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likely will elevate the risk of reduced water supply in the basin. Although
variability in water-year precipitation explains more of the variability in water-
year UCRB streamflow than water-year UCRB temperature, since the late
1980s, increases in temperature in the UCRB have caused a substantial re-
duction in UCRB runoff efficiency (the ratio of streamflow to precipitation).
These reductions in flow because of increasing temperatures are the largest
documented temperature-related reductions since record keeping began. In-
creases in UCRB temperature over the past three decades have resulted in a
mean UCRB water-year streamflow departure of —1306 million m® (or —7% of
mean water-year streamflow). Additionally, warm-season (April through Sep-
tember) temperature has had a larger effect on variability in water-year UCRB
streamflow than the cool-season (October through March) temperature. The
greater contribution of warm-season temperature, relative to cool-season tem-
perature, to variability of UCRB flow suggests that evaporation or snowmelt,
rather than changes from snow to rain during the cool season, has driven recent
reductions in UCRB flow. It is expected that as warming continues, the negative
effects of temperature on water-year UCRB streamflow will become more
evident and problematic.
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The Colorado River basin (Figure 1) extends across parts of seven states (A-
rizona, California, Colorado, New Mexico, Nevada, Utah, and Wyoming) and is
one of the most important water resources in the western United States and
Mexico (U.S. Bureau of Reclamation 2012). The upper Colorado River basin
(UCRB)—that portion of the Colorado River basin upstream of the stream gauge
at Lees Ferry—accounts for about 90% of the streamflow of the entire Colorado
River basin (Jacobs 2011). Since the UCRB is the primary source of water in the
Colorado River basin, this portion of the basin is the focus of our study.

There has been increased concern regarding future UCRB water supply given
the effects of increasing temperatures on Colorado River streamflow and increases
in consumptive water use in the basin (Diaz and Anderson 1995; U.S. Bureau of
Reclamation 2012; Udall and Overpeck 2017). A number of studies have examined
the effects of projected future warming on streamflow in the Colorado River basin
(Christensen et al. 2004; Christensen and Lettenmaier 2007; Hoerling and Eischeid
2007; McCabe and Wolock 2007; Vano et al. 2014; Ficklin et al. 2013; Ko-
pytkovskiy et al. 2015; Foster et al. 2016; Udall and Overpeck 2017). All of these
studies have indicated that the adverse effects of future warming on Colorado River
streamflows are likely to be considerable.

Recently, Woodhouse et al. (2016) examined the influence of precipitation,
temperature, and antecedent soil moisture on UCRB water year (October through
September) streamflow over the past 100 years. Results indicated that cool-season
precipitation explains most of the variability in water-year streamflow; however,
spring/summer temperature and, to a lesser extent, antecedent fall soil moisture
appear to have substantial effects on UCRB streamflow under certain conditions.
For example, the effects of recent droughts on UCRB streamflow have been am-
plified by increased temperatures, which exacerbated the effects of relatively
modest precipitation deficits (Woodhouse et al. 2016).
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Figure 1. Map of the Colorado River basin. The upper Colorado River basin is shaded
gray, and the boundaries for 62 hydrologic units are outlined in dark gray.
Lakes Mead and Powell are the major reservoirs in the Colorado River system.

In another recent study, Udall and Overpeck (2017) examined the effect of
temperatures on UCRB streamflow during the instrumental period and based on
future projections from climate models. Udall and Overpeck point out that between
2000 and 2014, annual Colorado River streamflow averaged 19% below the 1906—
99 mean, the worst 15-yr drought on record. They attribute at least one-third of the
decrease in UCRB streamflow during this period to increased temperature.
Woodhouse et al. (2016) and Udall and Overpeck (2017) are the first studies to
show a negative effect of recent warming on UCRB streamflow in the instrumental
record.



Earth Interactions + Volume 21 (2017) + Paper No. 10 « Page 4

Although climate model projections suggest a decrease in UCRB streamflow in
part because of increases in temperature (Christensen et al. 2004; Christensen and
Lettenmaier 2007; Hoerling and Eischeid 2007; McCabe and Wolock 2007; Vano
et al. 2014; Ficklin et al. 2013; Kopytkovskiy et al. 2015; Udall and Overpeck
2017), there has been only sparse research that has qualitatively or quantitatively
documented a negative effect of increases in temperature on UCRB streamflow in
the instrumental record. Woodhouse et al. (2016) and Udall and Overpeck (2017)
are the only studies to date that have addressed this issue, and they suggest that the
effects of projected warming are becoming detectable. Given these previous
studies and continued warming in the UCRB (Udall and Overpeck 2017), two
critical questions need to be answered, namely, 1) are the effects of temperature on
UCRB flow now substantial enough to be discernable amid natural UCRB flow
variability, and 2) can these effects be quantified at both annual and seasonal time
scales? Identification of the effects of increases in temperature on UCRB streamflow
in the instrumental record can provide a benchmark for the magnitude of physically
plausible, temperature-driven flow declines and lend credibility to model projections
of future decreases in UCRB streamflow because of warming. The objectives of
our analyses are to expand on the work by Woodhouse et al. (2016) and Udall
and Overpeck (2017) using observed hydroclimatic data (1906-2012) to 1) detect
and quantify the relative contributions of temperature and precipitation to water-year
UCRB flow and 2) determine if increases in temperature are already having a sta-
tistically significant negative effect on UCRB streamflow.

Water-year (October—September) naturalized UCRB streamflow for the period
19062012 were obtained from the U.S. Bureau of Reclamation (http://www.usbr.
gov/lc/region/g4000/NaturalFlow/current.html). Estimated natural flows have had
the effects of diversions and depletions removed. For this study, the Lees Ferry
streamflow record is used as it captures the flows for the entire UCRB. For the
remainder of this paper, the naturalized UCRB streamflow will be referred to as
measured streamflow. The time series of water-year streamflow was converted to
units of million cubic meters (mcm).

Monthly temperature (°C) and precipitation (mm) data for the period 1895-
2014 were obtained from the Parameter-Elevation Regressions on Independent
Slopes Model (PRISM) dataset (http://www.prism.oregonstate.edu/) on a 4 km by
4km grid. The monthly temperature and precipitation data for PRISM grid cells
in the UCRB were averaged or summed to compute mean water-year temperature
and total water-year precipitation for each PRISM grid cell. The precipitation data
also were converted to million cubic meters to be in the same units as streamflow.
The time series of water-year temperature and precipitation for the PRISM grid
cells in the UCRB subsequently were averaged to compute mean water-year
UCRB temperature and precipitation for water years 1906-2012 for comparison
with water-year UCRB streamflow. Additionally, water-year UCRB runoff ef-
ficiency was computed as water-year streamflow divided by water-year pre-
cipitation.

For most of the analyses presented in this paper, the time series are converted to
Z scores (number of standard deviations from the time series mean) to simplify
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comparison among variables and are smoothed with a 10-yr moving average to
remove some of the high-frequency noise in the time series.

The long length of the PRISM dataset (1895—present) was a primary reason for
choosing these data for the analyses presented in this paper. However, because
recent research has indicated temperature measurement errors for some high-
elevation snow telemetry sites in the western United States (Oyler et al. 2015a),
we verified the PRISM monthly temperature data in a comparison with the
Topoclimatic Daily Air Temperature Dataset for the Conterminous United States
(TopoWx) data (Oyler et al. 2015b). The TopoWx temperature data have been
adjusted for temperature measurement biases and are available for the 1948-2012
period (Oyler et al. 2015a, 2015b). Comparison between PRISM and TopoWX data
for 1948-2012 indicated little to no difference in the time series from the two
datasets (correlation coefficient = 0.9998, PRISM bias relative to TopoWX =
0.11°C, and Nash-Sutcliffe statistic = 0.9995). These results indicate that the
UCRB temperature data obtained from the PRISM data are as reliable as TopoWX
for our analyses.

To evaluate the relative importance of temperature and precipitation on UCRB
streamflow, multiple linear regression analyses were performed over the years from
1906 through 2012. Mean measured water-year UCRB streamflow was used as the
dependent variable, and mean water-year UCRB temperature and precipitation
were the independent variables. Before performing the regression analyses, we
examined statistical relations between the time series of water-year UCRB tem-
perature, precipitation, and streamflow to ensure that regression analyses were
appropriate. Specifically, the linearity, covariance, and normality of the datasets
were examined.

Scatterplots (not shown) comparing water-year UCRB temperature, precipita-
tion, and streamflow indicated that all of the variables are linearly related. None of
the scatterplots indicated a nonlinear relation between any of the variables. Pearson
correlations between the time series indicated a correlation between water-year
UCBR flow and water-year UCRB temperature of —0.57 (p < 0.05), a correlation
between water-year UCRB flow and water-year UCRB precipitation of 0.77 (p <
0.05), and a correlation between water-year UCRB temperature and water-year
UCRB precipitation of —0.34 (p < 0.05). Although the correlation between UCRB
temperature and UCRB precipitation is statistically significant, the correlation
indicates that less than 12% of the variance in water-year UCRB precipitation is
explained by water-year UCRB temperature. Partial correlation between water-
year UCRB temperature and water-year UCRB flow, controlling for water-year
UCRB precipitation, is —0.51 (p < 0.05), and the partial correlation between
water-year UCRB precipitation and water-year UCRB flow, controlling for water-
year UCRB temperature, is 0.75 (p < 0.05). The magnitudes of the partial cor-
relation values indicate that both precipitation and temperature have significant
independent effects on UCRB streamflow.

Using a Kolmogorov—Smirnov test, we also examined whether the distributions
of values from the time series of water-year temperature, precipitation, and
streamflow were statistically different (p < 0.05) from a normal distribution.
Results indicated that none of the time series had a distribution that was statisti-
cally different from a normal distribution. Thus, all of the time series can be
considered to be normally distributed.
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The statistical analyses described above indicate that the times series used in this
study (i.e., water-year UCRB temperature, precipitation, and streamflow) can be
appropriately analyzed using multiple linear regression.

An evaluation of the time series of water-year streamflow, precipitation, and
temperature indicates the importance of temperature and precipitation to stream-
flow variability over time. Figure 2a illustrates 10-yr moving averages of Z scores
of water-year UCRB precipitation and streamflow. These time series show that
from 1906 to about 1933 the streamflow Z scores are generally greater than the
precipitation Z scores (Figure 2a), indicating that during the early part of the
twentieth century normalized streamflow values were higher than normalized
precipitation values. This indicates a period of higher-than-average UCRB runoff
efficiency (Figure 2c). This period of relatively high runoff efficiency for the
UCRB (1906-33) is associated with negative temperature Z scores (cooler-than-
average temperature; Figure 2b). These temperatures are also consistent with a
lower-than-average evaporative demand resulting in more streamflow per unit of
precipitation (i.e., higher runoff efficiency; Figure 2c).

In the middle part of the record (1934-87), there are only small differences
between the streamflow and precipitation Z scores (Figure 2a). The similarity in
streamflow and precipitation Z scores during this period coincides with relatively
consistent near-zero temperature Z scores (near-average temperature; Figure 2b)
and near-average runoff efficiency (Figure 2c).

Over the most recent decades (1988-2012), the precipitation Z scores are generally
larger than the streamflow Z scores (Figure 2a), suggesting a decrease in runoff effi-
ciency (Figure 2c). This period also is associated with positive temperature Z scores
(higher-than-average temperature) and likely higher evaporative demand (Figure 2b).

The results described above indicate a substantial negative relationship between
changes in runoff efficiency and variability in water-year UCRB temperature.
When temperatures were below (above) the long-term average, runoff efficiency
was above (below) the long-term average (Figures 2b and 2c). The correlation
between the 10-yr moving average time series of water-year UCRB temperature
and runoff efficiency is —0.87 (p < 0.000 01; Figure 3).

These findings indicate that warming has had an increasingly negative influence
on UCRB flow over recent decades. Woodhouse et al. (2016) reported that since
1988 there has been a notable increase in the frequency of warm years, which have
resulted in lower than expected UCRB streamflow given the magnitude of pre-
cipitation, with recent streamflow droughts being exacerbated by higher-than-
average temperature. The negative effect of temperature on water-year UCRB
streamflow since the late 1980s is also consistent with research on changes in
snowmelt and streamflow timing in the western United States. For example,
Stewart et al. (2004) and McCabe and Clark (2005) showed a shift in the timing of
streamflow in the western conterminous United States (CONUS) to earlier in the
year. McCabe and Clark (2005) also reported that a shift in streamflow timing
occurred during the mid-1980s and that it was related to a shift to increased
temperature across the western United States. In addition, McCabe and Wolock
(2009) reported decreases in snow water equivalent (SWE) for much of the western
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Figure 2. The 10-yr moving averages of Z scores of upper Colorado River basin
(a) water-year precipitation and streamfiow, (b) water-year temperature,
and (c) runoff efficiency. The dotted vertical lines demark an early twentieth-
century cool period (1906-33), a near-average temperature period (1934~
87), and a late warm period (1988-2012).
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Figure 3. Comparison of 10-yr moving-average Z scores of water-year temperature
with 10-yr moving-average Z scores of runoff efficiency (water-year
streamflow/water-year precipitation). The correlation coefficient r for the
comparison is indicated in the upper right-hand corner.

United States since about 1980 and related the decreases in SWE to increased
temperature. McCabe and Wolock (2009) also reported that the post-1980, lower-
than-average SWE conditions in the western United States were unprecedented
within the context of the twentieth century. Furthermore, Pederson et al. (2011)
show, using the tree-ring-based reconstruction of 1 April SWE, that the magnitude
of recent declines in SWE across the western United States is highly unusual in the
context of the past 800 years. Recent tree-ring-based assessments of changes in
runoff efficiency over the past 500 years for the UCRB and the upper Rio Grande
River basin (Lehner et al. 2017) also show strong evidence for significant temperature-
driven flow declines since the mid-1980s.
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Table 1. Regression of water-year upper Colorado River flow (mcm) against water-
year UCRB temperature (T: °C) and water-year UCRB precipitation (P; mcm). The
coefficient of determination 2 = 0.70 and adjusted > = 0.70 (p < 2.2 x 107'416).

Intercept/coefficients Standard error t value p value
Intercept 1.1414 x 10* 3.817 X 10° 3.704 0.000034 1
T (°C) —2.489 X 10° 4.130 X 10% —6.027 2.56 X 1078
P (mcm) 1.955x 107! 1.708 X 1072 11.442 <2 x107'°

To quantitatively assess the effects of water-year UCRB temperature and pre-
cipitation on water-year UCRB streamflow, a multiple linear regression analysis
was performed with water-year UCRB streamflow as the dependent variable and
water-year UCRB temperature and precipitation as the independent variables. The
regression resulted in an adjusted coefficient of determination of 0.70 (p <
0.0001), and the regression coefficients for both temperature and precipitation were
statistically significant at p < 0.0001 (Table 1). These regression results are nearly
the same as those obtained by Nowak et al. (2012) who performed a regression of
UCRB runoff against UCRB temperature and precipitation for the 1906-2006
period. The regression ¢ values for water-year UCRB temperature and precipitation
were —6.027 (p < 0.0001) and 11.442 (p < 0.0001), respectively. These ¢ values
reflect a negative correlation between temperature and streamflow and a positive
correlation between precipitation and streamflow. Additionally, the magnitude of
the ¢ values indicates that the effects of interannual variability in precipitation on
streamflow are almost twice as large as the effect of interannual variability in
temperature on streamflow. The larger effect of precipitation on interannual
streamflow variability is consistent with previous research that showed that pre-
cipitation is the primary source of interannual variability in UCRB streamflow
(McCabe and Wolock 2011; Woodhouse et al. 2016).

To compute contributions of each of these variables to water-year UCRB
streamflow for each year, the regression coefficient for temperature was multiplied by
the time series of water-year UCRB temperature, and the regression coefficient for
precipitation was multiplied by the time series of water-year UCRB precipitation. The
resulting time series were smoothed with a 10-yr moving average to remove high-
frequency variability and to make the time series easier to interpret (Figure 4). The
contributions of water-year UCRB temperature and precipitation to water-year UCRB
streamflow are presented as contributions to UCRB flow departures 1) in million
cubic meters and 2) as a percent of the long-term (1906-2012) mean streamflow.

This analysis allows a quantitative assessment of the contributions of water-year
temperature and precipitation to streamflow departures over the period of record.
The contributions of temperature are mostly positive during the early twentieth
century because of cooler-than-average temperatures, with contributions that vary
above and below zero from the early 1930s to the late 1980s (near-average tem-
perature) and then mostly negative contributions from warm temperatures after the
late 1980s (Figure 4). The most consistently negative temperature contributions to
water-year UCRB streamflow departures over the entire 1906-2012 period have
occurred since the late 1980s, coinciding with the warming trend in Figure 2b. The
mean temperature contribution to water-year UCRB streamflow departures during
the 1988-2012 period is —1306 mcm (—7% of mean water-year streamflow) or
about 0.24 standard deviations of water-year UCRB streamflow. This temperature
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Figure 4. The 10-yr moving averages of the contributions of upper Colorado River

basin water-year precipitation and temperature to water-year streamflow
departures from the long-term (1906-2012) mean (mcm; left y axis) and
percent of the long-term mean of UCRB streamflow (right y axis). The dotted
vertical lines demark an early twentieth-century cool period (1906-33), a
near-average temperature period (1934-87), and a late warm period
(1988-2012).

effect on water-year UCRB streamflow departures is consistent with results in
Udall and Overpeck (2017), who reported that from 2000 through 2014 UCRB
streamflow was about 19% below the long-term average, with one-third or more of
this decrease (at least ~6%) attributable to increased temperature.

The statistical significance of changes in temperature contributions to UCRB
streamflow departures during the time period was computed using a Student’s ¢
test. Comparing the temperature contribution to UCRB streamflow departures for
1906-33 with the temperature contribution from 1934 through 1987 resulted in a ¢
statistic value of —4.4887 (p < 0.000 04; Table 2). This result suggests that there
was a statistically significant decrease in contributions of temperature to
UCRB streamflow departures from the positive temperature contributions during
1906-33 (a cool period) to the 1934—87 period (near-average temperature period;
Figure 2b). Similarly, a Student’s # test comparing temperature contributions to UCRB
streamflow departures for the 1934-87 period with temperature contributions for
the 1988-2012 period resulted in a 7 statistic value of —3.0952 (p < 0.004; Table 2).
This indicates that the negative contributions of temperature to UCRB streamflow

Table 2. Results of Student’s ftests comparing the contributions of water-year UCRB
temperature to water-year UCRB flow for different periods: 1906-33, 1934-87, and
1987-2012. The mean contributions of temperature to UCRB flow are in million cubic
meters.

Mean

Period 1 Period 2 Period 1 (mcm) Period 2 (mcm) t statistic p value

1906-33 1934-87 1450.2620 —146.5335 —4.4887 3.268 X 107°
1934-87 1988-2012 —146.5335 —1307.7811 —3.0952 0.003 199
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Table 3. Regression of water-year upper Colorado River flow (mcm) against cool- (Oc-
fober-March) and warm-season (April-September) UCRB temperature T.oo and Tyom CC)
and cool- and warm-season UCRB precipitation P.oo and Pyom (Mcm). The coefficient of
determination r? = 0.76 and adjusted r?> = 0.75 (p < 2.2 x 107 '4).

Intercept/coefficients Standard error t value p value
Intercept 25192.098 6978.135 3.610 0.000476
Teoo1 (°C) —627.963 270.702 —2.320 0.022 346
Twarm (°C) —1960.112 418.885 —4.679 8.87X107°
Peoor (mem) 75.013 7.095 10.573 <2 x107'°
Porm (mem) 29.486 7.033 4.192 5.89x107°

departures during 1988-2012 were statistically different from the more neutral tem-
perature contributions to UCRB streamflow departures during 1934-87.

In addition to evaluating effects of changes in annual precipitation and tem-
perature on streamflow, we also investigated the relative importance of cool-
(October—March) and warm-season (April-September) climate on UCRB
streamflow. In this multiple regression analysis, the dependent variable was water-
year UCRB streamflow, and the independent variables were cool-season temper-
ature, warm-season temperature, cool-season precipitation, and warm-season
precipitation (Table 3). The resulting regression had an adjusted coefficient of
determination of 0.75 (p < 0.00001), and the ¢ values were —2.320 for cool-
season temperature (p = 0.022346), —4.679 for warm-season temperature (p <
0.00001), 10.573 for cool-season precipitation (p < 0.00001), and 4.192 for
warm-season precipitation (p < 0.000 06). These results indicate that cool-season
precipitation has had the largest effect on variability in water-year UCRB
streamflow, with warm-season precipitation and temperature having similar effects
on water-year streamflow that are slightly less than half as large as the cool-season
precipitation effects. Cool-season temperature had the smallest effect on the var-
iability in water-year UCRB streamflow. These results are consistent with those of
Woodhouse et al. (2016), who found that cool-season precipitation explains most
of the variability in water-year UCRB streamflow and that spring/summer tem-
perature can have substantial effects on UCRB streamflow under certain condi-
tions. The greater contribution of warm-season temperature versus cool-season
temperature to variability of UCRB flow suggests that evaporation or snowmelt,
rather than changes from snow to rain during the cool season, have driven recent
reductions in UCRB flow. These results are consistent with the findings of Foster
et al. (2016), who examined the effects of warming on the hydrology of two
mountain watersheds in the central Rocky Mountains and reported that warming-
induced shifts in precipitation from snow to rain had a smaller effect on decreases
in runoff than did warming-driven increases in summer evapotranspiration.

The results of this study provide evidence of a marked negative effect of temper-
ature on UCRB flow over the past three decades. This study goes beyond prior work
and quantifies the impact of warming temperatures, over both the full year and for the
warm and cool seasons (e.g., Woodhouse et al. 2016; Udall and Overpeck 2017).

Examination of water-year UCRB temperature, precipitation, and stream-
flow time series indicate three periods of note: 1906-33 (cooler-than-average
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temperature), 1934-87 (near-average temperature period), and 1988-2012
(warmer-than-average temperature). During the 190633 period, when tempera-
ture was cooler than average, streamflow Z scores were generally higher than
precipitation Z scores, and runoff efficiency Z scores were mostly higher than the
long-term average value. In contrast, during the 1988-2012 period, when tem-
perature was warmer than average, streamflow Z scores were lower than precipi-
tation Z scores (indicating a lower runoff efficiency). These comparisons indicate
that since about the late 1980s, temperature has had a notable negative effect
driving reductions in UCRB runoff efficiency.

The degree to which changing temperatures are influencing UCRB streamflow,
and the unusual strength of this influence in recent decades, is highlighted by
regression analysis results. An important result from this analysis is that the
contribution of water-year UCRB temperature to water-year UCRB streamflow
departures has been consistently negative since the late 1980s, and the negative
temperature contributions have been the largest of the 1906-2012 period. This
negative impact translates to a mean departure in flow of —1306 mcm or 7% of
water-year flow. More specifically, the negative impacts of temperature are most
marked in the warm season. To put the mean —1306 mcm departure in water-year
UCRB flow in context, this magnitude of decrease in UCRB flow is approxi-
mately 24% of the allotment of UCRB flow to California, or 38% of the allotment
to Arizona, or 353% of the allotment of UCRB flow to Nevada (these percentages
are based on the Boulder Canyon Project Act of 1928; see https://www.usbr.gov/
Ic/region/g1000/lawofrvr.html and https://www.usbr.gov/lc/region/g1000/pdfiles/
bepact.pdf).

These results suggest that if temperatures continue to increase, as projected by
climate models (Udall and Overpeck 2017), there will be an increasing negative
effect of temperature in driving larger-magnitude streamflow declines in the
UCRB. This result has implications for water supply variability in general, but it
is particularly important to note that the impacts of future drought will be ex-
acerbated by this underlying warming. A twentieth-century-type drought, such as
the 1950s, occurring in the future will have greater impacts on water supply
because of the elevated temperatures. Recognizing the potential for more per-
sistent and severe droughts than those that have occurred during the instrumental
period, or documented in paleoclimatic records (e.g., Woodhouse et al. 2006;
Meko et al. 2007), adds to the importance of these findings. A shift to dry con-
ditions associated with precipitation reductions caused by natural climatic vari-
ability in combination with increased temperatures likely will result in droughts
of unprecedented severity.
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