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Synoptic climatology of the early 21st century drought in the
Colorado River Basin and relationships to reservoir water
levels
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ABSTRACT: Since the year 2000, streamflows throughout the Colorado River Basin (CRB) in the southwestern United States
have been greatly impacted by a prolonged drought. As a primarily mountain snowmelt-sourced basin, the climatic drivers of
annual runoff in the CRB bear significant influence on the hydrologic status of its network of reservoirs. To analyse reservoir
response to the drought, this study takes a holistic approach of relating the frequency of mid-tropospheric circulation patterns
(CPs) to water levels at Lake Powell and Lake Mead, the primary reservoirs in the CRB. A synoptic climatology of the region
was constructed by classifying daily mean 500-hPa geopotential height values from 1982 to 2012, a span that includes the early
21st century drought and the relatively wetter years preceding it, to determine how the drought manifests itself in the trends of
CPs over time. The CPs were then statistically compared to several measures of reservoir water level, including yearly inflow
and net changes in storage year-to-year, to examine potential relationships. The results of the classification reveal that the CRB
is most notably characterized by dominant summertime ridge patterns, which have become slightly more common during the
drought. Cool season troughs were generally linked with the presence of more water in the reservoirs, but ridges have stronger
relationships to reservoir variables, including linkages to years with lower reservoir inflow, greater yearly losses, and net
declines in storage year-to-year. Further, dry transitional patterns, CPs which represent zonal flow yielding little precipitation,
are increasingly common in the spring, coming at the expense of wetter CPs. These results support previous research regarding
the observed hastening of snowmelt, contributing to the early 21st century drought in the CRB as well as the overall trend in
declining mountain snowpack across western North America.
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1.
1.1.

Introduction
Background

The Colorado River serves as the primary source of water
for much of the southwestern United States. Draining an
area of over 620 000 km2 , the Colorado River Basin (CRB)
covers portions of seven US states and northwestern Mexico, with the river providing water for services including
irrigation, power generation, and municipal use for nearly
40 million people located within the basin and the surrounding area (NRC, 2007; USBR, 2012). Throughout the
20th and early 21st centuries, the Colorado River experienced periods of high and low flow, but aided through
the construction of an extensive network of reservoirs and
management infrastructure, the river has enabled large
cities, widespread agriculture, and other profitable economic sectors to rapidly develop in arid climates and otherwise water-scarce areas (NRC, 2007).
Beginning in 2000, a persistent and ongoing drought
began to develop such that the allocations and demand of
Colorado River water soon outpaced the supply (USBR,
* Correspondence to: J. P. Kirk, Department of Geography, Kent State
University, Kent, OH 44242, USA. E-mail: jkirk9@kent.edu
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2012). The so-called early 21st century drought represents
the driest 16 year span in recorded history in the CRB
(USBR, 2016) and is comparable to some of the driest conditions ever detected regionally (Woodhouse et al., 2010;
Belmecheri et al., 2016; Diffenbaugh et al., 2015). As a
result of diminished streamflow over many of the last several years, the water in many basin reservoirs dropped
to the lowest recorded levels since their initial filling,
some by 60% or more of their total capacity. This has
forced regional stakeholders to take action to preserve their
growing communities and economies against the dwindling water supply and reservoir storage. These actions
range from instituting widespread conservation efforts
(e.g. SNWA, 2014), to pumping more ground water (Castle et al., 2014), to the research and development of more
efficient irrigation techniques (e.g. Cohen et al., 2013), all
with significant consequences and expense. As the river
continues to yield several years of mostly below average flow, climate studies project a strong likelihood for
regional drought conditions to persist throughout much of
the 21st century (Seager et al., 2007; Cayan et al., 2010;
Ault et al., 2014).
Lake Powell and Lake Mead (Figure 1), which together
contain approximately 85% of all CRB water storage when
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and Lettenmaier, 2007). Previous studies have determined
many relationships linking climatic and atmospheric phenomena to mountain snowpack and resultant runoff across
the western United States and CRB. These include the
importance of snowmelt timing on yearly supply and the
effect of rain-on-snow events (Sheppard et al., 2002; Barnett et al., 2008; Kapnick and Hall, 2012); the relative
contribution of runoff from snowmelt by CRB sub-region
(Mitchell, 1976; Timilsena and Piechota, 2008); the influence of atmospheric rivers (Neiman et al., 2012; Guan
et al., 2013; Rutz et al., 2014) and dust radiative forcing (Painter et al., 2010) on runoff; and the multi-time
scale variations in temperature and precipitation characteristics resulting from teleconnections and indices such as
the El Nino-Southern Oscillation (ENSO), Pacific Decadal
Oscillation (PDO), and Pacific-North American pattern
(PNA) (e.g. Carleton et al., 1990; Woodhouse, 1997; Clark
et al., 2001; Sheppard et al., 2002; Abatzoglou, 2011).
1.2. Hydroclimatic variability and synoptic
classification
Figure 1. Map of the Colorado River Basin (CRB). The Colorado River
mainstem is depicted with Lake Powell (1) and Lake Mead (2) highlighted. Both the upper and lower basin boundaries in the United States
are represented. NCEP/NCAR Reanalysis 1 data were acquired at grid
points of 2.5∘ intervals for the domain of 25∘ –50∘ N and 125∘ –100∘ W
(illustrated as dots) and NARR Reanalysis data for all points falling
within the CRB (crosses).

at maximum capacity (USBR, 2015b), are considered the
two primary reservoirs in the basin for regional water management. As a result of the drought, both of these reservoirs
have dried significantly, causing their future management
to come into focus in recent years. Studies, such as Barnett
and Pierce (2008), project that the existing, conspicuously
low reservoir water levels will continue to decline over the
coming years. Continued reservoir storage declines will
seriously threaten services from hydroelectric power generation to downstream water delivery (Barnett and Pierce,
2008). Other studies project an increasing warming trend
throughout the basin and the western United States (Christensen and Lettenmaier, 2007; Dawadi and Ahmad, 2012),
decreases in runoff and river streamflow (Nash and Gleick, 1991; Overpeck and Udall, 2010), earlier snowmelt
throughout the CRB (Hamlet et al., 2005; Mote et al.,
2005; Knowles et al., 2006), and increased water demand
(NRC, 2007; MacDonald, 2010), all of which will contribute to declining reservoir levels. Anticipating these further water declines, officials have outlined a framework for
issuing cutbacks based on certain water elevation benchmarks at Lake Mead, some of which may be reached in
the imminent future (USDOI, 2007).
The predictability of the drought is predicated upon
knowledge of the complex relationships between climatic
factors and the hydrologic status of the basin. It is estimated that 70% of annual Colorado River streamflow
originates as snowmelt, with 85% of CRB water coming from just 15% of its area, largely confined to the
mountainous regions within the upper basin (Christensen
© 2016 Royal Meteorological Society

Previous work has directly examined how myriad factors influence the hydroclimatic variability observed in the
CRB. Studies have traced variability over time, including
shorter time scales, from inter-annual to decadal scales,
as well as over periods as long as centuries. On the
annual scale, streamflow variability in the Southwest has
been linked to the frequency and seasonality of individual large precipitation events (e.g. Bolinger et al., 2014)
and their larger-scale forcings (e.g. Werner and Yeager,
2013). Across decades, Nowak et al. (2012) found that
streamflow variability in the CRB exhibits a few significant
trends, including a ‘low-frequency’ signal which occurs
approximately every 64 years and a ‘decadal’ signal that
recurs at a 15-year period. They found the low frequency
signal to be a representation of changes in temperature,
greatly impacting runoff efficiency, and the decadal signal
to represent precipitation variability due to Pacific moisture delivery interactions. Also on the decadal scale, debate
exists if recent variability observed in the Colorado River
streamflow is bounded by a natural envelope of variation,
also referred to as ‘stationarity’ (Murphy and Ellis, 2014),
or if other factors, such as anthropogenic climate change,
have permanently forced variability outside the realm of
this natural variability (‘non-stationarity’) (Milly et al.,
2008). Most studies conclude that anthropogenic climate
change has affected the CRB, though the magnitudes of
such changes are uncertain (Vano et al., 2014).
To further understand some of the atmospheric factors that contribute to hydroclimatic variability, this study
incorporates a synoptic climatological classification. In
general, synoptic classifications offer the unique opportunity to associate climatic patterns with diverse environmental applications, such as air quality (e.g. Davis
and Gay, 1993), wildfires (e.g. Crimmins, 2006), and
heat-related mortality (e.g. Vaneckova et al., 2008), to
improve the understanding of relationships between circulations and the environment. Relevant to this study,
Int. J. Climatol. 37: 2424–2437 (2017)
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synoptic classification studies have addressed a variety
of hydroclimatic applications in different regions, from
flood generating mechanisms in New England and the
Canadian Maritimes (Collins et al., 2014) to the effect of
weather types on water quality in south Florida (Sheridan
et al., 2013). Broadly, classification methods of surface
and upper-level atmospheric circulations in the western
United States have proven to be a valid methodology for
characterizing the general weather and climate of the western United States (Barry et al., 1981; Hoard and Lee, 1986;
Davis and Walker, 1992) as well as mountain snowpack
trends (Changnon et al., 1993). McCabe (1994) found that
negative (positive) 700-hPa height anomalies related to
increased (decreased) snowpack accumulation in the Gunnison River basin, a tributary to the Colorado River. Further, he found that winter mean 700-hPa height anomalies
explained 50% of the variability in snowpack accumulation, demonstrating an important linkage between atmospheric circulation and the hydrology of the CRB.
Other upper-level atmospheric classifications have
focused on specific seasonal atmospheric phenomena
in portions of the CRB, such as the North American
Monsoon and summertime precipitation (Carleton, 1985,
1986, 1987; Diem et al., 2013) as well as the development of a thermal low in the summertime (Rowson and
Colucci, 1992). Studies have also related classifications
directly to hydrologic properties in myriad locations, such
as utilizing self-organizing maps (SOMs) for defining
regions of snow-water equivalent homogeneity across the
CRB (e.g. Fassnacht and Derry, 2010); characterizing
streamflow variability, both in the western United States
(e.g. McCabe, 1996) and in other watersheds (e.g. Miller
et al., 2006); and examining lake water levels in the upper
Midwest (e.g. Todhunter and Knish, 2014).
With respect to drought in the southwestern United
States, Quiring and Goodrich (2008) employed the spatial synoptic classification (SSC) hybrid weather-typing
scheme from Sheridan (2002), to compare drought in
Arizona and New Mexico between two sets of years,
1953–1957 and 2002–2004. They found both drought
periods to be characterized by increased ridging across the
southwest, due to a combination of La Niña, cold-phase
PDO, and a combination of other teleconnection phases,
resulting in an increase in dry tropical days and corresponding decrease in dry moderate and moist tropical days.
1.3. Atmospheric circulations and reservoir water
supply
While many hydroclimatic factors, operating at differing
spatiotemporal scales, contribute to yearly water supplies
in the complex terrain of the CRB, in this study, we
explore recent (1982–2012) hydroclimatic variability
through a synoptic classification of mid-tropospheric flow
regimes to enable a holistic examination of the relationships between atmospheric circulation and reservoir water
supply. Trends in the frequency of circulation patterns
(CPs), generated from the classification, are presented,
with their seasonal frequencies then statistically related
© 2016 Royal Meteorological Society

through correlation and regression analyses to basin water
supply, as measured at the basin’s two largest reservoirs,
Lake Mead and Lake Powell. These measures include
yearly gains and losses in reservoir inflow and volume
as well as the year-to-year net change in total storage
at both reservoirs. This study uniquely defines ‘water
supply’ as basin reservoir storage and inflow. Rather than
using approximations of water supply, such as snow-water
equivalent or streamflow, we use reservoir storage and
inflow to directly represent water that has entered into
basin management infrastructure and the associated water
accounting. This study concludes by examining the statistical relationships to further illustrate and understand the
characteristics of basin hydroclimatology in the context
of the ongoing, early 21st century drought.

2. Data and methodology
2.1. Data
Daily mean 500-hPa geopotential height data were collected from the National Centers for Environmental
Prediction (NCEP) / National Center for Atmospheric
Research (NCAR) Reanalysis 1 data set across a 2.5∘ ×
2.5∘ latitude/longitude grid from 25∘ to 50∘ N and 125∘ to
100∘ W (121 total gridpoints) from 1982–2012 (Figure 1),
accessed from the National Oceanic and Atmospheric
Administration (NOAA) / Earth System Research Laboratory (ESRL) Physical Sciences Division (Kalnay et al.,
1996). This period of record represents a timeframe
subsequent to the termination of the Lake Powell Filling
Criteria (Verburg, 2010) and includes multi-year periods of relative water surplus (1982–1988; 1997–1999)
and drought (1989–1996; 2000–2012) (USBR, 2015c).
The 500-hPa geopotential height is a useful measure of
upper air CPs because it is largely independent of surface
topography and has been previously implemented as an
indicator of temperature and precipitation variations at the
surface (e.g. Carleton, 1985; Rowson and Colucci, 1992).
Reservoir levels are defined with respect to inflow or
storage volume. Water inflow at both Lakes Mead and
Powell is subject to upstream reservoir regulation and
diversions. Consequently, the United States Bureau of
Reclamation (USBR), which operates both reservoirs,
calculates different measures of inflow at Lake Powell to
account for different aspects of water regulation (USBR,
2007) and losses to evaporation, which can be substantial in the arid Southwest [1.22 m year−1 , according to
one estimate (Myers, 2013)]. ‘Inflow’ at Lake Powell is
calculated as:
Inflow = Δ
reservoir
storage + total
releases +
evaporative losses
Notably, inflow does not remove the influence from
reservoir operations upstream. To account for this, ‘Unregulated inflow’ values at Lake Powell are calculated as:
Unregulated inflow = Inflow + sum of upstream Δ reservoir storage + sum of upstream evaporative losses
By removing the effects of the upstream reservoirs, the
unregulated inflow calculated at Lake Powell is often used
Int. J. Climatol. 37: 2424–2437 (2017)
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as a representation of the unobstructed water supply in
the CRB, particularly for operational purposes (USBR,
2015d).
USBR also produces a modelled reconstruction of
historical natural flows on the Colorado River for use in
long-term planning and operations modelling (USBR,
2005). ‘Natural flow’ accounts for stream gauge measurements, reservoir regulation, and consumptive uses and
losses (USBR, 2005). Inflow and unregulated inflow are
available as daily average values for the entire study time
period, whereas natural flow is available on a monthly
scale through 2010. Each of these inflow measures is
used in various research and operations applications, so
all three were included in this study as representations of
the water flowing into Lake Powell. Additionally, since
USBR operates both Lakes Powell and Mead in tandem,
the individual and combined water volumes of both reservoirs were also analysed. All reservoir inflow and volume
data were collected from USBR online databases (USBR,
2015a, 2015c).
To compare the volume and inflow values over periods of time, multiple intra- and inter-water year aggregations were performed (Table 1). Because the vast majority of the Colorado River’s annual water flow is derived
from the runoff of snowmelt among mountainous terrain in
the spring to early summer months, the magnitude of the
snowmelt can be observed over time at river gauges and
reservoir measurements throughout the basin. To emphasize the yearly gains from the warm season snowmelt in
reservoirs, hereafter referred to simply as ‘gain’, the daily
inflow values (or monthly total for natural flow values) at
Lake Powell were aggregated from 1 March to 31 August
for each year. This time span represents approximately the
period of time during which the annual snowmelt supply
reaches Lake Powell, as evidenced by the period of elevated inflow totals illustrated in Figure 2. This summation
was done for each of the inflow values. In addition, the
annual gain was assessed through the Lake Powell reservoir volume data. This was accomplished by taking the
difference of each water year’s maximum volume to the
preceding minimum volume level, as seen in Figure 3.
To assess annual ‘loss’ after that year’s snowmelt had
fully arrived in Lake Powell, each water year’s maximum
volume was then subtracted by the subsequent water year’s
minimum, typically occurring in the following spring
immediately before the next water year’s snowmelt arrives
at the reservoir. The definitions of gain and loss in reservoir water levels employed in this study are similar to the
‘surge’ and ‘drawdown’ definitions that were implemented
in Todhunter and Knish (2014) for analysing the changes
in water surface elevations with respect to synoptic climatology for a lake in North Dakota.
To analyse net changes between years, the change, or
‘delta’ in reservoir volume, was also calculated. The daily
average volume on 30 September (final day of the traditional water year) was subtracted from the volume on
30 September of the preceding water year. This was done
individually for Lake Powell and Lake Mead, and as a
combined volume for both reservoirs, as an approximate
© 2016 Royal Meteorological Society
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measure of the total volume of water in the Powell/Mead
system; thus, a measure of the majority of water available
for use and storage basin-wide. A positive (negative) value
represents a net increase (decrease) in year-to-year reservoir volume.
2.2.

Methodology

To relate synoptic climatological circulations to reservoir
volume and inflow data, a principal components analysis
(PCA) and cluster analysis were performed on the 500-hPa
geopotential heights to identify and reduce collinearity
between grid points and to classify different height fields.
Raw height fields are preferable in this study over anomalies, where the seasonal cycle has been removed, as the
raw values better convey details with hydrologic implications – such as a pattern’s thermal characteristics on
evapotranspiration – details to which seasonal anomalies
would be less sensitive. A cluster analysis is useful for
classifying data, because it associates similar data points
together into clusters and represents each one with a discrete set of characteristics. Generally, cluster analyses seek
to maximize the diversity between clusters while reducing
intra-cluster variation (Yarnal, 1993). Using the statistical
software package SPSS, the height values for all 121 grid
points were compiled into a PCA. Of these, six PCs were
retained, each with eigenvalues of at least 1.0, explaining 97.3% of the total variance (Guttman, 1954; Kaiser,
1960; Yarnal, 1993). While this study utilized a correlation input matrix for the PCA, other studies using different
techniques, such as a covariance input matrix, may produce different results (White et al., 1991; Yarnal, 1993).
The retained PCs were then used to perform a k-means
cluster analysis to produce a set of clusters, representative of the CPs observed over western North America and
the CRB from 1982 to 2012. Randomly generated points,
one for each cluster, seek and eventually identify a computational midpoint between locally associated data, such
that the data in each cluster are closer to its midpoint than
the midpoint of any other cluster (Ding and He, 2004).
Each cluster is then represented by the mean value of its
composite data. Of note, the use of random seeds impacts
the resulting clusters, such that other studies using the
same data may generate somewhat different cluster types
and memberships (Pavan et al., 2011). For this study, each
cluster of 500-hPa geopotential height values was represented by the mean height value at each grid point on all
days classified into that cluster.
As with most cluster analyses, selecting the appropriate number of clusters has important implications (Pham
et al., 2005). Given 31 years of daily data included in this
study, 15 clusters were initially calculated, per the recommendations for k-means clustering of atmospheric data
included in Spekat et al. (2010). Generally, variation in
daily mid-tropospheric circulations is minimal during the
summertime in the arid climate zones of western North
America, as a persistent subtropical ridge dominates the
region (Davis and Walker, 1992). As such, upon clustering, a single disproportionately sized cluster contained all
Int. J. Climatol. 37: 2424–2437 (2017)
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Table 1. Reservoir water level metrics, data source, data temporal resolution, and time period.
Reservoir

Metric

Data

Temporal resolution

Time period

Lake Powell

Gain
Gain
Gain
Gain
Loss
Delta

Inflow
Unregulated inflow
Natural flow
Volume
Volume
Volume

Daily
Daily
Monthly
Daily
Daily
Daily

1982–2012
1982–2012
1982–2010
1982–2012
1982–2011
1983–2012

Lake Powell
Lake Powell & Lake Mead

Daily (or monthly) inflow and volume data were summed to determine a single value for each metric per year.

Figure 2. Average daily unregulated inflow at Lake Powell (1982–2012). Gains in inflow and unregulated inflow are calculated as the sum of daily
values from 1 March to 31 August.

of these ridge days. To further examine the diversity in this
ridge pattern, this cluster was independently resolved into
five ‘sub-clusters’, to compare the variations in the dominant ridge pattern. This created a total of 19 clusters that
were treated equally and independently for statistical analysis, a number of classes that is within the recommended
range found by Panofsky and Brier (1958), as referenced
in Spekat et al. (2010).
The CP occurrence frequencies each showed clear
seasonal preferences (Table 2). This was evident as certain
sets of CPs together preferentially occurred on a plurality
or majority of days during specific months. These dominant CP sets transition from one to the next throughout
the year. As such, the CPs were aggregated into seasons,
based on the approximate breaks in sub-monthly pattern
frequencies, representing the transition of one set of dominant CPs to another. The seasons were defined as: Fall
(11 September– 15 November), Winter (16 November–
15 April), Spring (16 April– 19 June), and Summer (20
June– 10 September). CP frequencies were aggregated by
season to compare to the measures of reservoir gain, loss,
and delta.
The results of the classification were compared to the
results of similar studies and further analysed with respect
to seasonality. To further distinguish CPs, daily mean
© 2016 Royal Meteorological Society

precipitation and potential evapotranspiration (PET) data
were then collected from the North American Regional
Reanalysis (NARR) via NOAA/ESRL Physical Sciences
Division (Mesinger et al., 2006). Daily data for the study
period were collected for all NARR data points falling
within the boundaries of the CRB [639 total points
(Figure 1)]. The mean daily precipitation and PET were
then calculated for each CP, by summing the precipitation
or PET for all grid points and dividing by 639.
The individual CPs were aggregated into types, based
on the general flow characteristics or the precipitation/PET
data. The types include trough, ridge, wet transitional, and
dry transitional. Based on a visual inspection, CPs with
clear trough and ridge patterns were classified accordingly.
The remaining CPs (those with more zonal flow, thus
not clearly resembling a ridge or trough) were identified
as wet or dry transitional, based on whether the mean
precipitation for each CP was above or below the mean
precipitation for all transitional patterns. Temporal trends
in CP type occurrences were also examined, to assess
how mean seasonal CP frequencies change throughout
the entire study time period and the difference in means
between periods of wet and dry years in the CRB.
Pearson’s bivariate correlations were then calculated
between the seasonal CP frequencies and each water level
Int. J. Climatol. 37: 2424–2437 (2017)
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Figure 3. Gain and loss for the combined volume of Lake Powell and Lake Mead for a sample year (2008). Gain is calculated as the difference
between a year’s peak volume and the nearest preceding minimum. Loss is the difference between the same peak volume and the nearest subsequent
minimum.

Table 2. Frequencies of individual circulation patterns (CPs) and overall CP types by percentage of season and year (annual), rounded
to nearest tenth of a percentage.
CP
Ridge overall
R1
R2
R3
R4*
R5
R6*
R7*
R8*
Dry transitional overall
D9
D10
D11
Wet transitional overall
W12
W13*
W14
W15
Trough overall
T16
T17
T18
T19

Season
Winter
33.9
9.1
9.5
7.6
0.1
7.5
<0.1
<0.1
23.1
12.5
5.3
5.3
20.2
7.6
0.3
6.9
5.4
22.8
8.3
4.3
4.5
5.7

Spring

Summer

Fall

Annual

27.6
3.8
1.6
2.6
5.1
6.6
3.9
2.2
1.8
18.2
3.5
4.1
10.6
35.2
11.1
6.0
4.0
14.1
19.0
2.1
1.4
11.0
4.5

86.1
0.3

37.5
8.5
1.3
6.8
6.3
2.5
6.0
2.7
3.4
24.9
6.4
7.2
11.3
23.9
9.1
6.1
0.8
7.9
13.7
1.6
1.3
8.4
2.4

45.5
6.0
4.5
4.9
4.5
4.8
5.9
7.9
7.0
18.1
6.9
4.6
6.6
21.1
7.8
2.9
3.8
6.6
15.3
4.1
2.2
5.4
3.6

0.3
10.5
0.3
18.0
30.5
26.2
4.1
0.1
1.7
2.3
9.5
4.8
2.6
0.1
2.0
0.3
0.2
0.1

Frequencies equal to 0% are omitted. ‘*’ denotes the CPs that were derived from the ‘sub-clustering’ from the initial clustering stage, as explained
in text. The seasons are defined as: Fall (11 September–15 November), Winter (16 November–15 April), Spring (16 April–19 June), and Summer
(20 June–10 September)

metric of inflow and reservoir volume. To reduce erroneous
correlations resulting from low sample sizes, the patterns
which represented fewer than 5% of days in a season were
omitted. Once the correlations were assessed, with particular attention paid to the statistically significant results,
a stepwise linear regression was performed between the
© 2016 Royal Meteorological Society

CP frequencies to the corresponding measures of reservoir gain, loss, or delta. Gain is controlled by the patterns
occurring in the winter, spring, and summer seasons; while
loss is controlled by the summer, fall, and winter seasons. Delta, being a year-to-year calculation, was related to
the pattern frequencies in every season. The constant and
Int. J. Climatol. 37: 2424–2437 (2017)
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coefficients (slope) of each resultant regression equation
were analysed based on the seasonal pattern frequencies
(independent variable) responsible for the statistically significant result.
3.
3.1.

Results and discussion
Circulation patterns

The 500-hPa geopotential height CPs, as calculated from
the cluster analysis, appear in Figure 4. CPs are coded with
a letter to denote their general flow type: ‘R’ for ridge,
‘D’ for dry transitional, ‘W’ for wet transitional, and ‘T’
for trough. CPs R1-R8 depict ridge circulations, generally
bringing atmospheric subsidence, higher temperatures,
and often dry surface weather over the CRB. CPs T16-T19
reflect clearly defined mid-tropospheric troughs in various stages of progression across the CRB and western
North America; patterns which are generally conducive
for precipitation, cloud cover, lower temperatures, and
lower evaporation rates. The other remaining CPs represent broadly zonal or split flow circulations; patterns which
may or may not produce precipitation, partially dictated by
their facilitation or deflection of Pacific storm tracks across
the study area (Sheppard et al., 2002). Based on this broad
synoptic characterization and the basin-averaged precipitation associated with each pattern, these CPs were divided
into ‘dry transitional’ (CPs D9-D11) and ‘wet transitional’
(CPs W12-W15).
The results of this classification are similar to patterns
derived in previous studies. The overall character of trough
and wet and dry transitional patterns produced here are
analogous to the circulations produced in Changnon et al.
(1993), which assessed wintertime snow-accumulating
patterns in the Rockies from 1951 to 1985. CP T19 closely
resembles their ‘trough’ pattern, while CP W14 reflects
both the pattern and seasonality of their ‘split flow’ pattern.
Other wet and dry transitional patterns from this study are
similar to their zonal patterns. With regard to summertime
circulations, CPs R4, R6-R8, which represent the dominant summertime ridge pattern in this study, share a common overall geopotential height gradient, with the centre of
the ridge axis shifting slightly between patterns. These patterns and their overall trend resemble the results and observations made in Carleton et al. (1990), which performed
manual classifications to examine 500-hPa ridge patterns
from 1980 to 1982 as a contributor to the North American Monsoon phenomenon. Similar results are also found
in the more recent Diem et al. (2013), which produced a
similar diversity of 500-hPa anticyclone placements when
classifying summertime geopotential heights from 1948 to
2010, also in the context of the North American Monsoon.
The distribution of CP frequencies by percentage of each
season and as overall percentages is represented in Table 2.
Overall, the ridge patterns are the most common of the
general CPs (45.5% of all days) over the CRB, largely due
to the dominant summertime ridge observed in the region,
which leads to ridge patterns persisting for several days.
Troughs are much less common overall (15.3% of days),
© 2016 Royal Meteorological Society

partially due to the strong amplitude common among
these patterns and the more transient nature of troughs in
general. The wet and dry transitional patterns collectively
represent the remaining 39.2% of all days, a frequency that
reflects the more common nature of ‘average’ circulation,
characteristic of these zonal patterns.
The seasonality of each CP type further conforms to
expectations of atmospheric behaviour in the region. Each
season is characterized by a diverse representation of CP
types except summer, when the strong subtropical ridge
(CP R4, R6-R8) dominates (85.2% of all summer days).
Ridge patterns are more diverse and far less pronounced
in the other seasons, with weaker, more transient ridges
common in the wintertime (e.g. CP R1, R2). Notably, these
patterns depict a ridge axis positioned west of the CRB.
This is likely a representation of the typical westward,
offshore migration of the Pacific high during the cool
season (Sheppard et al., 2002). Winter is also the most
common season for troughs (22.8% of winter days), when
cold air masses bringing lower geopotential heights spread
across the region, coinciding with storms that produce
mountain snowpack. Other patterns exhibit a preference
for the transition seasons of spring and fall, such as wet
transitional patterns, which are the most common of all
types in spring, the only season when ridges are not the
most common. Some patterns of diverse flow regimes
show peaks in both the spring and fall seasons, such as
CP W12 and W15, D11, and T18. The overall seasonal
preferences of each CP type reflect a general progression of
mid-tropospheric circulations from deep troughs and weak
ridges in the wintertime to the strong ridge in the summer,
with the more zonal flow of wet and dry transitional
patterns interspersed in between.
The overall diversity of CPs and the seasonal trends
found in this paper broadly reflect those from Davis and
Walker (1992), another study that employs a year-round
classification in the region (from 1979 to 1988). The strong
ridges of CPs R4, R6-R8, and their nearly exclusive summertime preference in this study, resemble the ‘monsoon’
and ‘dry summer’ patterns and align with their strong summertime seasonality from the earlier study. Conversely
during the cooler months, especially in winter, a more
diverse representation of CPs is observed, with troughs and
zonal/transitional patterns becoming much more frequent
in both studies, accompanying the typical southward displacement of the polar jet and lower temperatures across
western North America (Davis and Walker, 1992). Due
to the larger selection of clusters in our study however, a
greater overall diversity of circulations is represented here,
particularly with respect to troughs and wet and dry transitional CPs.
To further assess the characteristics of seasonality and
moisture delivery of each CP, precipitation and PET data
were collected from the NARR data set, displayed in
Table 3. The results represent the mean precipitation and
PET for all days classified as each CP. Trough patterns are
the wettest, with the exception of CP T16, which depicts a
trough axis positioned just east of the CRB. Consequently,
in this pattern, much of the CRB is positioned under an area
Int. J. Climatol. 37: 2424–2437 (2017)
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Figure 4. Maps of circulation patterns (CPs). The 500-hPa geopotential heights are shaded from blue to red, from a minimum of 5372–5923 gpm.
CPs are coded by their general flow type: ‘R’ = ridge; ‘D’ = dry transitional; ‘W’ = wet transitional; ‘T’ = trough. The CPs are arranged from driest
to wettest within each general flow type grouping, based on the NARR-derived precipitation. ‘*’ denotes the CPs derived from the ‘sub-clustering’
technique, as detailed in text. The outline of the upper and lower Colorado River Basins in the United States is included.

of negative vorticity advection, resulting in sinking air and
drier conditions, as compared to the other trough patterns.
For this pattern, precipitation is most likely concentrated
east of the trough axis, thus accumulating outside of the
basin (Jorgensen et al., 1967). The trough patterns also
have low PET values, a function of their cool season
preference, but also attributable to accompanying cloud
cover, lower temperatures, and precipitation.
Some ridge patterns were dry (e.g. CPs R1-R3), with
accompanying low PET values, while other ridge patterns were notably wetter than average (e.g. CPs R4,
R6-R8). Given that these ‘wetter’ ridge patterns occur
almost exclusively in the summertime, precipitation under
these regimes is likely generated by non-synoptic forcings,
such as remnant tropical cyclones or mesoscale convection; often fueled by higher absolute precipitable water
content and low-level moisture advection, characteristic
of the North American Monsoon, whose season typically
runs from July to September, when each of these ridge patterns occur at their peak frequency (Carleton, 1985, 1986;
Carleton et al., 1990; Adams and Comrie, 1997). Due to
© 2016 Royal Meteorological Society

summer heat and generally arid conditions, the region still
experiences broadly negative water balances with PET
exceeding precipitation. The precipitation produced by
wet and dry transitional patterns depends on the general
direction and slight undulations in the flow regime. Wet
transitional patterns depicting a westerly to southwesterly
flow aloft, coupled with a slight trough axis (e.g. CP W15),
draw moisture off of the Pacific, bringing precipitation to
the region, a synoptic linkage that has been noted previously (e.g. McCabe, 1996; Quiring and Goodrich, 2008).
Dry transitional patterns (e.g. CP D9) show westerly to
northwesterly flow, but a ridge axis likely diverts or inhibits
precipitation formation due to enhanced atmospheric subsidence, resulting in lower basin-averaged precipitation.
3.2.

CP frequencies during multi-year wet/dry epochs

The climatology constructed in this study can also be used
to assess how the occurrences of CP types have changed
over time, especially with regard to periods of relative
dry or wet conditions. Table 4 lists the overall trends
in CP occurrence by season over the entire study time
Int. J. Climatol. 37: 2424–2437 (2017)
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Table 3. Mean daily precipitation and potential evapotranspiration (PET) (both in mm) by CP.
CP
Ridge average
R1
R2
R3
R4*
R5
R6*
R7*
R8*
Dry transitional average
D9
D10
D11
Wet transitional average
W12
W13*
W14
W15
Trough average
T16
T17
T18
T19

Precipitation

PET

0.77
0.31
0.45
0.54
0.76
0.87
0.92
1.03
1.29
0.59
0.41
0.64
0.72
0.84
0.73
0.76
0.79
1.07
1.63
0.67
1.62
1.76
2.48

6.15
3.65
2.85
3.56
8.20
4.35
8.67
9.09
8.86
4.45
3.31
4.73
5.31
5.73
6.01
7.09
3.77
6.03
3.67
3.06
2.64
4.90
4.09

Results derived from the North American Regional Reanalysis (NARR)
data set. ‘*’ denotes the CPs that were derived from the ‘sub-clustering’
from the initial clustering stage, as explained in text.

period (1982–2012); the mean frequency of CP types
during multi-year periods of primarily wet (1982–1988;
1997–1999) and dry (1989–1996; 2000–2012) conditions; and the mean frequency of the 20th century
(1982–1999) versus 21st century (2000–2012), to assess
the differences in the early 21st century drought to the
years preceding it. Throughout the entire study period,
water in the CRB oscillated through periods of primarily
wet or dry conditions, as evidenced by the elevation of
reservoirs throughout the basin, including Lake Powell
(USBR, 2015c). These multi-year wet and dry ‘epochs’
persist as conditions in the CRB broadly produce elevated
or diminished runoff for extended periods.
The slope indicates the overall trend in the seasonal
occurrence frequencies of each CP type. The slope magnitude of one CP type in a season comes at the expense
of the others, so this enables an assessment of their proportional changes. With regard to seasonal trends across
the CP types, the ridge pattern frequency decreased from
1982 to 2012 in the winter and spring, but the frequency
increased (by about 2 days per decade) in the summer and
fall. This result is weakly significant (p < 0.10) in the summer, when water demand and evaporative losses are highest. The ridges are increasingly common at the expense of
primarily wet transitional days, which decreased significantly (p < 0.05) in the summer. During the spring, when
mountain snowpack ripens and begins to runoff, dry transitional patterns are increasingly common (increasing by
3 days per decade), occurring at the expense of all other
patterns. This increase in springtime dry transitional days
has the strongest significance of all trends (p < 0.02).
© 2016 Royal Meteorological Society

The difference in means between the years of the early
21st century drought (2000–2012) and the years preceding
it (1982–1999) yielded similar results. Springtime dry
transitional patterns were significantly (p < 0.05) more
common during the drought (by 6.3 days, on average). In
the summer, wet transitional patterns were less common
during the drought (by 2.2 days, on average), while ridges
were more common (by 4.0 days, on average), with both
results weakly significant (p < 0.10).
These results collectively suggest a slight trend towards
drier and warmer CPs becoming increasingly common
over time, particularly during the snowmelt and peak water
consumption seasons. Previous research has shown that
an earlier onset of the snowmelt season is occurring in
response to warming, with significant snowpack losses
occurring in the late snow season (Barnett et al., 2008;
Kapnick and Hall, 2012). It is possible that the trends
noted in this study, particularly the significant trend of dry
transitional patterns occurring more frequently in the late
snow season, may be manifestations of the drought in the
CRB; a drought which has been contextualized by a noted
decrease in overall mountain snowpack observed in recent
years across western North America (Mote et al., 2005).
To parse these results further, the mean seasonal occurrences of each CP type were calculated across all years
during wet (1982–1988; 1997–1999) and dry periods
(1989–1996; 2000–2012). Theoretically, dry periods
would be characterized by an increase in drier patterns
(ridge, dry transitional) and a consequent decrease in wetter patterns (trough, wet transitional), with the opposite
true for wet periods. This relationship is most apparent
in the fall season, when the mean occurrences of ridge
and dry transitional patterns are higher in the dry periods
than the wet periods (by 2.1 and 4.5 days on average,
respectively). These differences in means come at the
expense of wetter patterns, most notably wet transitional
patterns, which exhibited a weakly significant decrease
in mean (p < 0.10), occurring on 5.1 fewer days on average, in the dry periods than the wet periods. Previous
research has found an importance of the fall months in
establishing the hydrologic status of the coming snow
season in the CRB. Bolinger et al. (2014) found that a wet
fall season (especially in October) often leads to a wet
year overall, among the snow accumulation regions of the
upper basin. In our study, wetter patterns (troughs and wet
transitional) occurred more frequently in the fall during
the wet periods and were less common in the dry periods.
These supportive findings underscore the importance of
individual months or seasons on annual water supply.
Overall however, the mean differences in CP frequencies
between wet and dry periods are not broadly significant,
suggesting that while mid-tropospheric CPs do play some
role, other factors may be more important contributors to
defining yearly hydrologic variability.
While the overall mean differences (between the aggregations of wet and dry years) are not significant, in extreme
individual years, some anomalies can be observed. For
example, the CP frequencies were examined for 2002
and 2011 (not shown), the driest and wettest years,
Int. J. Climatol. 37: 2424–2437 (2017)
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Table 4. CP frequency trends.
Study period Study period
Wet periods
Dry periods
20th century 21st century
mean
slope
mean
mean
mean
mean
1982–2012 1982–2012 1982–1988; 1997–1999 1989–1996; 2000–2012 1982–1999 2000–2012
Winter
Trough
Wet transitional
Dry transitional
Ridge
Spring
Trough
Wet transitional
Dry transitional
Ridge
Summer
Trough
Wet transitional
Dry transitional
Ridges
Fall
Trough
Wet transitional
Dry transitional
Ridge

34.5
30.5
35.0
51.2

0.05
0.03
0.02
−0.10

35.3
30.9
35.4
49.6

33.7
31.2
35.3
51.2

34.2
31.4
35.5
50.2

35.5
29.9
34.8
51.1

12.4
22.9
11.8
17.9

−0.08
−0.04
0.30**
−0.18

14.7
21.2
9.2
20.1

12.5
24.0
12.0
16.6

14.6
22.7
9.0
18.7

10.5
22.2
15.3++
17.0

1.2
7.9
3.3
71.5

0.00
−0.15**
−0.05
0.20*

0.5
8.4
4.5
70.1

1.3
7.9
3.1
71.7

0.8
8.7
4.2
69.9

1.0
6.5+
2.3
73.9+

9.0
15.8
16.5
24.7

−0.02
−0.09
−0.08
0.19

10.4
19.2+
13.6
23.9

7.9
14.1
18.1
26.0

9.1
17.1
16.0
24.5

9.2
15.3
15.5
26.1

The seasonal mean frequency (days per season) for trough, wet transitional, dry transitional, and ridge patterns are given for time periods spanning
wet and dry periods, 20th and 21st century, and the overall study period. The slope of the overall trend in seasonal mean frequencies is also given.
Significant slope results are marked with ** for p < 0.05 and * for p < 0.10. Significant mean difference results are marked with ++ for p < 0.05 and
+
for p < 0.10.

respectively, from the 2000 to 2012 ‘early 21st -century
drought’. In 2002, when Lake Powell received just 24% of
normal unregulated inflow (USBR, 2015d), 60 ridge days
occurred in the winter, compared to an average of 51.2
across the study time period. An abnormally high number
of ridge days occurred during the traditional snowpack
accumulation months that year, suggesting synoptic-scale
evidence for the noted lack of wintertime snow accumulation and consequent diminished streamflow. In 2011, a
wet year characterized by periods of significant moisture
advection over the CRB (Werner and Yeager, 2013), when
Lake Powell received 147% of normal unregulated inflow
(USBR, 2015d), only 33 ridge days occurred in winter,
with 12 more trough days than normal and 7 more wet
transitional pattern days than normal. This indicates that
CPs capable of transporting moisture and precipitation to
the CRB preferentially occurred that year, at the expense
of moisture-suppressing ridges, contributing towards the
notably wet year.
3.3. Pearson’s bivariate correlations of CP frequencies
and reservoir levels
To begin to examine the relationships between seasonal
CP frequencies and reservoir levels, a correlation analysis
was performed. The CPs with low sample sizes (<5% of
a season’s pattern distribution) were omitted from further
statistical analysis, which retained most of the patterns for
the winter and fall months, but left seven CPs for the spring
season and only four CPs for the summer (CP R4, R6-R8).
Correlations were calculated for all pairings between the
remaining pattern frequencies and each of the water level
metrics (Table 5).
© 2016 Royal Meteorological Society

CP R6, a manifestation of the dominant summertime
subtropical ridge with an axis of the highest geopotential
heights aligned down the centre of the CRB, is negatively
correlated with nearly every metric of reservoir water
level, when occurring in the summer. This relationship is
strongly significant (p < 0.01) for lower yearly gains in
volume at Lake Powell and net year-to-year losses in each
reservoir and their combined volumes. This pattern leads
to lower gains across every inflow metric when occurring
in the summer and to lesser unregulated inflow when
occurring in the fall. This pattern occurs during the gain
season, when the influx of snowmelt water is still reaching
the reservoirs. It is possible that the results pertaining to the
occurrence of CP R6 in the summer could be indicative
of higher evaporative and consumptive losses under the
summer ridge conditions (hence, negative deltas) or a low
snowmelt season (lesser gains), caused by an earlier onset
of warm ridge patterns and/or a general lack of snowfall.
Other ridge patterns (CPs R2, R3, R5, R8) also yielded
significant results. CPs R2 and R3 are correlated with
losses or net declines in reservoir water. Notably, CPs
R5 and R8 are positively correlated to increased gains
in yearly inflow and net year-to-year increases in reservoir volume. It is possible that CP R8, the summer ridge
pattern with the greatest mean precipitation, boosts gains
by facilitating summertime convective precipitation via
mid-tropospheric moisture advection from the Gulf of
Mexico in conjunction with the North American Monsoon
(Adams and Comrie, 1997). CP R5 is a weaker magnitude, somewhat wet, cool season ridge which is positively
correlated to reservoir volumes in the spring. This result
suggests that other factors, not directly related to synoptic
Int. J. Climatol. 37: 2424–2437 (2017)
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Table 5. Pearson’s bivariate correlation results.
Winter CP
Water level metric
Gain
Inflow
Unregulated inflow
Natural flow
Powell volume
Loss
Powell volume
Delta
Powell volume
Mead volume
Powell + Mead volume

R2

W15

Spring CP
R5

T18

+0.417

Summer CP
R6

R8

−0.435
−0.453
−0.409
−0.576

+0.355
+0.378

Fall CP
R3

R6

W15

−0.365

+0.418
+0.412
+0.434

−0.420

+0.530

+0.370
+0.457
+0.372
+0.366

−0.546
−0.586
−0.617

+0.503
+0.383

−0.370
−0.373

Only the statistically significant correlations are shown. Results in italic are significant at 𝛼 = 0.05; results in bold are significant with 𝛼 = 0.01.

circulation, may play a role in contributing to water supply
at basin reservoirs, such as residual moisture from atmospheric rivers (Rutz et al., 2014) as well as localized temperature and soil moisture conditions (Woodhouse et al.,
2016).
CP W15 is positively correlated to increased water in
the reservoirs. Characterized by westerly to southwesterly
flow, this pattern likely directs synoptic-scale storms over
the CRB, bringing precipitation to the region (McCabe,
1996; Quiring and Goodrich, 2008). CP T18, the only
trough represented in the correlation analysis, is positively
correlated to greater losses in volume at Lake Powell when
occurring in the spring. Higher flows of water into the
reservoir may increase the potential for water loss, through
reservoir regulation, diversions, evaporation, and/or bank
storage.
3.4. Linear regression analysis of CP frequencies on
reservoir levels
A step-wise linear regression was performed between the
seasonal CP frequencies and each water level metric to
further assess their relationships (Table 6). As with the
correlations, summertime CP R6 yielded the strongest
signals. It is a predictor of less water in the CRB, with
negative relationships to every measure of yearly gain and
net year-to-year delta volume. The adjusted R2 values for
regressions containing CP R6 ranged from 0.136 to 0.480.
The adjusted R2 values suggest that CP R6 has a stronger
linkage to measures of volume than inflow. CP R6 is the
only pattern from the summer with significant results and
is similarly the only pattern with results for the yearly
gain metrics. When coupled with the fall occurrence of
CP R4, Lake Mead experienced a net decrease on volume
year-to-year, suggesting that a persistent ridge pattern
lasting through the summer into the fall will enhance
losses from evaporation, consumption, and resulting
regulation.
The regression results also reveal that relationships in
the occurrences of CPs between seasons may be important.
The loss in volume at Lake Powell produced a six-member
regression model, with a collective R2 of 0.611. Ridge, wet
and dry transitional, and even a trough pattern contribute
© 2016 Royal Meteorological Society

to modifying the loss metric between the winter and fall.
CPs which occur in the fall and winter months are related
to the concurrent loss observed at Lake Powell. Generally,
the ridge patterns (CPs R1 and R2) are linked to greater
losses (0.13 km3 per occurrence) and the trough pattern
(CP T19) was associated with reduced losses (−0.12 km3 ).
The dry transitional (CP D9) pattern increased losses
(0.31 km3 ), while the wet transitional patterns of CP W12
and W13 yielded opposite results with lower and greater
losses, respectively. CP D9 has a westerly to northwesterly flow, while CP W12 is more southwesterly and CP
W13 represents somewhat of a split flow. It is possible
that storm tracks and/or connections to marine moisture
could cause CP W12 to limit losses with wetter conditions
than CP D9 (0.73 mm and 0.41 mm, respectively). Generally, the loss regression model is controlled more strongly
by the winter CPs, as they all had slightly stronger significance (p < 0.01) than most of the fall CPs (p < 0.05).
This multi-member regression model reinforces the notion
that synoptic circulations have nuanced relationships with
reservoir water levels and that other, non-synoptic scale
forcings are also important for determining reservoir water
levels.
Notably, the results of the correlation and regression
analyses are nearly the same when considering either regulated or unregulated reservoir variables. Anthropogenic
influences in the CRB heavily affect the hydrology of
the basin, and changes in the policies governing such
actions have substantially changed during the study period.
Despite these factors, given the similarity of the results,
this study reinforces the notion that climate-water links
are paramount in the CRB, regardless of water management. Further, given these links, existing water management cannot negate the impacts of the early 21st
century drought, if such conditions continue to persist
long term.
4. Summary and conclusion
The early 21st century drought in the southwestern United
States has already caused complex political and engineering problems for managing a limited water resource. With
Int. J. Climatol. 37: 2424–2437 (2017)
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Table 6. Stepwise linear regression analysis results.
Winter CP
Water level metric
Gain
Inflow
Unregulated inflow
Natural flow
Powell volume
Loss
Powell volume
Delta
Powell volume
Mead volume
Powell + Mead volume

Adj

R2

Constant

0.161
0.178
0.136
0.309

14.32
15.96
19.73
6.42

0.611

−0.29

0.263
0.480
0.349

3.38
3.89
5.72

R1

R2

Summer CP
T19

R6

Fall CP
R4

D9

W12

W13

0.31

−0.11

0.14

−0.32
−0.36
−0.33
−0.20
0.13

0.13

−0.12
−0.23
−0.22
−0.41

−0.24

All results are significant at 𝛼 = 0.05. All regression values are listed in cubic kilometres (km3 ).

a continuation of the drought, increasingly costly and irreversible solutions will be implemented, further straining
the environmental and economic vitality of the region.
This study set out to characterize the drought through a
synoptic classification of atmospheric CPs and to determine how these patterns are related to reservoir water
levels at Lake Powell and Lake Mead. The CRB experiences a range of atmospheric circulations, but is most
uniquely characterized by strong ridge patterns which persist through the warm season. The summer ridges are
linked to significant declines in yearly reservoir inflow and
year-to-year net losses in storage volume. Throughout the
years of the drought, the ridge patterns along with dry transitional patterns have become increasingly common during the spring and summer, at the expense of wetter CPs.
This suggests that these patterns may hasten snowmelt,
thereby contributing to drought conditions in the basin
along with noted declines in mountain snowpack across
western North America.
It is likely that synoptic classification can offer further
knowledge for drought prediction in the CRB. Future
work should incorporate other classification techniques,
such as SOMs or other neural net-based methods, as
well as other atmospheric test variables, such as relative
humidity or precipitable water. Such analyses should also
consider non-synoptic sources of moisture as well as the
influence from teleconnections, such as ENSO, PDO, and
PNA. Understanding hydroclimatological relationships
in the CRB can improve the accuracy and relevance of
drought forecasting and may assist water management
in developing more targeted and effective strategies.
While this study demonstrated that relationships exist
between the frequencies of mid-tropospheric CPs and
reservoir levels, these relationships are complex, requiring
further investigation into characteristics such as timing
and intensity to more fully realize the role of atmospheric
circulations as harbingers of drought.
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