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ABSTRACT: To better understand drought occurrence in the Colorado River Basin (CRB) of the southwestern United
States we used a hydroclimatic index to create a historical record of drought coverage and analysed the linear trend and
relationships with key climate teleconnections. The past century was characterized by an increase in drought coverage
during the warm portion of the year almost exclusively as a result of climatic warming. In recent decades, a significant
increase in the drought coverage occurred earlier in the year, during the spring season, primarily as a function of warming,
but in combination with a decline in precipitation for a significant portion of the basin. The El Nifio (La Nifia) phase of
the El Nifio-Southern Oscillation (ENSO) phenomenon is associated with a smaller (larger) area of drought during fall and
winter, and the ENSO phase during the preceding six months is a significant predictor. The area of drought within the CRB
is larger (smaller) during the warm (cold) phases of the Atlantic Multi-decadal Oscillation (AMO) and the Pacific Decadal
Oscillation (PDO), although the relationship with the PDO is weak. Monthly AMO values for the two years preceding
drought provide minor predictability. Decadal averages of drought coverage closely follow those of both the AMO and
PDO index. However, the nature of the PDO-drought relationship is reversed over the two halves of the historical record,
possibly indicating a dominance of the AMO over the PDO in influencing drought in the region. Teleconnection-drought
relationships are stronger for the southern portion of the basin. Trends in drought coverage, the current phases of the AMO
and PDO, climate change projections of regional warming, and the likelihood of continued rapid population growth could

result in significant water resource problems within the CRB. Copyright © 2009 Royal Meteorological Society
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1. Introduction

I1.1.

Drought causes greater economic impact than any other
natural hazard, with an estimated $6—8 billion in annual
losses in the United States alone (Wilhite et al., 2005).
Since 2000, southwestern states have exhibited a variety
of drought impacts, including over 2.6 million acres of
Arizona and New Mexico conifer damaged from a com-
bination of severe drought stress and enhanced insect
pest outbreaks (USDA Forest Service, 2004; Breshears
et al., 2005), substantial increases in acres burned in the
Colorado River Basin (CRB) states, water restrictions in
major metropolitan areas such as Las Vegas and Denver
(e.g. Kenney et al., 2004), water shortages in vulnerable
rural regions and on tribal lands, and substantial livestock
losses. The rapidly growing population of the south-
western United States is particularly sensitive to drought
because of the reliance on water from the relatively arid
CRB and over-allocated Colorado River. Since 2000, pro-
longed declines in Colorado River reservoir storage have
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sensitized regional water managers to the increasingly
likely possibility of drought-related shortages (McCabe
and Wolock, 2007; Garrick et al., 2008). Regional cities
and states had been engaged in unprecedented drought
planning, and the seven CRB states developed the first-
ever shortage criteria for reservoir operations (USDOI,
2007).

The CRB encompasses an area of approximately
634550 km? that stretches across the southwestern
United States (626 780 km? of the CRB) and northwest-
ern Mexico (7770 km?), and is drained by the Col-
orado River and its tributaries. Originating in the high
elevations of Colorado and flowing southwestward for
2366 km to the Gulf of California, the Colorado River
drains parts of seven states (Figure 1). The 1922 Col-
orado River Compact divided the river into an upper
basin (UB) and lower basin (LB) that approximate two
halves of the CRB, with the LB slightly larger at around
55% of the area. Positioned at a lower mean latitude
and elevation, the LB is much warmer than the UB
annually, with the greatest difference during the cool sea-
son (Figure 2(a)). Nearly 60% of the area of the UB
is at an elevation greater than 2 km compared to only
about 16% of the LB. Annual precipitation for the two



PATTERNS OF DROUGHT IN THE CRB

237

Colorado River
Basin

Salt Lake City
-

Nevada
Utah

California

Arizona

. Pheenix

Wyoming

COLORADO

-

Denver

New
Mexico

Upper Basin
Lower Basin

@® Dams

Tuesen

Figure 1. The Colorado River Basin (adapted from the Colorado River Commission of Nevada (http://crc.nv.gov)). This figure is available in
colour online at www.interscience.wiley.com/ijoc

sub-basins is not dramatically different (within 20%);
however, monthly differences are large during spring and
early summer (April-June) when the UB is considerably
wetter than the LB (Figure 2(b)). During mid- to late-
summer (July—August) the pattern is reversed and the LB
is wetter than the UB (Figure 2(b)), as the North Amer-
ican monsoon circulation transports moisture northward
into the region initiating convective precipitation.

The Colorado River is a critical source of water for
the southwestern United States; as a result the river
is highly dammed. More water is exported from the
CRB than from any other basin in the United States in
meeting the municipal and industrial demands of more
than 24 million people that are predominantly located
in urban areas across the Southwest. Still, the high-
population density urban areas represent a small fraction
of the CRB, and in fact 75% of the CRB is comprised of
protected land. Dammed rivers and large surface water
reservoirs are important in the CRB due to the aridity of
the region, the high-interannual variation in precipitation
and runoff, and the propensity for multi-year drought.
The mean potential evapotranspiration (PE), or climatic
demand for water, is high for both basins (Figure 2(c)),

Copyright © 2009 Royal Meteorological Society

and approximately one and a half times greater annually
in the LB compared to the UB due to the lower latitude
(greater annual solar radiation) and higher air temperature
(Figure 2(a)) of the LB. The contrast between climatic
demand for water and natural water availability, or
precipitation (P), puts drought stress in perspective. On
a mean monthly basis, values of P-PE are positive only
for the months of November through March in the UB
and December through January in the LB (Figure 2(d)).
Although this amount of ‘available water’ varies inter-
annually and spatially across the basins, the mean values
demonstrate the need to capture and store runoff for
municipal needs.

The regional climate of the CRB has changed over the
past century. On average, mean annual air temperature
increased by nearly 1.3°C across the 112-year period
1895-2006, and the rate of warming was even greater
over the last 30 years (Figure 3(a)). The record of precip-
itation across the CRB is not characterized by a long-term
linear trend (Figures 3(b) and (c)), but there are periods
of a significant trend, including a decline in the LB over
the past 30 years (Figure 3(b)). The potential impacts of
future climate change on runoff within the CRB have

Int. J. Climatol. 30: 236-255 (2010)
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Figure 3. Time series of mean annual air temperature for the lower and upper basins (a) and precipitation for the lower (b) and upper (c) basins.

been outlined in at least nine major studies over the past of these studies signalled a likelihood of significant reduc-
25 years (Revelle and Waggoner, 1983; Nash and Gleick, tions in runoff within the basin in response to warmer
1991, 1993; Christensen et al., 2004; Milly et al., 2005; and drier conditions, particularly during winter months.
Christensen and Lettenmaier, 2006; Hoerling and Eis- The projections are compounded by the certainty that the
cheid, 2006; Seager et al., 2007; Ellis et al., 2008). Each population of the region will continue to increase.
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To better understand drought occurrence in the CRB
we established the record of the spatial coverage of
drought over the past century, or approximately the
instrumental period of record. Specifically we focus on
linear trends for the two sub-basins of the CRB and on the
relationship between temporal patterns and major climate
teleconnections that have been linked to the climate of the
region. This required that we define drought and represent
its occurrence across the CRB.

1.2. Defining drought occurrence

It is well documented that indexing drought is difficult
and that most drought indices used in monitoring are
characterized by regional biases and limited relationships
to the multiple dimensions of drought (e.g. Heim, 2002;
Keyantash and Dracup, 2002; Steinemann et al., 2005).
The Palmer Drought Severity Index (PDSI) (Palmer,
1965) is arguably the most widely used drought indi-
cator during the past 50 years. The PDSI is derived from
a moisture balance model and reflects how soil mois-
ture compares with the average condition. A given PDSI
value is a combination of the current condition and the
previous PDSI value, reflecting the trend in soil mois-
ture. Many authors (e.g. Dickerson and Dethier, 1970;
Alley, 1984; Karl, 1986; Heddinghaus and Sabol, 1991;
Guttman et al., 1992; Lohani et al., 1998; Steinemann,
2003) have identified significant weaknesses in the PDSI.
Foremost is the fact that the empirical relationships spec-
ified in Palmer’s water balance model for determining
drought severity, onset and end were developed from
field experiments specific to the Midwestern region of the
United States (Palmer, 1965). Application of the PDSI to
regions with climatic characteristics that are very differ-
ent from those of the Midwest is potentially problematic.
Another major problem is that the PDSI is based on
departures from average, without consideration of precip-
itation variability, and therefore it tends to perform poorly
in regions with high inter-annual variability (Steinemann
et al., 2005).

Alternative versions of the PDSI that employ the basic
water budget equation, such as the Palmer Hydrological
Drought Index (PHDI), Weighted PDSI and the Self-
Calibrated PDSI (Wells er al., 2004) exhibit regional
biases similar to those in the basic PDSI. Other indices
address specific sectors impacted by drought, such as
the Crop Moisture Index (Palmer, 1968) for agricul-
ture and the Surface Water Supply Index (Shafer and
Dezman, 1982; Doesken and Garen, 1991) for water
resources. Since each of these drought indices uses differ-
ent variables to represent supply and demand within the
water budget equation to satisfy its own sector-specific
definition, there are often different results between
indices during the same drought period for a given loca-
tion.

The Standardized Precipitation Index (SPI) (McKee
et al., 1993, 1995) is preferred to the PDSI by many
climatologists. The SPI quantifies precipitation anomalies
for multiple time scales. SPI calculations commonly fit

Copyright © 2009 Royal Meteorological Society
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the long-term record to a gamma distribution and then
transform the data to a normal distribution, in order to
facilitate comparisons across regions, using a scale with a
common interpretation. Thus, a value of zero corresponds
to the median, and departures relate directly to the well-
known normal distribution. Despite satisfying many of
the concerns associated with the PDSI, the SPI only
considers one-half of the hydrologic equation, ignoring
the temperature-driven climatic demand for water (PE).
This is a critical problem in climates with an extremely
warm summer season, during which evaporative loss
can dominate the hydrologic budget (e.g. Figure 2(d))
despite significant precipitation (e.g. Figure 2(b)). It is
also problematic in climates characterized by months
that are reliably arid, such that a single-precipitation
event can dominate monthly SPI calculations. In such
climates, summer precipitation is much less ‘effective’
than cooler winter season precipitation for replenishing
soil moisture and water supplies. Furthermore, by not
representing the loss of water to the atmosphere, the SPI
cannot account for the impacts of climate change in the
form of atmospheric warming.

What we call the ‘hydroclimatic index’ (HI) is a rep-
resentation of the difference between measured precipita-
tion (P) and estimated PE, in the form P-PE. This concept
dates back to the ‘aridity index’ of Thornthwaite’s cli-
mate classification work in the late 1940s (Thornthwaite,
1948), which was based on P-PE from only months with
negative values. More recently the United Nations Envi-
ronment Programme calculated an aridity index as a ratio
of the two variables (P/PE) in mapping desertification
(UNEP, 1992). In recent decades the P versus PE concept
has been applied predominantly in agriculture.

The HI avoids difficulties associated with using actual
evapotranspiration (AE), which varies with soil moisture
content and the capacity of the soil to retain water (i.e.
field capacity). Using P-PE also allows for comparison
of the hydroclimatic conditions across different regions,
since PE is not limited by soil moisture. PE represents
water loss from a soil that is continuously at field
capacity, which also de-emphasizes the importance of soil
type. The HI represents the hydroclimatic condition at
any point in time from which varying degrees of drought
can be identified.

1.3.  Major climate teleconnections to the Southwest

It is well known that year-to-year variability in precipi-
tation across the United States is forced primarily from
sea surface temperature (SST) anomalies in the tropical
Pacific Ocean, known as the El Nifio-Southern Oscillation
(ENSO phenomenon (Ropelewski and Halpert, 1986),
and that drought in the Southwest is linked to the cold
phase of ENSO, or La Nifia (Redmond and Koch, 1991;
Piechota and Dracup, 1996; Cayan et al., 1999).

The Pacific Decadal Oscillation (PDO) is an ENSO-
like pattern of northern Pacific Ocean SST variability
with a periodicity of around 50 years (Mantua and Hare,
2002). Positive (warm phase) values of the PDO refer

Int. J. Climatol. 30: 236-255 (2010)
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to above normal SSTs along the west coast of North
America and along the equator, and below normal SSTs
in the central and western North Pacific centred around
45° of north latitude. Negative (cold phase) values of
the PDO refer to the opposite distribution of SSTs in
these same areas. The dynamic mechanism that forces
variability of the PDO remains uncertain. It is well known
that the usefulness of ENSO as a seasonal predictive tool
varies with the phase of the atmosphere-ocean variations
in the Pacific, as measured by the PDO index (Gershunov
and Barnett, 1998; McCabe and Dettinger, 1999; Gutzler
et al., 2002; Brown and Comrie, 2004).

The Atlantic Multi-decadal Oscillation (AMO) is a
mode of natural variability occurring primarily in SSTs
in the northern Atlantic Ocean with a periodicity of
60—80 years. The warm phase of the AMO has been
associated with negative precipitation anomalies in the
central and western United States, such as the droughts
of the 1930s and 1950s (Enfield et al., 2001; Hidalgo,
2004; McCabe et al., 2004). Since 1998, the AMO has
returned to the warm phase and drought has returned to
much of the western/southwestern United States.

2. Methods

2.1.

We extracted historic (1895-2006) mean monthly max-
imum and minimum air temperature values and total
monthly precipitation values across the CRB from
the Parameter-elevation Regressions on Independent
Slopes Model (PRISM) dataset (Daly efal., 1994)
(http://www.prism.oregonstate.edu). The resolution of the
PRISM grid is 0.0416° of latitude and longitude (approx-
imately 4 km), yielding 37810 grid cells within the
bounds of the CRB.

To test the applicability of PRISM data, we down-
loaded monthly mean air temperature and total precip-
itation data for stations in the United States Historical
Climate Network (USHCN; Easterling et al., 1996). Data
are available for 1221 stations from the United States
National Climatic Data Center and the Carbon Dioxide
Information Analysis Center of the Oak Ridge National
Laboratory (http://cdiac.ornl.gov/epubs/ndp/ushcn/newus
hcn.html). There are 57 USHCN stations within the
CRB, and we gathered data for the 52 stations with a
90 year or greater period of record, as the number of
stations with a record length of at least 100 years signif-
icantly decreases to 37. We further reduced the number
of stations by retaining only those with no missing data,
resulting in 42 and 43 stations with temperature and pre-
cipitation data respectively. From the PRISM data set
we extracted monthly data for the grid cell closest to
each USHCN station for comparison. The mean absolute
difference between PRISM and USHCN data for each sta-
tion was calculated (Table 1), and the values reveal rather
good agreement for both temperature and precipitation.
Furthermore, to generally determine if PRISM data are
appropriate for use in time series analysis, we calculated

Hydroclimatic index
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the 90-year linear trend in the USHCN and PRISM data
for each station and its corresponding grid cell and com-
pared the two sets of trends using a paired z-test. The
results (Table 2) suggest that the trends associated with
the two data sets are not significantly different for either
air temperature (p-value 0.49) or precipitation (p-value
0.62).

We used the raw PRISM precipitation data in the
calculation of the HI (P-PE), and estimated monthly PE
using mean monthly temperature data calculated from the
PRISM maximum and minimum temperatures. On the
basis of the results of previous tests of several methods
of PE calculation within the CRB (Ellis et al., 2008), we

Table I. Mean values of the descriptive statistics of the monthly

mean absolute difference between USHCN station data and the

corresponding PRISM grid cell data for mean air temperature
(T'; n = 42) and precipitation (P; n = 43).

Mean SD LQ UQ
Tr p T P T P T P T P

Median

Jan 12 50 13 66 05 08 08 25 12 60
Feb 12 52 14 77 05 09 08 21 13 60
Mar 12 54 15 80 05 1.0 07 21 12 6.6
Apr 12 43 16 70 05 07 07 16 12 43
May 13 30 17 42 06 06 08 16 12 4.1
Jun 13 20 1.8 17 06 07 08 14 1.1 28
Jul 1.3 58 16 55 05 16 08 40 12 83
Aug 13 61 16 55 06 20 08 43 12 9.1

Sep 13 46 15 46 06 16 08 29 12 6.1
Oct 12 40 14 46 06 1.1 08 24 1.1 49
Nov 1.1 40 12 57 06 06 07 20 10 37
Dec 1.1 48 12 66 05 09 07 24 1.1 58

Amm 12 45 15 56 05 11 07 25 12 57

Included are the mean, median, standard deviation (SD) and lower (LQ)
and upper quartiles (UQ).

Table II. Paired -test results comparing linear trends (1917—-

2006) from USHCN stations and corresponding PRISM grid

cells for monthly mean air temperature (7'; n = 42) and total
precipitation (P; n = 43).

T Mean SD SE Mean
USHCN 0.145 0.115 0.018
PRISM 0.158 0.084 0.013
Difference —0.013 0.123 0.019
t-Value = —0.70 p-Value = 0.49

P Mean SD SE Mean
USHCN 0.052 0.468 0.071
PRISM 0.083 0.514 0.078
Difference —0.031 0.408 0.062
t-Value = —0.51 p-Value = 0.62

Included are the mean, standard deviation (SD), and standard error
(SE) of the mean in units of degrees Celsius (7’) or millimeters (P) per
decade.

Int. J. Climatol. 30: 236-255 (2010)



242

employed the Hamon (1961) method for PE estimation.
The Hamon equation for PE (mm/month) is

PE = 13.97dD*W, (1)

where d is the number of days in a month, D is the mean
monthly hours of daylight in units of 12 h, and W, is a
saturated water vapour density term, which is calculated

* 4.95¢"0021

W, = 100 2)
where T' is mean monthly temperature (°C) (Wolock and
McCabe, 1999). The Hamon method has been tested
and used in many research applications (e.g. Federer and
Lash, 1983; Federer et al., 1996; Wolock and McCabe,
1999; Xu and Singh, 2001; Sun et al., 2002; Legates and
McCabe, 2005; Lu et al., 2005).

Once we calculated the time series of monthly P-PE
values for each grid cell in the CRB, we calculated
aggregates of P-PE for an array of timeframes that
were chosen to represent short-term (1-, 3-, 6-month),
intermediate (12-, 24-month), and long- term drought
conditions (36-, 48-month). However, since the serial
correlation within the time series of the 24-, 36- and 48-
month values is significant, we focus our analyses on the
timeframes of 12 months and less. The P-PE values for
each timeframe were converted to percentiles by month,
relative to the 112-year period of record, to form the HI as
a representation of the historical hydroclimatic conditions
for each grid cell at any point in time.

2.2. Drought area

Using drought category thresholds established in creating
the Arizona Drought Monitor (http://www.azwater.gov/
dwr/drought/DroughtStatus.html) in consultation with
scientists at the United States National Drought Miti-
gation Center (NDMC), we stratified HI values through
the period of record for each grid cell within the CRB.
Using the area of each cell, we calculated the percentages
of the CRB and its UB and LB characterized by differ-
ent levels of drought. We created time series of the area
affected by: abnormal dryness (<40th percentile), mod-
erate drought or worse (<25th percentile), severe drought
or worse (<15th percentile), and extreme drought (<5th
percentile). This approach is similar to that of Cook et al.
(2004) who constructed a Drought Area Index using PDSI
values on a 2.5° resolution across the western United
States. Likewise, it is similar to the severity-area-duration
methodology of Andreadis ef al. (2005) in which they
incorporated a hydrologic model to simulate soil mois-
ture and runoff on a 0.5° resolution across the United
States.

Mean values of the area within the CRB affected by
the different categories of drought approximate the per-
centile thresholds that define the drought categories. For
instance, the mean percentage of the CRB characterized
by moderate drought or worse, or of the 25th percentile
or lower, is approximately 25%. The drought area data

Copyright © 2009 Royal Meteorological Society
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are positively skewed, which is not surprising since they
characterize just 40% or less of the hydroclimatic record
in representing only historically dry conditions. The area
of drought in the two basins has co-varied historically, as
correlation coefficients for each degree of drought and for
each of the time frames are positive, ranging from 0.62 to
0.75, and highly significant (p-values <0.01). However,
in this study we examine the UB and LB separately in
order to explore subtle differences in the time series of
the area of drought.

2.3.

We calculated linear trends in drought coverage for the
different timeframes for the UB and LB. Raw data
were used in linear regression analysis to construct the
slope of the trend line (percent per year), but we tested
each time series for normality using the Kolmogorov-
Smirnov test and transformed non-normal distributions
using the normal scores function in the Minitab statistical
software package (version 13.20) prior to determining the
significance of the trend. We conducted the trend analyses
for the period of record (1895-2006) and for the most
recent 30-year period (1977-2006), the latter of which
was characterized by significant warming across the two
basins (Figure 3(a)) and a significant decreasing trend in
precipitation within the LB (Figure 3(b)). However, the
trends in temperature and precipitation are obviously not
monotonic, and therefore trends and their significance are
dependent upon the time period chosen.

Next, we attempted to determine the amount of the
trend in drought area that is explained by air temperature
and precipitation by isolating the trend and eliminating
the variability. We used the linear regression equations
from the trend analysis to generate linear time series
of drought area for each of the timeframes, and we
compared these estimated data with time series of basin-
averaged mean temperature and total precipitation to
determine the degree to which each variable relates to
trends in drought. We tested temperature and precipitation
independently using regression analysis to determine
the percentage of variance in the trend in drought
coverage explained by each variable. We also calculated
linear trends in basin-averaged temperature, precipitation,
and PE.

Trends in drought area

24.

We examined the area of drought for relationships with
well-documented climate system teleconnections that
exhibit statistically significant associations with climate
variability in the western United States. To represent
relatively short-term climate oscillations, we focused
on the ENSO ocean-atmosphere phenomenon. We also
examined multi-decade climate oscillations using the
PDO and the AMO.

In this study, the phase and strength of the ENSO
phenomenon is represented by the Multivariate El
Nifio-Southern Oscillation Index (MEI). The MEI
is a comprehensive representation of ENSO in the

Relationships with climate teleconnections

Int. J. Climatol. 30: 236-255 (2010)



PATTERNS OF DROUGHT IN THE CRB

form of the first unrotated principal component
of six observed variables combined (Wolter and
Timlin, 1993). The data are available from the
United States National Oceanic and Atmospheric
Administration’s Earth System Research Laboratory
(http://www.cdc.noaa.gov/people/klaus.wolter/MEL/).

The PDO index is defined as the leading principal
component of northern Pacific Ocean monthly SST vari-
ability poleward of 20°N latitude. The data are available
from the Joint Institute for the Study of the Atmo-
sphere and Ocean at the University of Washington
(http://jisao.washington.edu/pdo/PDO.latest). AMO data
are available from the NOAA Environmental Research
Laboratory (http://www.cdc.noaa.gov/Timeseries/ AMOY/),
and in this case they represent unsmoothed, de-trended
SSTs generated from the Kaplan SST data base, ver-
sion 2.

To examine short-term teleconnection-drought rela-
tionships, we stratified the area of drought data by ENSO
phase using the MEI. The 684 monthly MEI values
(1950-2006) were ordered and divided into thirds, with
the upper third (>4-0.457) representing El Nifio condi-
tions and the lower third (<—0.351) representing La Nifia
conditions. Any season or year was categorized within a
particular phase if at least half of the individual months
were in that phase. To assess the significance of the differ-
ence in the area of drought during the two ENSO phases,
we subjected the two data populations to a two-sample ¢-
test. To assess the MEI as a predictive tool we calculated
the variance in the area of drought explained by the index.
We focused on the monthly MEI values for the 12 months
leading up to each timeframe with a statistically signifi-
cant difference in drought during the two ENSO phases.
Regression analysis was used to determine the explained
variance values, and for any data series with a significant
time-dependent linear trend, we used the residuals from
the trend line in the correlation analysis. We normalized
all non-normal data prior to conducting the analysis.

Similar to the MEI-drought analysis, we stratified
the area of drought data by phase of the PDO and
AMO and subjected them to a two-sample ¢-test.
For the PDO, we used a continuous series of warm
phase (1925-1946 and 1977-2006) and cool phase
(1895-1924 and 1947-1976) years, based on work by
Mantua ef al. (1997) and Zhang et al. (1997). Extend-
ing the recent warm phase through the end of the record
is debatable since there is some evidence of a transi-
tion to a cool phase beginning in 1998. Without defini-
tive evidence we continued the warm phase through
2006. For the AMO, we used the warm (1940-1960
and 1998-2006) and cool (1905-1925 and 1970-1990)
phase periods, separated by transition periods, as identi-
fied by Enfield er al. (2001). We used regression analysis
to determine the amount of variance in the area of 12-
month drought explained by monthly values of the PDO
and AMO for the 5-year period leading up to the 12-
month drought period. We chose the coarser timeframe
for drought based on the results of the two-sample ¢-
test and based on the idea that the longer periodicity
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of the PDO and AMO relative to the MEI lends those
two indices to an association with more general drought
conditions through time.

3. Results

3.1.

To illustrate the spatial resolution of the HI as dictated by
the PRISM data set, we mapped the HI on the occasions
of the largest and smallest coverage of abnormally
dry conditions and worse (<40th percentile) in the
CRB over the most recent 30 years for the 6-month
cool season (November—April) and the 3-month summer
monsoon season (July—September) (Figure 4). Using the
6-month HI value for April, dry conditions or worse
covered only 0.17% of the CRB in 1993 (Figure 4(a)),
but 96.95% in 2002 (Figure 4(b)). Using the 3-month
HI for September, dry conditions or worse covered
2.09% of the CRB in 1986 (Figure 4(c)), but 94.61% in
2003 (Figure 4(d)). Graphical and raw data time series
of drought area in the CRB are available online at
http://www.public.asu.edu/~dellis/hydro_index.html.

Significant positive linear trends in the historical record
of monthly drought area in the CRB (not shown) exist
for the warm season months of May through August.
This agrees with the annual trends for the western United
States outlined by Cook et al. (2004), and for the south-
western United States as documented by Andreadis and
Lettenmaier (2006). The trends are of greater magnitude
and statistical significance for the LB than for the UB
(Table 3). During the cool season, only the area of the
most intense drought in the UB increased significantly
on a consistent basis, and this was during the months of
January through March.

The increase in warm season drought during the past
century is evident when examining seasonal trends in the
area of drought based on 3- (HI3) and 6-month (Hlg) HI
values. Significant positive linear trends in area during
the summer season (June—August) are evident in the
record for the two sub-basins (Table 3). During spring
(March—May), the area of the more intense drought
conditions increased significantly, particularly for the UB.
The area of drought did not increase significantly in either
the fall or winter seasons in either of the sub-basins.
Using HIg values to determine drought area reveals
a significant increase in warm season (May—October)
drought over the period of record, but no significant
trend for the cool season (November—April) (Table 3).
When expanding the timeframe to 12-months (HI;,), the
increase in the area of drought during the warm season
is evident, as all trends are significantly positive for all
drought categories and for both basins (Table 3).

The increase in the area of warm season drought during
the past century was the product of warming rather than
drying, which supports the work of Cook et al. (2004)
who found that the most severe and spatially extensive
droughts in the western United States are associated with
periods of warmth. Linear trends in air temperature and

Trends in drought area
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Figure 4. HI values representing 6-month conditions in April 1993 (a) and 2002 (b), and 3-month conditions in September 1986 (c) and 2003
(d). Values on the legend (a) are percentiles.

temperature-driven PE are significantly positive for both
basins, regardless of the timeframe considered (Table 4).
However, only fall season precipitation in the UB exhibits
a significant linear trend, and it is positive, as are nearly
all of the seasonal and annual trends. The increased
precipitation acted to counter the impact of increasing
PE, except during the warm season when PE dominates
the regional hydroclimate and drought increased through
the period of record.

Much greater percentages of variance in the statis-
tically significant linear trends in the drought cover-
age are explained by mean basin air temperature than

Copyright © 2009 Royal Meteorological Society

by mean basin precipitation when tested independently.
Furthermore, greater variance is explained by tempera-
ture in the LB than in the UB. Temperature explains
34.5% (22.4%) of the variance in the linear trend
of LB (UB) drought area during the summer season
(June—August). In the LB (UB), the explained variance
increases to 41.2% (26.0%) for the 6-month warm sea-
son (May—October) and 41.6% (26.8%) for the area of
12-month drought. In contrast, on the LB precipitation
explains less than 0.1% for the summer season, 0.2% for
the 6-month warm season, and 1.0% when using the 12-
month timeframe, and values are less on the UB. Time

Int. J. Climatol. 30: 236-255 (2010)
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Table III. Linear trends (percent per decade) in the area of the different levels of drought on the 1-month (all months), 3-month
(seasonal), 6-month (warm/cool seasons), and annual timeframes across the upper basin (UB) and lower basin (LB) for the period

1895-2006.
Dry <40th Moderate <25th Severe <15th Extreme <5th
UB LB UB LB UB LB UB LB
1-month (all) 0.6** 1.1 0.7** 1.4** 0.8** 1.4** 0.5%* 0.8**
3-month
(Dec-)Feb 0.8 1.2 0.7 1.0 0.7 0.6 0.4 0.6
(Mar-)May 1.4 1.5 1.4 1.9 1.0* 1.8 0.5** 1.1*
(Jun-)Aug 2.1% 4.3%* 2.1 3.6 1.9** 2.7+ 1.1 1.2%*
(Sep-)Nov -0.7 0.1 -0.3 0.6 0.0 0.9 0.1 0.7
6-month
(Nov-)Apr 0.6 0.7 0.6 1.2 0.7 1.2 04 0.7
(May-)Oct 1.6 3.4** 1.7* 3.0** 1.4** 2.4%* 0.7** 1.2%*
12-month 1.5%* 1.2*%* 1.5 2.2 1.3** 2.1 0.7** 2.1

Significant trends are noted (* —p-value <0.05 and ** —p-value <0.01).

series of the area of 12-month abnormally dry conditions
(<40th percentile) in December along with mean annual
air temperature and annual precipitation for the UB and
LB are shown in Figure 5. The time series of air temper-
ature (Figures 5(a) and (c)) follow those of drought area
better than do the time series of precipitation (Figure 5(b)
and (d)).

During the recent 30-year period 1977 through 2006,
when warming of the two basins exceeded the century-
long rate (Figure 3(a)), we found the following: signifi-
cant increases in the area of drought in spring rather than
summer (Table 5), the increases were of greater signifi-
cance in the LB than in the UB (Table 5), and precipi-
tation played a greater role in the drought increase than
it did for the full period of record. Warming accounted
for much of the spring season increase in the area of

Table IV. Linear trends in air temperature (°C/decade), poten-
tial evapotranspiration (mm/decade), and precipitation (mm/
decade) on the 1-month (all months), 3-month (seasonal),
6-month (warm/cool seasons), and annual timeframes across
the upper basin (UB) and lower basin (LB) for the period

1895-2006.

Temperature  Potential Evap Precipitation
Timeframe UB LB UB LB UB LB
1-month (all) 0.11** 0.12** 0.36* 0.69** 0.14 0.22
3-month
(Dec-)Feb 0.14*  0.13* 0.36"™ 0.60" —0.30 0.63
(Mar-)May 0.11* 0.13* 0.99* 2.04* —0.21 0.93
(Jun-)Aug 0.11*  0.13* 240" 429 042 —0.18
(Sep-)Nov 0.07**  0.09* 0.60** 1.35** 1.83* 1.47
6-month
(Nov-)Apr 0.11* 0.11™ 0.84** 144 0.18 1.44
(May-)Oct 0.10" 0.14*™ 348 6.84** 1.50 1.44
12-month 0.11%  0.12** 4.32* 8.28* 1.68 2.64

Significant trends are noted (* —p-value <0.05 and ** —p-value

<0.01).

Copyright © 2009 Royal Meteorological Society

drought; this result is similar to the role of warming
in increasing summer drought area during the 112-year
record. Linear trends in air temperature and PE are signif-
icantly positive for both basins during the spring season,
for the LB summer season, and for both basins during
the warm season (May—October) and for each of the
longer timeframes (Table 5). In the LB (UB), temperature
explains 20.7% (18.9%) of the variance in the linear trend
in drought area during the spring season (March—May),
increasing to 42.4% (41.3%) for the 6-month warm sea-
son (May—October), but decreasing to 36.2% (35.6%) for
the 12-month timeframe.

The spring season warming over the period 1977-2006
was accompanied by a significant decrease in precipita-
tion in both basins, but for the longer 12-month time-
frame precipitation decreased significantly only in the
LB (Table 6). Mean basin precipitation explains 12.8%
(9.7%) of the 30-year linear trend in spring drought area
in the LB (UB), compared with less than 0.1% for the
summer season on the basins over the 112-year period.
The percentage increases (decreases) to 15.8% (2.1%) for
the 12-month timeframe on the LB (UB), compared with
1.0% or less for the 112-year period.

3.2.  ENSO-drought Area

The warm (cool) phase of ENSO, or El Nifio (La Nifa),
is associated with a smaller (larger) area of generally all
categories of drought, and the relationship is considerably
stronger for the LB than for the UB. There are significant
differences in the area of 1-month drought during the two
ENSO phases, when considering all months together, but
this is due primarily to significant differences during the
fall (September—November) season in both basins and
also during winter in the LB (Table 7). The significant
differences during the fall and winter seasons translate
to significant differences in the area of cool season
drought during the two ENSO phases, but the contrast
is much greater and of greater statistical significance

Int. J. Climatol. 30: 236-255 (2010)



A. W. ELLIS ET AL.

246

‘surseq (p) ‘(0)1oddn pue (q) ‘(e) Jomor oy} 107 (p) ‘(q) uoneydroaid pue (9) ‘(e) ermerodwro) Ire [enuue UeoW pue JYSNOIP YIUOW-Z] JO BIIE OY} JO SOLIAS QWIL], G oINS

L & o N oN
S o & &
009 —t—rt X 0
uonedidaid |
0S¢ Baly
- 0z
008
0S¥
3 L
w oy
g oor »
=
2 ose - Loo S
s 6
T 001
e - 08
05T 1
ooz + '
! ! + 0oL
os, 1 900Z-5681 ybnoag Yuow-z| Jo ealy
uiseg Jaddn pue uonendidald [enuuy ueapy
001 ozi (P)
0{
P
0
0G5 1
0c
0S¥ 1
or
ose 4 =
F09 o
=
052 1
I 08
[ L oo
9002-5681 ybnouqg Yuow-z| Jo ealy
uiseg 1amo pue uonendivald [enuuy ueay
08 ozl ()

(o Bap) aunyesadwa)

(o Bap) aunesadwa)

-
@
Q
g
’ / o
s61 900Z-5681 WyBNoIg YIUOW-Z| JO ealy
uiseq Jaddn pue ainjesadwa] Iy [enuuy ueapy
ol ozi (9)
L L oo N N eN N N N N N N N N N N N N N N N
B B O B O O B O O O O Y O 00,0 O & O
PSP L EFFFT PP P F P & g PP
£l N — ""
L or
>
(1.3
109 o
g
+ 08
_., u ‘ 1 0oL
sol + 900Z-5681 WyBNoIg YIUOW-Z| JO ealy
uiseg 1omoT pue ainjesedwa] Iy [enuuy uespy
1 0zl
(®)

Int. J. Climatol. 30: 236-255 (2010)

Copyright © 2009 Royal Meteorological Society



PATTERNS OF DROUGHT IN THE CRB

247

Table V. Same as Table III, but for the period 1977-2006.

Dry <40th Moderate <25th Severe <15th Extreme <5th

UB LB UB LB UB LB UB LB
1-month (all) 0.4* 0.9** 0.4* 1.0** 0.4* 0.9** 0.2** 0.5**
3-month
(Dec-)Feb 0.3 0.7 0.0 0.8 —-0.3 1.0 —0.5 0.9
(Mar-)May 1.6* 2.3 1.2* 1.7+ 0.8* 1.2%* 0.4* 0.6**
(Jun-)Aug 0.7 1.2 1.0 1.2 1.1 1.2* 0.8 0.8
(Sep-)Nov -04 0.5 -0.1 0.4 0.1 0.4 0.1 0.3
6-month
(Nov-)Apr 0.5 1.0 0.1 1.0 —-0.2 1.1 0.1 0.8
(May-)Oct 0.7 1.5%* 0.7 1.7* 0.7 1.8** 0.5 1.2%*
12-month 1.0 1.9** 0.9 1.9 0.8 1.6** 0.5 1.0
Significant trends are noted (* —p-value <0.05 and ** —p-value <0.01).

Table VI. Same as Table IV, but for the period 1977 -2006.
Temperature Potential Evap Precipitation

Timeframe UB LB UB LB UB LB
1-month (all) 0.32 0.35 1.12 2.29 —0.94 —2.83**
3-month
(Dec-)Feb 0.36 0.19 0.84 0.78 —-2.10 —12.87
(Mar-)May 0.49** 0.59* 5.16** 9.96** —9.75* —11.07*
(Jun-)Aug 0.29 0.39* 7.20 13.32** —1.77 —-3.03
(Sep-)Nov 0.13 0.26 0.27 3.57 4.29 —4.56
6-month
(Nov-)Apr 0.33 0.25 2.58 3.78 —6.42 —23.58
(May-)Oct 0.28* 0.45** 10.74* 23.64** —0.30 —5.52
12-month 0.32** 0.35* 13.44* 27.48** —11.28 —33.96*

Significant trends are noted (* —p-value <0.05 and ** —p-value <0.01)

in the LB (Table 7). The difference in the area of 12-
month drought during the two ENSO phases is not
significant in either basin (Table 7), indicating that the
ENSO-drought area relationship is confined to seasonal
or shorter timeframes.

There is weak short-term predictability of drought
area using the MEIL Monthly MEI values preceding
the fall season (September—November) explain a sta-
tistically significant amount of the variance in the area
of fall drought: back to May for the LB, and back to
April for the UB (Figure 6(a)). However, there is a large
decline in the variance explained when using monthly
METI values prior to June. The variance in fall season
drought area explained by monthly MEI values during
June through August ranges between only 11 and 13%
(Figure 6(a)). MEI values from June through November
explain a significant percentage of the variance (based
on p-values) in the area of LB winter season (Decem-
ber—February) drought, peaking at greater than 19% in
November (Figure 6(b)). The significance of the rela-
tionships for both the fall and winter seasons in the
LB translates to very significant relationships between
cool season (November—April) drought area for the LB

Copyright © 2009 Royal Meteorological Society

and preceding MEI values. Monthly MEI values from
May through October explain a significant percentage
of the variance in the area of LB cool season drought,
peaking at 35% in October (Figure 6(c)). Values are rel-
atively low for the UB, even within the cool season
itself.

The strong (weak) relationship between the area of
drought and MEI for the LB (UB) is consistent with the
literature (Hidalgo and Dracup, 2003; Brown and Comrie,
2004; Balling and Goodrich, 2007; Goodrich, 2007). The
positive side of the observed ENSO dipole between the
Southwest and Pacific Northwest is centred over the LB
while the UB is closer to the axis of the dipole where
correlations are not as strong.

3.3.  AMO/PDO-drought area

The area of drought within the CRB is larger (smaller)
during the warm (cold) phase of the AMO, and the
relationship is slightly stronger for the LB than for the
UB. The area of 1-month drought is significantly different
during the two phases of the AMO, when considering
all months together (Table 8). For seasonal timeframes, a
significant difference in the area of spring (March—May),

Int. J. Climatol. 30: 236-255 (2010)
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Table VII. Mean area (percent of basin) of the varying degrees of drought during El Nifio (EN) and La Nifia (LN) phases as
indicated by the Multivariate ENSO Index (MEI).

Dry <40th Moderate <25th Severe <15th Extreme <5th
Upper basin EN LN EN LN EN LN EN LN
1-month (all) 349 44,7 22.3 28.5* 13.6 17.5 5.0 6.1
3-month
(Dec-)Feb 36.9 36.7 21.8 21.3 12.5 11.6 2.9 3.0
(Mar-)May 36.4 494 24.3 34.7 159 21.0 7.4 6.1
(Jun-)Aug 33.5 46.0 21.0 27.7 14.1 14.3 8.4 3.5
(Sep-)Nov 26.1 49.3* 15.1 35.2* 7.9 23.8* 1.5 9.0*
6-month
(Nov-)Apr 30.3 54.9* 21.8 33.6 16.4 18.3 9.3 4.1
(May-)Oct 36.3 48.5 24.0 32.9 15.1 20.1 5.7 6.4
12-month 373 52.1 26.8 34.0 19.0 20.7 7.9 6.5
Lower basin
1-month (all) 33.1 47.2** 20.7 31.9** 124 21.0™* 4.3 7.9%*
3-month
(Dec-)Feb 18.6 58.5** 114 38.3** 7.1 22.4* 1.7 10.6
(Mar-)May 33.9 48.2 22.7 30.4 15.6 17.4 7.8 4.6
(Jun-)Aug 41.7 45.0 27.1 27.2 17.5 13.1 8.6 1.5
(Sep-)Nov 31.0 53.1* 16.9 40.2* 10.0 28.0* 3.8 10.8
6-month
(Nov-)Apr 18.6 64.1** 10.8 45.9** 6.7 30.4** 1.2 10.3*
(May-)Oct 40.1 48.8 27.1 31.5 18.2 18.1 9.0 4.7
12-month 35.0 51.5 23.8 31.9 16.1 18.9 7.5 6.7

Values for each basin are presented for each timeframe, and the significance of the differences is indicated (* —p-value <0.05 and ** — p-value

<0.01).

summer (June—August), and fall (September—November)
LB drought is associated with the two phases of the
AMO (Table 8). Only summer exhibits a somewhat
consistent statistically significant seasonal drought-AMO
relationship on the UB. The difference for the 6-month
warm season (May—October) and 12-month timeframe
in both basins (Table 8) is statistically greater than for
the 1- and 3-month timeframes. This result is consistent
with paleoclimate investigations for the western United
States (Gray et al., 2003; Kitzberger et al., 2006), which
show synchronous drought and fire, respectively, in
association with AMO variations. Investigators suggest
that these associations, during summer, may be driven by
shifts in atmospheric circulation tied to the thermohaline
circulation (Sutton and Hodson, 2005), though other
studies suggest that drought in western North America
is more closely tied to atmospheric dynamics related to
Pacific Ocean forcing (Seager et al., 2005).

There is a general tendency for a larger (smaller)
area of drought across the CRB during the warm (cold)
phase of the PDO, but the relationship is weaker than
for either ENSO or AMO. As with both ENSO and
AMO, the relationship is strongest for the LB, for which
it is consistently significant for the 3-month summer
season (July—August) and for the 6-month warm season
(May—October) (Table 9). For the UB, only the areas
of the more intense drought categories in summer are
significantly different during the two phases of the

Copyright © 2009 Royal Meteorological Society

PDO (Table 9). The area of 12-month drought is not
significantly different during the two phases of the PDO.
The warm phase of the PDO favours a larger drought area
during the summer months; however, the relationship
is reversed to some extent during the winter (LB) and
fall months (UB). While this cool season reversal is
not statistically significant for either basin, it appears
to be strong enough to offset the warm season drought
relationship when examining the 12-month timeframe.

The weakness of the PDO-drought area relationship
is in contrast to some literature that relates increased
frequency of drought and/or decreased precipitation to
the cold phase of the PDO in the CRB (Barlow et al.,
2001; Hidalgo, 2004; Balling and Goodrich, 2007). Many
other investigators found that the PDO only becomes a
significant factor in drought frequency for the CRB when
the signal reinforces the ENSO or AMO climate signal
(Gershunov and Barnett, 1998; McCabe and Dettinger,
1999; Gutzler et al., 2002; Hidalgo and Dracup, 2003;
McCabe et al., 2004; Goodrich, 2007). Newman et al.
(2003) suggest that PDO is highly ENSO-dependent, and
that stratifying the extra-tropical response to ENSO by
PDO phase may merely reproduce the ENSO signal plus
variations due to weather (‘atmospheric white noise’ cf
Newman et al., 2003).

The relationship between PDO and drought may be
dependent on the method of analysis. An examination
of the aforementioned literature shows that the studies

Int. J. Climatol. 30: 236-255 (2010)
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Table VIII. Same at Table VII, but for the warm (positive) and cold (negative) phases of the Atlantic Multi-decadal Oscillation

(AMO).

Dry <40th Moderate <25th Severe <15th Extreme <5th
Upper basin Warm Cold Warm Cold Warm Cold Warm Cold
1-month (all) 433 36.0** 28.3 21.7* 17.5 12.1* 6.2 3.7
3-month
(Dec-)Feb 433 36.0 27.2 21.7 154 13.3 32 4.9
(Mar-)May 47.7 324 29.6 20.8 15.9 13.2 3.7 4.7
(Jun-)Aug 48.0 359 34.0 19.7* 22.5 9.6* 8.4 2.6
(Sep-)Nov 44.6 324 29.7 18.5 18.9 10.0 7.6 2.6
6-month
(Nov-)Apr 43.5 34.7 28.0 21.6 16.6 13.6 4.6 5.0
(May-)Oct 52.7 30.2** 38.4 17.0** 24.6 8.8** 8.8 2.4*
12-month 51.7 28.7** 35.8 16.5 21.9 9.0* 7.2 2.4
Lower basin
1-month (all) 46.0 342 32.0 20.0** 21.1 10.8** 8.1 3.2%
3-month
(Dec-)Feb 44.8 36.3 28.4 20.6 18.0 10.2 7.2 2.4
(Mar-)May 514 27.0%* 353 17.0* 20.3 10.6 10.8 11.2
(Jun-)Aug 49.3 32.9* 34.1 19.4* 22.9 9.6* 8.6 1.7*
(Sep-)Nov 50.3 29.3* 36.5 17.7* 252 10.1* 10.1 2.8*
6-month
(Nov-)Apr 48.7 32.2 339 19.3 214 10.8 6.7 2.7
(May-)Oct 53.1 28.8** 37.7 17.1* 25.6 8.9** 10.8 1.8*
12-month 53.9 25.6** 38.6 14.6** 25.8 8.0** 10.1 2.1*

Values for each basin are presented for each timeframe, and the significance of the differences is indicated (* — p-value <0.05 and ** — p-value
<0.01).

Table IX. Same as Table VII, but for the warm (positive) and cold (negative) phases of the Pacific Decadal Oscillation (PDO).

Dry <40th Moderate <25th Severe <15th Extreme <5th
Upper basin Warm Cold Warm Cold Warm Cold Warm Cold
1-month (all) 39.8 39.3 25.6 24.1 15.3 13.8 5.2 4.1
3-month
(Dec-)Feb 40.0 389 24.5 24.5 14.9 14.3 5.4 3.8
(Mar-)May 39.6 39.3 25.0 24.7 15.0 13.9 5.7 3.6
(Jun-)Aug 44.8 34.8 30.7 19.8* 19.7 9.9* 7.1 2.3*
(Sep-)Nov 354 43.0 21.6 27.6 12.3 16.3 3.9 5.3
6-month
(Nov-)Apr 39.8 39.1 25.9 233 16.3 13.0 6.2 3.2
(May-)Oct 41.7 37.5 27.8 22.3 17.1 12.1 6.1 32
12-month 40.3 38.7 26.4 23.6 16.3 12.8 6.4 2.9
Lower basin
1-month (all) 40.8 38.4 26.7 23.1* 16.5 12.8** 5.7 3.7+
3-month
(Dec-)Feb 35.6 42.8 21.2 27.4 12.5 6.4 54 4.0
(Mar-)May 41.3 37.9 27.3 22.6 17.4 11.9 7.1 2.4
(Jun-)Aug 48.9 31.3* 33.1 17.7* 21.0 8.7 7.5 2.0*
(Sep-)Nov 39.9 39.1 259 23.9 15.2 13.9 5.0 4.2
6-month
(Nov-)Apr 37.9 40.9 24.2 24.7 14.9 14.2 6.1 3.3
(May-)Oct 47.3 32.6"* 31.6 19.0** 19.5 10.0** 7.2 2.2%
12-month 41.7 37.5 27.6 22.5 17.5 11.7 6.7 2.6

Values for each basin are presented for each timeframe, and the significance of the differences is indicated (* —p-value <0.05 and ** — p-value
<0.01).
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that reflect the strongest relationship between PDO and
drought in the CRB focus primarily on the cold-season
months (Gutzler et al., 2002; Hidalgo and Dracup, 2003;
Balling and Goodrich, 2007), whereas weaker relation-
ships are found when seasons are not accounted for
(McCabe and Dettinger, 1999; McCabe et al., 2004).
Our analysis uses monthly, seasonal and annual aver-
ages for both the area of drought and PDO and confirms
the idea that seasonality contributes to the strength of
PDO-drought area relationships. Another possible rea-
son for the lack of a strong cold PDO-CRB drought
area relationship in this analysis is that we analysed only
the area of drought rather than the severity of drought.
Since decades of cold PDO are associated with multi-
year La Nifias (e.g. 1954—1956), which often result in
multi-year droughts due to negative feedback, any analy-
sis that examined drought severity and PDO would most
likely conclude a stronger CRB drought—cold PDO rela-
tionship (Cole et al., 2002). Additionally, we calculated
drought area for regions (LB and UB) that are defined by
artificial boundaries determined by a water management
compact and not strictly by climate.

Finally, our choice of PDO years likely influenced
the outcome as well, as we classified 1977-2006 as a
warm PDO phase. There is much uncertainty as to how
to categorize the state of the PDO since the strong La
Nifia of 1998-1999. While it was initially suggested
that the PDO had possibly returned to the cold phase in
1998 (Hare and Mantua, 2000), the PDO index became
positive in late 2002 and remained in the warm phase
through 2006. The inter-annual nature of the PDO since
1998 makes determination of a multi-decadal warm
or cold phase problematic, especially considering that
the CRB entered into a multi-year drought around this
time. If the analysis was re-calculated with the period
1998-2006 as a cold PDO phase, the results show the
more typical drought—cold PDO relationship. Owing to
this uncertainty, the PDO results should be interpreted
with caution.

Given the significance of the relationship between
AMO and the area of 12-month drought in both basins,
we examined the AMO index as a tool for predicting 12-
month drought area. The percentage of variance in the
area of drought explained by the monthly AMO index
value is higher for the months leading up to the 12-month
period than for the concurrent months. This is generally
the case for the 4 years prior to the drought period in
both the LB and UB, but the percentage of variance
explained by the AMO index is highest for the months
within 2 years of the drought period in the LB and two
and a half years in the UB. Although greater for the LB
than the UB, the amount of variance explained is not large
in either case, peaking at about 14% at 22 months prior
the year in question on the LB, and 13% at 28 months
prior on the UB.

The long periodicities of the AMO and PDO make their
indices inappropriate for analyses of drought on relatively
short timeframes. To better illustrate the relationship
of the AMO or PDO with the area of drought on a
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coarse timeframe, we simply plotted time series of 10-
year running means of the variables (Figure 7). Decadal
averages of the area of abnormally dry conditions (<40th
percentile) closely follow those of the AMO index for
both basins (Figure 7(a) and (b)), but especially for the
LB (Figure 7(a)). Ten-year running mean values of the
PDO index follow those of drought area for both basins
(Figure 7(c) and (d)); however, the first half of the 112-
year period exhibits a direct relationship, whereas the
last half of the period exhibits an inverse relationship.
When compared with the record of the AMO (Figure 7(a)
and (b)), this discrepancy may indicate the dominance
of the AMO over the PDO in influencing drought in
the CRB, as the PDO and AMO have become more in-
phase over the last half-century. This may also explain
the weaker statistical relationship between the PDO and
the area of drought when considering the full historical
record. That the AMO may be the more dominant drought
influence in the CRB has also been recently supported
by McCabe et al. (2007). The inverse nature of the
PDO-AMO relationship, as the indices relate to drought
over the first half of the century, supports previous
findings that the drought frequency is higher than average
across the southwestern United States when AMO is
positive and PDO is negative (Gray et al., 2003; Hidalgo,
2004; McCabe et al., 2004; McCabe and Palecki, 2006).
The latter finding is consistent with modelling studies
(e.g. Seager et al., 2005), which suggests that ocean
temperature variations outside of the tropical Pacific,
but forced from the tropical Pacific, act to strengthen
North American droughts through interactions between
ocean temperatures, poleward Rossby wave propagation,
subtropical jets and transient eddies. However, much
remains to be learned about the interconnectedness of
ENSO, AMO and PDO. While much of the literature
(e.g. Seager et al., 2005) thus far suggests that the tropical
Pacific is the primary driver of North American drought,
recent attention has been focused on the importance of the
Atlantic basin as a forcing mechanism for drought. Dong
et al. (2006) describe a mechanism for how the low-
frequency changes in the tropical Atlantic may modulate
the variability of ENSO via an atmospheric bridge while
d’Orgeville and Peltier (2007) propose that multi-decadal
variability in the thermohaline circulation in the north
Atlantic is responsible for the 60-year cycles found in
both the AMO and PDO. Clearly, much work remains
to fully understand the physical mechanisms related to
low-frequency variability in the extra-tropical oceans, and
how they influence drought in the CRB.

4. Summary

The population of the southwestern United States is
highly dependent on surface water generated within the
arid CRB and therefore sensitive to regional drought.
In recent decades the century-long warming of the
basin became more rapid, precipitation decreased for
a significant portion of the basin, and the regional
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population grew rapidly. Many studies have indicated that
runoff in the basin will likely decrease in the future under
projected warmer and drier conditions.

To better understand drought occurrence in the CRB
we used a hydroclimatic index (HI) to create a historical
record of drought area and analysed its linear trend and
the relationships between its temporal patterns and key
climate teleconnections. The past century was character-
ized by an increase in the area of drought during the warm
portion of the year almost exclusively as a result of cli-
matic warming. In recent decades, the drought coverage
increased earlier in the year during spring primarily as a
function of warming, but in combination with a decline
in precipitation for a significant portion of the basin.

The El Nifio (La Nifia) phase of the short periodicity
ENSO phenomenon is associated with a smaller (larger)
area of drought during fall on the upper and lower
portions of the basin, during winter in the LB, and
during the broader 6-month cool season in both basins.
The ENSO phase during the preceding six months is a
significant predictor of drought area. The area of drought
within the CRB is larger (smaller) during the warm
(cold) phase of the longer periodicity AMO. A significant
difference in the area of spring, summer, and fall drought
in the LB is associated with the two phases of the
AMO, while only during summer is a minor relationship
evident for the UB. The significance of the difference
is greater for the broader 6-month warm season and
12-month timeframe on both basins. There is a general
tendency for a larger (smaller) area of drought across the
CRB during the warm (cold) phase of the PDO, but the
relationship is weaker than for either ENSO or AMO. The
relationship is significant for the summer season and the
6-month warm season in the LB. In the UB, only the areas
of the more intense drought conditions in summer are
significantly different during the two phases of the PDO.
The area of the temporally coarser 12-month drought
is not significantly different during the two phases of
the PDO.

The PDO exhibits little predictive capability, as little
variance in drought area is explained by the PDO value
for the preceding months. However, the percentage of
variance in the area of 12-month drought explained by
the monthly AMO index value for the months leading up
to the drought period is higher than for the AMO values
from the months within the period of drought itself. This
is generally the case for the 4 years prior to the drought
period, but the percentage of variance explained by the
AMO index is highest for the months within 2 years of
the drought period on the LB, and two and a half years on
the UB. Coarser decadal averages of the area of drought
closely follow those of both the AMO and PDO index.
However, the nature of the PDO-drought relationship is
reversed over the two halves of the historical record, and
may indicate a dominance of the AMO over the PDO
in influencing drought in the CRB. For each of the three
climate teleconnections the relationship with drought area
is stronger for the LB than for the UB.
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The recent significant increase in drought area across
the CRB that coincided with changing phases of the
AMO and PDO reinforces the idea of a natural oscil-
lation of regional drought through time. However, the
century-long increase in the area of drought and its rela-
tionship with increasing regional air temperatures sup-
ports the contention of Cook et al. (2004) that severe
and sustained drought in the western United States is
associated with higher air temperature. Andreadis and
Lettenmaier (2006) showed that while drought decreased
during the 20th century across most of the United States,
drought increased across the southwestern portion of the
country in response to increased air temperature. The
drought-temperature relationship within the CRB, when
combined with climate change projections of regional
warming could equate to increased fire synchrony across
the CRB (Kitzberger et al., 2006) and further drought and
insect-related forest mortality (Breshears et al., 2005).
Add a high likelihood of continued population growth to
these climate influences and significant long-term water
resource problems seem likely for the region.
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