a
fraction of normal for rain-dominant rivers.

d. Normative models for streamflow vulnerability to
the 2015 drought

Normative models that quantify runoff responses to
precipitation deficits in relation to ““normal” conditions
at a site provide a simple approach for assessing the
vulnerability of streamflow to drought. The functional
form of runoff responses to precipitation deficits in
normative models influences how drought vulnerability
is represented and, thus, both the assessment and pre-
diction of vulnerability. Two normative models using
zero- and first-order relations for runoff responses to
precipitation are compared to the responses observed
during 2015. Both models are simply at-site empirical
relations between normal runoff and precipitation. As
such, they can be applied easily in any river with ob-
served precipitation and runoff to assess or predict
drought responses presuming the relation would hold
for a drought.

For a zero-order relation between streamflow and
precipitation, the difference between precipitation and
runoff does not vary year-to-year at a site, which is
equivalent to assuming that evapotranspiration is con-
stant and any change in precipitation is expressed by an
equal change in runoff,

Pryis = Qogis = Py — Q. 4)

where Py — Qy represents the normal sensitivity of
runoff to precipitation. Runoff during WY 2015 would
be estimated from the zero-order normative model as
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Q2015 =0y~ (Py = Pyys). (%)

The presumption that runoff vulnerability On — Q2015
equals drought exposure Py — Py5 will overestimate
streamflow responses to drought where runoff has a less
than 1:1 relation to precipitation. The ratio of normal
runoff to normal precipitation is an alternative norma-
tive model that represents streamflow as a first-order
process with respect to precipitation (Milly 1994),

- (0
Qo5 = PT:P 2015° (6)

and can also be applied to summer streamflow,

OQsumaois = Q%:NP 2015° ™)
where Qsunn is normal JAS runoff. The normal runoff—
precipitation ratio Qy: Py is a standardized measure of
drought sensitivity (i.e., the incremental change in run-
off for a unit change in precipitation), which may be
acceptable for assessing the runoff response to the fore-
casted precipitation deficit during a specific drought in
rivers where the ratio is relatively constant year to year.
This presumption may not hold in dry years when runoff
can be a smaller fraction of precipitation than in normal.
years. In cases where Q: P varies between normal and dry
years, water-year runoff is a nonlinear process with re-
spect to precipitation and the nonlinearity can be im-
portant for assessing drought responses in arid basins, dry
seasons, and during extremely dry years.

The range of different runoff responses to precipitation
from a zero-order model to nonlinear models can be rep-
resented by the precipitation elasticity of runoff (Schaake
and Chunzhen 1989; Dooge 1992; Sankarasubramanian
et al. 2001),

dQ P
E=r o ®)
where E is the precipitation elasticity of runoff, dP is
change in precipitation, dQ is change in runoff. Equa-
tion (8) presumes that runoff is a differentiable function
of precipitation (e.g., continuous with respect to changes
in precipitation). For the zero-order response [Eq. (4)],
the deviation of runoff in WY 2015 from normal is equal
to the deviation of precipitation, so dQ = dP, E = P/Q in
Eq. (8), and, thus, E > 1. For the first-order model [Eq.
(6)], runoff as a fraction of normal is equal to precipi-
tation as a fraction of normal,

@) P
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FIG. 2. Median values of annual percentiles of water-year, spring, and summer streamflow for 166 gauges in the

western United States with at least 50 years of record.

and, subtraction of 1 from both sides of Eq. (9) gives

Qris — Oy _ Pryis — Py

10
which can be rearranged as,
Qoois — v _ & (11)
Pys =Py Py

In this case, the first-order model leads to dQ/dP = Q /Py
and £ =1 in Eq. (8). The contrasting assumptions of a zero-
order runoff response to precipitation, £> 1, and a first-
order response, £ =1, are examined for WY 2015 and
summer 2015.

Either normative model [Egs. (5) and (6)] represents a
tractable approach for estimating water-year runoff from
quantitative forecasts of water-year precipitation that
could be updated seasonally, but neither model is ex-
pected to provide precise estimates of runoff during a
drought. Summer runoff in particular is likely sensitive to
factors other than water-year precipitation (Milly 1994)
including evapotranspiration, precipitation from convec-
tive storms, and interannual water storage in groundwa-
ter, snow, ice, lakes, or reservoirs.

3. Results

Water-year streamflow for 2015 was below normal in
87% of the rivers in this analysis but was not as perva-
sively low as many recent droughts (e.g., 1977, 1987,
1988, 1990, 1992, 1994, and 2001) when water-year
streamflow was less than the 25th annual percentile for
the median site (Fig. 2). The defining characteristic of
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hydrologic drought in 2015 was the spatial extent of
low spring and summer streamflows across the western
United States (Fig. 3). Spring 2015 streamflow was at the
5th percentile of annual values for the median gauge
with at least 50 years of record from 1951 to 2015 (n = 166)
and summer 2015 streamflow was at the 8th percentile.

Runoff responses to the 2015 drought had distinct
seasonal patterns among the hydroclimatic strata that
generally converged on below-normal summer runoff
across the region (Fig. 4). The winter rain stratum,
which extends across California, Arizona, and southern
Oregon, had initial responses in winter when runoff was
0.47 of normal for the median site. In contrast, winter
runoff was above normal for the median site in snow
stratum and normal for the median site in snow-rain
transition stratum. The drought resistance of the snow
and transitional strata during winter is likely because
precipitation fell as rain rather than snow during autumn
and winter and snow that melted during the winter in
response to warm temperatures. By the spring 2015,
runoff was below normal for all strata (Fig. 4) except
the summer rain stratum and remained below normal
through the summer across the region. Most rivers re-
covered from the drought by the autumn 2015 when
runoff was close to normal for all strata.

a. Effects of the amount and form of seasonal
precipitation on spatial variation in seasonal runoff

Precipitation and its transseasonal storage in snow-
pack accounted for most of the variation in seasonal
runoff during WY 2015 across the western United States
with the exception of the summer rain stratum (Table 3).
The influence of seasonal precipitation and spring
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FIG. 3. Runoff for June—August 2015 as a percentile of annual values for 1981-2015.

snowpack diminish over time with the strongest effects
on runoff in the same season. Winter runoff had signif-
icant effects from autumn-winter rain and snowmelt in
all strata (coefficients ranging from 0.25 to 0.36 and R?
ranging from 0.88 to 0.91 except the summer rain stra-
tum, where the coefficient was 0.083 and R? = 0.29). All
of the strata had significant negative intercepts indicating a
minimum amount of precipitation needed before runoff
would be generated.

The spring runoff models had R? ranging from 0.79
to 0.81 except for the summer rain stratum (R? = 0.44)
(Table 3). Spring rain had significant effects on spring
runoff (coefficients ranging from 0.043 to 0.46), which were
stronger than the effect of autumn—winter rain in all strata
(coefficients ranging from 0.0022 to 0.12). Spring runoff in
the snow and snow-rain transition strata was related most
strongly to spring snowpack (0.65 and 0.66, respectively),
but winter and spring rain also had significant effects.

Summer runoff models generally accounted for less of
the variation in runoff (R?>=0.31 —0.72) than in the
other seasons (Table 3). Winter rain had a small but
significant effect (0.003-0.07) on summer runoff in all
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strata. Summer rain had the strongest effect but it was
only significant for snow (0.17) and autumn-winter rain
(0.18) strata, which may be a result of convective storms
during summer over high-elevation basins. Spring rain
was significant for summer runoff in the snow (0.2),
winter rain (0.031), and summer rain (0.054) strata.
Spring snowpack only had a significant effect (0.13) on
summer runoff in the snow stratum.

b. June and August runoff in rivers with near-normal
precipitation for water year 2015

While runoff as a fraction of normal in June and
August 2015 was significantly correlated with WY 2015
precipitation as fraction of normal (Kendall rank cor-
relation of 0.30 and 0.26, respectively, p <0.001), the
correlation does not hold for rivers with near-normal
WY 2015 precipitation (indicated by boxes in Figs. 5a,b).
Thus, basins with near-normal precipitation in WY 2015,
Pyy1s = Py £ 10%, present an opportunity to examine
late spring and summer streamflow responses to the form
of precipitation (snow or rain) without the confounding
influence of water-year precipitation deficits.
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FIG. 4. Distributions of seasonal runoff for 2015 as a fraction of normal for five hydroclimatic strata in the western United States.

In rain-dominant rivers with near-normal WY 2015
precipitation, runoff as a fraction of normal in June and
August 2015 had cross-river median values of 0.77 and 0.69
respectively (Figs. 5c,d). In comparison, June and August
2015 runoff in snow-dominant and transitional rivers with
near-normal WY 2015 precipitation had median values of
0.56 and 0.63 of normal respectively. Snowpack had a
significant effect on the variation in median June runoff
as a fraction of normal across snow-dominant and transi-
tional rivers, QJuneZOlS/QJuneNO-23 + O.SOSWE2015/SWEN
(95% CI for the SWE coefficient of 0.71-0.99) but the effect
was not significant in August when median runoff as fraction
of normal August runoff was Q ayeust2015/Q augusiv 055 +
0.19 SWEy;;5/SWEy (95% CI for the SWE coefficient
from —0.04 to 0.25).

Runoff deficits were common during August in both
snow- and rain-dominant rivers even where water-year
precipitation was near normal. While snowpack had a
significant effect on median June runoff, its effect on
median August runoff was not significant. Likewise,
August runoff deficits in snow and snow-rain transition
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rivers were not more severe as a fraction of normal than
the deficits in rain-dominant rivers where water-year
precipitation was close to normal.

c. Vulnerability of runoff to drought

The zero- and first-order normative models for
streamflow responses to precipitation lead to divergent
assessments of drought vulnerability. For the zero-order
model, the difference between precipitation and runoff
for WY 2015, Pg15 — Qa015, is well correlated (Pearson
correlation coefficient 0.85) but generally less than the
difference for a normal water year Py — Oy (Fig. 6a).
Equivalently, the runoff deficit Qn — OQ»015,Was less than
the precipitation deficits Py — P95 across most sites
(Fig. 6b), so Eq. (5) generally underestimates runoff for
WY 2015 (median residual of 121 mm, Table 4). As a
result, a zero-order model would predict greater drought
vulnerability of water-year runoff than was observed in
WY 2015.

The first-order model of runoff as a constant fraction
of precipitation [Eq. (6)] provides more accurate and
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TABLE 3. Summary of linear regression models for seasonal runoff during WY 2015. Autumn is October-December 2014, winter is
January-March 2015, spring is April-June 2015, and summer is July-September 2015

Model parameters

Rain
Residual
Mean runoff Intercept Autumn-winter Spring Summer SWE standard
(mm) (mm) (mm) (mm) (mm) (mm)?* error (mm) R?
Winter runoff
Snow 114 -57 0.32 — — — 46.8 0.92
Snow-rain transition 295 -91 0.32 — — — 93.9 0.91
Autumn-winter rain 491 —164 0.36 — — — 122 0.90
Winter rain 119 -85 0.25 — — — 56.2 0.88
Summer rain 4.0 -13 0.083 — — — 4.9 0.29
Spring runoff
Snow 184 -84 0.12 0.46 — 0.65 71.5 0.79
Snow-rain transition 100 -36 0.077 0.21 — 0.66° 37.3 0.84
Autumn-winter rain 144 —64 0.081 0.29 — — 40.0 0.85
Winter rain 23 —28 0.035 0.21 — — 15.5 0.80
Summer rain 1.3 -6.3 0.022 0.043 — — 1.3 0.44
Summer runoff
Snow 54 -71 0.070 0.20 0.17 0.13 422 0.64
Snow-rain transition 36 -8.0 0.036 — — — 31.2 0.52
Autumn-winter rain 43 -35 0.025 — 0.18 — 24.4 0.72
Winter rain 34 -2.6 0.003 0.031 — — 3.6 0.47
Summer rain 34 —-8.7 0.040 0.054° — — 2.6 0.31

#SWE for 1 April 2015.
® Probability that coefficient is equal to zero is 0.05-0.1.

less biased estimates of runoff for WY 2015 than the
zero-order model [Eq. (5); Table 4]. The performance
of the first-order model reflects ratios of runoff-to-
precipitation for WY 2015 Qn15: Paors that are close to
values for normal water years: the median at-site differ-
ence between Qs Pays and Qpn: Py is only 9% of
On: Py (Fig. 6a). Runoff-to-precipitation ratios for
WY 2015, however, were lower than normal for most
rivers: the median precipitation elasticity of runoff in
WY 2015 was E,g5s = 1.3.The highest values of Eys,
indicating the ratio Oy s: Py1s diverged from QOp: Py
and extreme vulnerability to drought, were in some
arid rivers (lower left, Fig. 6a) where Quy:Py <0.3.
Forecasting or predicting drought responses in these
rivers would require a model that accommodates £ > 1
rather than Qy: Py.

The ratio of summer runoff to WY precipitation was
generally less in 2015 than in normal years (Fig. 6b).
For the median site, Qsumao1s: P15 = 0.68Qsumn: Py and
Egmmer01s = 2.3. Thus, the first-order normative model
consistently overpredicts summer runoff (Table 4).
Summer runoff in snow-dominant rivers generally
was more resistant to drought than other rivers,
Egmmeroo1s = 1.7 (Fig. 6b). In contrast, summer runoff for
rain-dominant rivers in arid basins, where summer
runoff normally is <1% of water-year precipitation
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(Fig. 6b), was particularly vulnerable to the 2015
drought, Ox15: Paois < On: Py.

4. Discussion

Across the western United States, streamflow during
the spring and summer of 2015 generally was lower than
in any drought over the last half century (Fig. 2). The
spatial extent of spring runoff deficits (Fig. 3) resulted
from the combination of below-normal precipitation in
winter and spring that affected both snow- and rain-
dominant rivers. Paradoxically, most snow-dominant
rivers had more winter runoff than normal (1.6 for the
median river, Fig. 4) because of precipitation falling as
rain during the autumn and winter and midwinter snow-
melt. Overall, however, low snowpack and the lack of
spring rainfall led to lower spring and early summer runoff
even in rivers with near-normal WY 2015 precipitation
(Fig. 5¢).

Runoff during the spring and summer 2015 was below
normal in most rivers regardless of their hydroclimatic
strata (Fig. 4). Above-normal temperatures and a cor-
responding increase in potential evapotranspiration
may have contributed to below-normal spring and
summer streamflow (Das et al. 2011; Williams et al. 2015;
Diffenbaugh et al. 2015; Marlier et al. 2017) particularly
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in rivers with near-normal water-year precipitation
(Figs. 5¢,d), but precipitation deficits still had significant
effects on spring and summer runoff (Mao et al. 2015;
Cooper et al. 2016; Table 3). While, snow-dominant
rivers were vulnerable to the 2015 drought because of
low spring snowpack, snow-dominant rivers were not
more vulnerable than rain-dominant rivers (Fig. 4) be-
cause of the pervasively dry spring.

The seasonal distribution of precipitation across the
western United States (Cayan 1996; Mock 1996) pro-
duces distinct provinces where summer streamflow is
vulnerable to particular types of drought. In provinces
where summer typically is dry (e.g., coastal California),
the vulnerability of summer streamflow primarily is con-
trolled by exposure to low precipitation during winter. In
contrast, both the Pacific Northwest and desert Southwest
can receive substantial precipitation in the spring or
summer. In these provinces, water-year precipitation is an
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incomplete measure of drought exposure for summer
runoff, so accurate forecasts of spring and summer pre-
cipitation are necessary for forecasting runoff during a
drought. Likewise, summer runoff responses to climate
change will depends on accurate prediction of changes
in seasonal precipitation.

The warm and dry winter and spring in 2015 across the
western United States were linked through common
control by sea surface temperature and atmospheric
flow (Bond et al. 2015; Fosu et al. 2016; Mote et al. 2016),
but winter and spring meteorology is not strongly cou-
pled across the western United States in all years (Cayan
et al. 1998). The strength of this coupling depends on the
persistence of sea surface temperatures and atmospheric
flow promoting warm and dry conditions from late fall
through the spring (Dettinger 2013; Seager et al. 2015),
which is critical for forecasting hydrologic droughts that
encompass the region (Glantz 1982; Wood et al. 2015;
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Newman et al. 2016) and predicting their frequency in
the future (Dettinger et al. 2011; Dai 2013). Forecast-
ing summer hydrologic drought, however, can focus on
precipitation for specific seasons that vary by province
such as winter for the Sierra Nevada in California
(Diffenbaugh et al. 2015; Mao et al. 2015), winter and
spring in the Pacific Northwest (Glantz 1982; Cooper
et al. 2016), and summer in the desert Southwest (Adams
and Comrie 1997; Cayan et al. 1998).

Years with lower snowpack in the spring are likely to
become more frequent across the western United States
(Mote et al. 2005; Barnett et al. 2008), so spring and
summer precipitation remain key uncertainties for pre-
dicting either summer runoff vulnerability to drought
and the frequency, magnitude, and extent of extensive
hydrologic droughts in the western United States. WY
2015 provides only weak evidence about the response of
summer streamflow to variation in spring precipitation
[Eq. (4), Table 3], which was pervasively low across the
region. Rain-dominant rivers with near-normal precip-
itation typically had below-normal summer runoff in
2015 (Fig. 5) and summer 2015 runoff was generally a
smaller fraction of water-year precipitation than in
normal years in most rivers (Fig. 6b). The vulnerability

of summer streamflow in snow-dominant rivers during a
year with low snowpack but a wet spring remains an
open and relevant question for assessing potential im-
pacts from climate change in the western United States
(Glantz 1982; Dettinger 2013; Cooper et al. 2016; Easterling
et al. 2017; Gershunov et al. 2017).

The first-order model based on the normal ratio of
runoff to precipitation Qy: Py provides a relatively ro-
bust approach for assessing streamflow responses to
drought across the region for the water year (Fig. 6a).
The nonlinear relation between runoff and precipitation
represented by £ > 1 compels the application of an al-
ternative model for more accurate forecasts of stream-
flow particularly for arid basins, dry seasons, or dry years.
In these contexts, runoff deficits as a fraction of normal
amplify precipitation deficits as a fraction of normal [Eq.
(8)] because runoff is a smaller fraction of precipitation
during drought years compared to normal years. As-
sessments employing a first-order model will indicate
increasing vulnerability (lower Q:P) with aridity. A
zero-order model will result in the opposite assessment
of vulnerability: humid basins have the largest runoff
deficits with a physical dimension of depth. Either a
linear regression model, which combines a zero-order

TABLE 4. Comparison of model errors.

Residual standard Median residual

Model Equation error (mm) (mm)
Zero-order, normative model for WY 2015 runoff Eq. (5) 234 121
First-order, normative model for WY 2015 runoff Eq. (6) 112 -11
Multiple linear regression for summer 2015 runoff Eq. (3) 45 -0.6
First-order normative model for summer 2015 runoff Eq. (7) 40 -3.7
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term (the intercept) with a first-order term (the slope),
or a higher-order model would be necessary for £ > 1
and, thus maybe needed for streamflow forecasts in arid
basins, dry seasons, or dry years.

5. Conclusions

Streamflow was exceptionally low in the spring and
summer of 2015 across much of the western United
States because of the combination of low precipitation
and snowpack that exploited the sensitivity of both rain-
dominant and snow-dominant basins. Streamflow re-
sponses to the 2015 drought were generally consistent
with a first-order model based on the at-site ratio of
normal runoff to normal water-year precipitation, which
is equivalent to a precipitation elasticity of runoff, E = 1.
Greater vulnerability (lower runoff and £ > 1) was in-
dicated by bias in the model particularly in arid basins
and during summer. A model that accommodates E > 1
is necessary for more accurate assessment of streamflow
responses to extreme drought. Summer streamflow for
much of the western United States depends on spring
and summer precipitation, so prediction of streamflow
responses during drought will depend on accurate
forecasts of spring and summer precipitation. While
lower spring snowpack in response to climate change
will likely to reduce late spring and early summer
runoff from snowmelt, late summer streamflow in many
rivers will depend on changes in spring and summer
precipitation.
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