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Abstract: Historical and future drought and surplus periods in the Colorado River basin are evalu-
ated based on eight climate scenarios. Unimpaired streamflow from 17 stations in the Colorado River
are evaluated based on U.S. Geological Survey, Bureau of Reclamation, and Coupled Modeled Inter-
comparison Projection 5 downscaled data from 1950–2099. Representative Concentration Pathway
(RCP) 4.5 and 8.5 emission scenarios are considered for four climate models (HadGEM2-ES, CNRM-
CM5, CanESM2, MI-ROC5). Drought (surplus) quantities, magnitudes, severities, and water year
flows are compared for the historical and future periods. Results indicate that there is a significant
difference between the historical record and future projections. The results are not consistent in terms
of increase of drought or surplus; however, the intensity (as measured by magnitude and duration)
will likely increase for both RCP 4.5 and 8.5. The CanESM2 and CNRM-CM5 models project wetter
scenarios, and HadGEM2 and MI-ROC5 models project drier scenarios. For the critical Lees Ferry
station, models indicate a chance of higher drought and surplus length and magnitude on the order
of two times the historical period. In addition, basin wide flow at Lees Ferry had a shift in the future
mean ensemble of approximately 3–10% for the water year. Future hydrologic changes will heighten
the need for appropriate management and infrastructure options available to adapt to these changes.
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1. Introduction

The Colorado River basin is one of the most important basins in the United States and
provides critical water resource for seven States (Colorado, Utah, Wyoming, New Mexico,
Nevada, Arizona, and California) and Mexico. It serves a population of over 36 million
people, supports an economy of $26 billion based on recreation, provides water for 4 million
acres of farmland and sustains 30 endemic fish species [1]. It is also a highly managed
system with over 50 million acre-ft of storage available between the two largest reservoirs
(Lake Mead and Lake Powell). This large amount of storage is critical for sustaining
water supplies during droughts, hydropower generation, recreation, and environmental
productivity. Much of the southwestern United States has experienced sustained drought
over the past 20 years and this has resulted in declines in water supplies in many basins
and reservoirs. For instance, the Colorado River basin experienced Tier 1 and 2 shortage
for the first time in 2022 and 2023 which trigger mandatory water consumption cuts for
southwestern states. In addition, drought continency plans will need to be developed
to ensure long term sustainability of water supplies and reservoir [2]. There is a need to
understand if this is the “new normal” for the future or are these changes part of drought
and surplus cycles that are experienced over years.

Extensive research has been conducted on the impact of climate change on the water
conditions of the Colorado River basin. Early studies [3] used specific warming scenarios
(e.g., 1, 2, 3 ◦C warming) along with hydrologic and system models to evaluate changes.
Rajagopalan et al. [4] demonstrated how increased demand and changing climate were
taxing the reliability of water supply. As Coupled Model Intercomparison Project (CMIP)
projections of future climate have become available, studies have focused on impacts in
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headwater basins [5,6], uncertainties in precipitation projections [7], the role of increasing
temperature on reduction of streamflow [8,9], and implications of changes in future flows in
the basin [10]. Others such as Woodhouse et al. [11] have evaluated hypothetical droughts
from 1–4 ◦C warming and implications for reliability of Colorado River flows. Finally, the
Bureau of Reclamation [12] has studied this extensively using paleo records and future
flows into major reservoirs (Lake Mead and Lake Powell). Most studies that have evaluated
the future projections, use the entire suite of models from CMIP5 (on the order of 32 models)
and usually for Representative Concentration Pathway (RCP) 4.5 and 8.5.

This work fills a gap in research where both drought and surplus periods from the
historical records and future projections that are likely in the Colorado River. The contribu-
tions from the work presented here include the evaluation of both drought and surplus
periods from 2021–2099 based on specific climate model projections that are most likely
for this region. It is important to note that paleo records are not considered here as the
focus is on evaluating the impact of future streamflow conditions in relation to historical
(as measured from gauge records). Finally, observations and conclusions are drawn on
changes in extremes (both droughts and surpluses) to stations that contribute to the entire
basin and those for specific states (e.g., Arizona).

2. Materials and Methods
2.1. Data

The main data used in this study is yearly streamflow for various locations in the
Colorado River basin from past periods and for the future. The selected stations represent
a combination of headwater locations that are important for understanding high water
generating portions of the basin, a main river station (e.g., Lees Ferry) that is important for
water management, and lower basin stations that contribute only to Arizona flows and are
important for understanding monsoonal impacts. A total of 17 stations noted below are
used in the analysis of droughts and surpluses.

2.1.1. Historical Streamflow

Unimpaired streamflow stations are needed to conduct this analysis and remove any
anthropogenic effects. Unimpaired stations were initially identified by Wallis et al. [13]
updated by Tootle et al. [14]. For this study, those locations within the Colorado River
basin are used from the larger U.S. data set. This results in 16 stations that were updated
from the U.S. Geological Survey (USGS) NWISWeb Data retrieval (Available online: https:
//waterdata.usgs.gov/nwis/, accessed on 1 January 2022) to water year 2021, so the
analysis is performed using the time period water year 1951–2021. This time period was
selected by Tootle et al. [13] as being ideal for having a large number of streamflow stations
and sufficient number of years of data for long-term analyses. In addition, the use of NWIS
streamflow data allows for these results to be compared in the future with other analyses
that may be conducted in the west on other unimpaired streamflow data. In addition, the
Lees Ferry data was obtained for water years 1906–2021 from the Bureau of Reclamation
who maintains natural flow that accounts for consumptive uses and losses. (Available
online: https://www.usbr.gov/lc/region/g4000/NaturalFlow/index.html, accessed on
1 January 2022). In the analysis performed for all the stations (Section 3.1), the period
of 1951–2021 was used for Lees Ferry to allow for appropriate comparisons. For specific
analysis of Lees Ferry (Section 3.2), additional analysis was performed using the extended
record 1906–2021.

Monthly data for all the stations is used to compute the water year cumulation defined
as the months October–September. The 17 stations noted above are summarized and show
in Table 1 and Figure 1. These are also locations where future flow data is available (see
Section 2.1.2). For these stations, water year streamflow data is calculated in million acre-ft
(MAF) which is a common unit used for water management. (Note: 1 MAF = 1233 million
cubic meters MCM).

https://waterdata.usgs.gov/nwis/
https://waterdata.usgs.gov/nwis/
https://www.usbr.gov/lc/region/g4000/NaturalFlow/index.html
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Table 1. List of Stations with characteristics.

Station Name Location/Name Elevation (m) Drainage Area (km2)

Lees Ferry Upper (U1) 940 289,561

Piney River Upper (U2) 2217 219

East River Upper (U3) 2440 749

Lake Fork Upper (U4) 2386 878

Slater Fork Upper (U5) 2012 391

Rock Creek Upper (U6) 2210 381

Yellowstone River Upper (U7) 2265 342

White River Upper (U8) 1951 1678

Fish Creek Upper (U9) 2338 156

Muddy Creek Upper (U10) 1983 272

Smiths Fork Upper (U11) 2044 427

Gila River Lower (L1) 1419 4828

San Francisco River Lower (L2) 1047 7156

Gila River at Safford Lower (L3) 957 20,350

Salt River Chrysotile Lower (L4) 1023 7379

Salt River Roosevelt Lower (L5) 664 11,152

Tonto Creek Lower (L6) 769 1748
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Of the 17 stations identified in Table 1, 11 stations are from the Upper basin and six
are from the Lower basin. It is noteworthy that 10 of the Upper basin stations contribute
flows to Lees Ferry which is a measure of total Upper basin. The inclusion of all the
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stations allows for a spatial analysis of how flows may change in the future and eventually
contribute to the overall flow at Lees Ferry. In addition, the inclusion of the six Lower basin
stations allows for further spatial analysis of the entire Colorado River (Upper and Lower).

2.1.2. Future Projections of Streamflow

Future water year streamflow values were obtained from the comprehensive database
of downscaled hydrology projections using Bias Correction and Spatial Disaggregation
(BCSD) and made available by Bureau of Reclamation [14]. These projections represent
downscaled climate projections (e.g., wind, temperature, precipitation) of the Coupled
Modeled Intercomparison Project 5 (CMIP) projections to grid scales of 1

2 degree 12 km us-
ing BCSD [15]. The downscaled climate data is then used in the VIC hydrologic models for
the western U.S. and values aggregated to subbasin scale [16]. The VIC hydrologic model
used to develop the downscaled streamflow projections is physically based for various
subbasins of the Colorado River basin and routes to key points that provide streamflow pro-
jections. This results in 97 projections of monthly and daily hydrology at specified locations
(e.g., streamflow stations) over the contiguous U.S. using BCSD on CMIP5 projections. In
the Reclamation archive [14], there are 18 CMIP5 models and Representative Concentration
Pathways (RCP) 4.5 and 8.5 scenarios available to the year 2099.

A total of eight projections were used that represent four models (of the 18 noted
above) at two emission levels as RCP 4.5 and 8.5. The emission level of RCP 4.5 is an
intermediate climate change scenario that minimizes greenhouse gas emissions. RCP 8.5
is the highest level of greenhouse gas emissions resulting from a large population with
high energy [17]. The Fourth National Climate Assessment [18] identified RCP 4.5 and
8.5 as the core scenarios representing the appropriate range of future conditions. The four
model simulations are those used by Pierce et al. [19] and Lynam and Piechota [20] to
evaluate various scenarios of California streamflow and include HadGEM2-ES, CNRM-
CM5, CanESM2, and MIROC5. While there is no direct evidence that these models behave
well for the Colorado River basin, these models are selected here based on their ability to
simulate historical climate spatial and temperature structure at the global, Southwestern U.S.
and California scales [19]. In addition, the range of these models will give a representative
sample of the scenarios while still allowing for a detailed analysis of what specific futures
may look like in terms of water supply. For this study there is no assumption about the
model bias (e.g., water, wet, average) and direct reference is made to the models that best
represent climate of the region.

To best represent the overall impact of the models for the two climate scenarios (RCP
4.5 and 8.5), ensemble water year means are calculated based on the average of the four
models. This is a common practice in climate change studies where multiple models are
evaluated and there is a need to establish a best estimate of the “average” of the models,
e.g., [21].

2.2. Drought and Surplus Definitions

Following a definition used by Lynam and Piechota [20] drought was defined as
periods where there was two or more consecutive years of deficit flow (below average flow)
with the period ending only when two consecutive years of surplus occurred. The average
flow for the historical period is used for all analyses to ensure analyses are evaluating the
impact in relation to current hydrologic conditions. Similarly, surplus periods were defined
as two or more consecutive years of excess flow (above average flow) with the period
ending only when two consecutive years of deficit occurred. Other studies in the west have
used drought definitions where in any given year a drought can occur if the index (i.e.,
PDSI) drops below zero or alternatively using a three-year moving average to determine
drought years [12]. The approach used here recognizes the varied nature of drought (and
surplus) definitions while using a standard statistical measure appropriate for a basin that
has significant storage (i.e., 4 years of storage in the two major reservoirs). For both drought
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and surplus periods, duration, magnitude (defined as the cumulative of the departure from
the average), and the severity (defined as magnitude/duration) were compiled.

2.3. Testing of Differences

The difference in the total number of droughts and surplus periods for each scenario
(i.e., historical vs. future periods) was evaluated using the F-test. In this test, the variance
in two populations is evaluated to see if there is a significant difference. In this study, the
population consist of the number of drought and surplus periods. For all tests, the historical
population of drought and surplus periods is evaluated against the future population
of drought and surplus periods determined in the analysis. Results are displayed and
discussed in Section 3.

The sample populations of drought and surplus for each scenario are also presented
as box and whisker plots where the middle of the box represents the median, the top and
bottom represent the 75th and 25th percentiles of the population and the top and bottom of
the whisker represent the 90th and 10th percentiles of the population (see Section 3.2).

3. Results
3.1. Station Specific Results for the Basin

The station specific results of the entire basin for historical and future droughts (sur-
pluses) are shown in Tables 2–4, and Figures 2 and 3. These results are shown for future
flows including drought and surplus periods (duration and magnitude) along with changes
in the mean water year flow. For all analysis presented in this Section 3.1, the historical
time period of 1951–2021 is used for all stations.

Table 2. Duration (in years) of drought and surplus for Upper (U) and Lower (L) Basin stations based
on 1951–2021 for all stations and also the time period 1907–2021 for Lees Ferry. For drought duration,
red values are higher than the historical record and blue values are lower. For surplus duration, blue
values are higher than the historical record and red values are lower.

Drought Duration RCP 4.5 RCP 8.5

Station Historical CanESM2 CNRM-
CM5

HadGEM2-
ES

MI-
ROC5 CanESM2 CNRM-

CM5
HadGEM2-

ES
MI-

ROC5

Lees Ferry (U) 1907–2021 22 10 6 10 17 13 17 32 14
Lees Ferry (U) 1951–2021 11 8 6 10 17 11 8 32 14

Piney River (U) 11 10 11 9 12 7 17 14 19
East River (U) 9 28 13 12 25 16 12 37 21
Lake Fork (U) 17 5 4 7 5 3 4 20 13
Slater Fork (U) 9 3 2 3 4 2 4 2 4
Rock Creek (U) 22 6 5 18 22 5 11 32 8

Yellowstone River (U) 9 30 27 54 50 18 28
White River (U) 11 15 8 17 24 13 17 54 24
Fish Creek (U) 11 10 11 24 27 12 21 31 27

Muddy Creek U) 15 4 6 14 27 4 4 17 13
Gila River (L) 21 2 7 2 10 4

San Franciso River (L) 27 2 2 3 3
Gila at Safford (L) 28

Salt River Chrysotile (L) 27 12 50 44 24 12 65
Salt River Roosevelt (L) 27 19 10 30 44 24 12 57 35

Tonto Creek (L) 23 38 12 23 44 24 17 73 45
Smiths Fork (L) 14 5 11 15 22 5 8 12 13
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Table 2. Cont.

Surplus Duration RCP 4.5 RCP 8.5

Station Historical CanESM2 CNRM-
CM5

HadGEM2-
ES

MI-
ROC5 CanESM2 CNRM-

CM5
HadGEM2-

ES
MI-

ROC5

Lees Ferry (U) 1907–2021 18 16 20 8 4 17 23 6 8
Lees Ferry (U) 1951–2021 10 16 20 10 5 18 23 6 11

Piney River (U) 7 17 20 10 6 17 15 7 11
East River (U) 10 9 11 6 4 17 15 6 11
Lake Fork (U) 10 44 65 20 13 27 40 8 11
Slater Fork (U) 9 36 20 31 20 38 33 43 30
Rock Creek (U) 20 16 20 6 5 21 27 6 8

Yellowstone River (U) 9 3 3 2 2 8 3
White River (U) 9 9 20 4 5 15 15 2 3
Fish Creek (U) 9 8 15 4 3 15 4 6 8

Muddy Creek U) 9 19 18 13 5 19 14 6 3
Gila River (L) 8 30 16 25 15 13

San Franciso River (L) 6 69 70 21 37
Gila at Safford (L) 6

Salt River Chrysotile (L) 11 6 2 2 9 10 2
Salt River Roosevelt (L) 11 7 7 6 2 10 16 2 8

Tonto Creek (L) 8 7 6 2 2 7 12 4 3
Smiths Fork (L) 10 14 12 4 10 32 8 11 7

Table 3. Magnitude (in MAF) of drought and surplus periods for Upper (U) and Lower (L) Basin
stations based on 1951–2021 for all stations and also the time period 1907–2021 for Lees Ferry. Blue
values are higher than the historical record and red values are lower (Note: 1 MAF = 1233 million
cubic m).

Drought Magnitude RCP 4.5 RCP 8.5

Station Historical CanESM2 CNRM-
CM5

HadGEM2-
ES

MI-
ROC5 CanESM2 CNRM-

CM5
HadGEM2-

ES
MI-

ROC5

Lees Ferry (U) 1907–2021 −52.3 −14.3 −20.0 −35.7 −48.8 −26.9 −30.7 −123.4 −56.3
Lees Ferry (U) 1951–2021 −20.9 −9.2 −14.8 −27.1 −34.1 −12.3 −16.8 −95.8 −44.2

Piney River (U) −0.08 −0.06 −0.10 −0.09 −0.12 −0.10 −0.12 −0.18 −0.26
East River (U) −0.33 −0.89 −0.44 −0.77 −1.02 −0.60 −0.63 −2.56 −1.59
Lake Fork (U) −0.18 −0.05 −0.07 −0.21 −0.16 −0.18 −0.04 −0.71 −0.37
Slater Fork (U) −0.13 −0.05 −0.05 −0.02 −0.07 −0.03 −0.02 −0.05 −0.07
Rock Creek (U) −0.87 −0.06 −0.11 −0.38 −0.56 −0.13 −0.14 −0.96 −0.23

Yellowstone River (U) −0.11 −0.95 −0.70 −2.85 −2.15 −0.78 −1.01
White River (U) −0.52 −1.04 −1.06 −2.61 −2.85 −1.41 −1.89 −10.20 −3.73
Fish Creek (U) −0.08 −0.08 −0.13 −0.25 −0.38 −0.15 −0.19 −0.49 −0.33

Muddy Creek U) −0.06 −0.02 −0.04 −0.11 −0.22 −0.04 −0.03 −0.22 −0.14
Gila River (L) −0.69 −0.03 −0.08 −0.06 −0.14 −0.10

San Franciso River (L) −0.90 −0.05 −0.04 −0.06 −0.07
Gila at Safford (L) −1.99

Salt River Chrysotile (L) −3.11 −1.44 −7.68 −9.54 −2.03 −1.64 −9.70
Salt River Roosevelt (L) −4.14 −1.83 −1.21 −4.02 −10.77 −1.34 −1.32 −9.64 −5.13

Tonto Creek (L) −0.78 −0.94 −0.52 −0.89 −2.79 −0.49 −0.42 −3.12 −1.55
Smiths Fork (L) −0.32 −0.13 −0.24 −0.47 −0.47 −0.14 −0.19 −0.49 −0.27
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Table 3. Cont.

Surplus Magnitude RCP 4.5 RCP 8.5

Station Historical CanESM2 CNRM-
CM5

HadGEM2-
ES

MI-
ROC5 CanESM2 CNRM-

CM5
HadGEM2-

ES
MI-

ROC5

Lees Ferry (U) 1907–2021 60.9 54.6 98.2 21.8 27.9 142.9 89.1 19.2 20.6
Lees Ferry (U) 1951–2021 45.0 66.7 115.5 25.3 29.8 157.9 109.0 24.3 29.8

Piney River (U) 0.12 0.21 0.30 0.17 0.12 0.32 0.21 0.12 0.14
East River (U) 0.55 0.85 0.52 0.24 0.36 1.17 0.66 0.22 0.41
Lake Fork (U) 0.36 4.01 6.51 1.25 1.11 2.55 5.12 0.53 1.08
Slater Fork (U) 0.21 1.58 1.02 0.94 0.87 1.56 1.67 1.30 0.82
Rock Creek (U) 0.65 0.48 0.61 0.35 0.25 1.70 1.01 0.15 0.35

Yellowstone River (U) 0.18 0.04 0.04 0.11 0.09 0.35 0.11
White River (U) 1.04 0.85 2.72 0.46 0.88 2.12 1.68 0.58 0.50
Fish Creek (U) 0.18 0.11 0.13 0.09 0.07 0.55 0.13 0.05 0.03

Muddy Creek U) 0.12 0.40 0.48 0.18 0.10 0.79 0.31 0.06 0.08
Gila River (L) 0.48 2.01 1.79 2.88 0.40 0.98

San Franciso River (L) 0.71 8.33 12.03 1.96 5.13
Gila at Safford (L) 1.86

Salt River Chrysotile (L) 3.32 1.74 1.62 0.85 1.28 3.71 0.86
Salt River Roosevelt (L) 4.39 2.20 3.02 3.05 2.33 3.30 9.14 0.17 1.44

Tonto Creek (L) 1.21 0.30 0.39 0.72 0.13 0.57 1.51 0.01 0.10
Smiths Fork (L) 0.17 0.80 0.42 0.30 0.20 3.36 0.31 0.42 0.29

Table 4. Table of historical and future annual water year mean flow (MAF) for all eight scenarios and
historical period of 1951–2021 for all stations. For Lees Ferry, the historical mean is also show for the
time period 1907–2021. Ensemble means are also provided as the average of the four models for each
RCP 4.5 and 8.5. Blue values are higher than the historical record and red values are lower. (Note: 1
MAF = 1233 million cubic m).

Station
RCP 4.5 RCP 8.5

Historical CanESM2 CNRM-
CM5

HadGEM2-
ES

MI-
ROC5 Ensemble CanESM2 CNRM-

CM5
HadGEM2-

ES
MI-

ROC5 Ensemble

Lees Ferry (U) 1906–2021 14.7 16.7 16.8 13.6 13.8 15.2 17.7 17.3 12.3 13.6 15.2
Lees Ferry (U) 1951–2021 13.8 16.7 16.8 13.6 13.8 15.2 17.7 17.3 12.3 13.6 15.2

Piney River (U) 0.055 0.061 0.060 0.056 0.056 0.058 0.060 0.061 0.053 0.054 0.057
East River (U) 0.228 0.239 0.230 0.195 0.207 0.218 0.233 0.240 0.174 0.199 0.212
Lake Fork (U) 0.162 0.252 0.259 0.197 0.207 0.229 0.241 0.268 0.155 0.194 0.215
Slater Fork (U) 0.057 0.093 0.093 0.086 0.083 0.089 0.101 0.096 0.085 0.084 0.092
Rock Creek (U) 0.096 0.120 0.116 0.084 0.093 0.103 0.140 0.114 0.076 0.094 0.106

Yellowstone River (U) 0.098 0.074 0.073 0.050 0.059 0.064 0.087 0.072 0.044 0.060 0.066
White River (U) 0.432 0.437 0.457 0.348 0.363 0.401 0.439 0.452 0.288 0.340 0.380
Fish Creek (U) 0.034 0.035 0.033 0.026 0.024 0.030 0.045 0.033 0.024 0.024 0.032

Muddy Creek U) 0.027 0.042 0.041 0.027 0.025 0.034 0.050 0.039 0.024 0.023 0.034
Gila River (L) 0.118 0.183 0.228 0.168 0.167 0.187 0.200 0.244 0.140 0.172 0.189

San Franciso River (L) 0.153 0.301 0.382 0.273 0.266 0.306 0.319 0.407 0.227 0.274 0.307
Gila at Safford (L) 0.338 0.754 0.925 0.688 0.665 0.758 0.808 0.982 0.582 0.686 0.765

Salt River Chrysotile (L) 0.447 0.388 0.488 0.335 0.307 0.379 0.406 0.538 0.280 0.329 0.388
Salt River Roosevelt (L) 0.579 0.596 0.746 0.520 0.456 0.580 0.633 0.834 0.433 0.494 0.599

Tonto Creek (L) 0.110 0.096 0.117 0.085 0.066 0.091 0.108 0.137 0.070 0.074 0.097
Smiths Fork (L) 0.135 0.170 0.146 0.126 0.131 0.143 0.206 0.142 0.132 0.139 0.155
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3.1.1. Drought (Surplus) Duration

For the evaluation of drought duration and magnitude, the changes appear to be larger
under the RCP 8.5 scenario as compared to the historical record and RCP 4.5 (Tables 2 and 3).
The longest duration droughts occur in the Lower basin (e.g., Salt Creek stations). His-
torically, the longest drought was 27 years at Salt Creek, and in the future (MI-ROC5
scenario), droughts may be up to 44–65 years long (Table 2). In the Upper basin, Lees Ferry
station has two models (HadGEM2-ES and MI-ROC5) where the drought duration is longer
(14–32 years compared to 11 years in the historical record. All other models show shorter
drought periods than the historical record.

The duration of surplus periods is longer for many of the stations in the Upper basin.
For instance, Lake Fork has seven of the eight scenarios with longer duration, and Slater
Fork has all the scenarios with longer surplus duration (increasing from 9 years in the
historical record to 20–43 years depending on the model scenario). In comparison, Lees
Ferry six of the eight scenarios had longer duration surplus periods than the historical
record (increasing in duration from 10 years in the historical record to 11–23 years in
the future).

3.1.2. Drought (Surplus) Magnitude

The largest changes in drought magnitude (as indicated by negative values in Table 3)
appear in four Upper Basin stations (East River, Yellowstone River, White River, Fish Creek)
that show a higher magnitude in all scenarios corresponding to the longer drought periods
(Table 2). The change in magnitude is very large and, in some cases, shows droughts that
are 5–20 times larger than the historical record. It should be noted that these are much
smaller headwater basins as compared to Lees Ferry that represents the entire Upper basin.
For Lees Ferry, two of the models (HadGEM2-ES and MI-ROC5) had drought magnitudes
larger than the historical record (on the order of two to four times larger). For instance,
HadGEM2-ES2 and MI-ROC5 models under the RCP 8.5 scenarios had largest drought
magnitudes of −95.8 MAF and −44.2 MAF over multiple years, compared to the largest
drought in the historical record that was −20.9 MAF.

For the magnitudes of future surplus, the CanESM2 and CNRM-CM5 models’ con-
ditions were likely to be wetter. Similar to the results for surplus duration periods, Lake
Fork and Slater Fork had all the scenarios with higher surplus magnitudes (increasing from
2–20 times in magnitude depending on scenario). For Lees Ferry, two of the models had
higher surplus magnitudes (CanESM2 and CNRM-CM5) on the order of two to three times
larger than the historical record.

3.1.3. Changes in Water Year Mean Flow

To understand the implications of changes in the mean water supply for a given year,
it is important to understand how the water year (October–September) flows change from
the historical record to the future. This is different from the results show in Table 3 which
are the average drought (surplus) that is expected over a longer period for the historical
record and the future projections. Table 4 presents the historical water year average flow
for each station and the change in water year average flow that would occur under each
of the future climate scenarios. Of all the scenarios (RCP 4.5 and 8.5 and four models),
60% of the results indicated a future mean water year flow that would be higher than the
historical mean. As noted earlier, the CanESM2 and CNRM-CM5 models are wetter than
the HadGEM2-ES and MI-ROC5 that tend to have drier conditions as noted in the water
year flows. For the RCP 4.5 and 8.5 scenarios using CanESM2 and CNRM-CM5 models,
85% of analyses had higher (or wetter) water year means. Similarly, for the HadGEM2-ES
and MI-ROC5 models, 66% had lower (or drier) water year means.

When comparing the RCP 4.5 and 8.5 results in Table 4, there does not appear to
be much of a difference. For instance, both RCPs have similar changes in the ensemble
water year mean-six (6) stations are lower (drier) and 11 are higher (wetter). Of note, is the
approximate 10% (from 13.8 MAF to 15.2 MAF) increase in water year flow at Lees Ferry
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in Table 4 based on the historical record (1951–2021) and 3% increase (from 14.7 MAF to
15.2 MAF) based on the historical record (1907–2021). It is important to note that this is an
ensemble from two models that produce higher averages (on the order of 17 MAF) and two
models that produce lower average (on the order of 12–13 MAF). If realized, this would
have significant implications for water management in the region.

Figures 2 and 3 present the spatial changes in the basin and the magnitude of the
water year flows. There is a slight tendency for higher magnitude of changes in water
year flows under the RCP 8.5 scenarios than 4.5 scenarios. For instance, at Lees Ferry, the
ensemble for RCP 4.5 and 8.5 is 15.2 MAF. Figures 2 and 3 also show the tendency for
wetter conditions in CanESM2 and CNRM-CM5 streamflow projections and generally drier
in the Had-GEM2 and MI-ROC5 streamflow projections (for both RCP 4.5 and 8.5). This
is consistent with results seen in California climate change analysis [19,20]. However, the
spatial results for the Had-GEM2 and MI-ROC5 were not as consistent as the CanESM2
and CNRM-CM5 scenarios. For the Had-GEM2 and MI-ROC5 scenarios (both RCP 4.5 and
8.5) there was a mix of wet and dry signals in the streamflow projections in both the Upper
and Lower basin.

3.2. Further Analysis for Lees Ferry

Specific results of historical flows (using the entire record from 1907–2021) and climate
projections (RCP 4.5 and 8.5) are presented in Figures 4–6 for Lees Ferry. This is the most
critical station in the Colorado River basin and represents the dividing point between the
Upper and Lower basin located downstream of Lake Powell (Glen Canyon Dam).
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Figure 6. Scatter plot of duration vs. severity for historical and all RCP 4.5 and 8.5 scenarios at Lees
Ferry. (Note: 1 MAF = 1233 million cubic m).

The variation in surplus and deficit quantities is presented with boxplots in Figure 4.
Each boxplot represents the population of droughts and surplus for the specified scenario.
For the CanESM2 and CNRM-CM5 models (RCP 4.5 and 8.5), the overall tendency is
more surplus (positive flows) periods. For instance, the 25th, 50th and 75th percentiles
change from historical values of −15, 0, 10 MAF, respectively, to values under CNRM-CM5
(RCP 8.5) of −5, 0, 43 MAF, respectively. For the HadGEM2-ES and MI-ROC5 (RCP4.5
and 8.5) scenarios, the overall tendency was more deficit (negative flows) periods. For
instance, the 25th, 50th and 75th percentiles change from historical values of −15, 0, 10 MAF,
respectively, to values under HadGEM2-ES (RCP 8.5) of −44, 0, 6 MAF, respectively. In
Figure 4, it appears there is a large range in values (i.e., larger box) in the RCP 8.5 scenarios
as compared to RCP 4.5. This is further evaluated in Figure 6.

Further representation of model specific variations at Lees Ferry is shown in Figure 5
for all models and RCP 4.5 and 8.5. As noted earlier, the CanESM2 and CNRM-CM5 are
wetter scenarios, and HadGEM2 and MI-ROC5 are drier. Example scenarios include a range
of surplus periods for CanESM2 (RCP 8.5) with durations of 17 to 2 years and magnitudes
of 143 to 2 MAF compared to historical surpluses with durations of 18 to 3 years and
magnitudes of 61 to 3 MAF. Similar example scenarios include a range of deficit periods for
HadGEM2 (RCP 8.5) with durations of 32 to 3 years and magnitudes of −123 to −18 MAF
compared to historical surpluses with durations of 22 to 2 years and magnitudes of −52 to
−1 MAF. This indicates more extreme surplus and deficit periods in the future when an
ensemble of all models is used.

The severity (defined as magnitude divided by duration) of drought and surplus
for all scenarios in comparison to the historical data is presented in Figure 6. The green
circles represent the historical drought and surplus periods (16 total) ranging from −3.1
to 3.9 MAF/year with durations from 2 to 22 years. Under future conditions, maximum
drought and surplus severity increases to levels of −8.2 to 14.0 MAF/year. The number of
drought and surplus periods is also noteworthy. In the historical record, there are eight
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(8) drought and eight (8) surplus periods. Where in the future record for RCP 4.5 (8.5),
there are 26 (22) drought periods and 30 (26) surplus periods. Thus, the ensemble of model
scenarios shows a slightly wetter condition for Lees Ferry and more extreme drought
and surplus periods. Many of these are under 5 years in duration reflecting the rapidly
changing conditions in the future.

4. Discussion

In this study, historical and future streamflow projections for the Colorado River basin
were evaluated with a perspective of drought and surplus periods. The results of this
study conform with past studies of the region. For instance, Lynam and Piechota [20] and
Pierce et al. [19] found that the HadGEM2-ES model had drier conditions (lower streamflow)
in California and CNRM-CM5 model to have wetter conditions (higher streamflow). The
results for the Colorado River basin in this research have similar signatures in the model
output for streamflow projections at Lees Ferry (i.e., surplus flows for CNRM-CM5 and
drier flows for HadGEM2-ES). This does highlight the potential of either connections
between California basins and Colorado River, and/or similarities in which models before
well in the western United States for climate change studies. This also highlights the range
of climate scenarios that can be provided from GCMs. In general, Pierce et al. [19] found
that all the GCMs had warming in the future, but some of the models were warming at
higher levels than others and the cooler/wetter models were less warm. This range in
model scenarios could be viewed as contradictory, or it could be viewed as a measure
of the uncertainty of potential future projections. This does have implications on water
management as the range of future conditions are planned for and assigned levels of risk.

Other research in the Colorado River basin has shown the potential for declines at
Lees Ferry under future climate ensemble mean projections below a critical threshold of
13.8 MAF [11]. The results in the study presented here show many scenarios are above
this threshold (i.e., wetter conditions) and highlight the importance of understanding the
appropriate models for the region. It is noteworthy that some of the previous studies [12]
have shown the change in seasonal runoff with higher streamflow (10–20%) occurring
during the December–March period and less during the critical April–July period. This
may be important in establishing the timing of future streamflow under warmer conditions.
In addition, other studies use many models (32) from CMIP5 which adds to the variability
shown in results. It is believed that the study presented here is a more focused approached
that has specific results for certain model scenarios. This will lead to a better understanding
of climate change impacts in the western United States.

Various studies have confirmed the wet signal identified in the research presented here.
Hoerling et al. [9] noted an increase in the median precipitation from CMIP5 projections
for both RCP 4.5 and 8.5 precipitation over Colorado by the middle of the 21st century.
Ayers et al. [21] showed higher precipitation projections in CMIP5 (compared to CMIP3)
along with streamflow for the Upper Colorado River basin. Lukas et al. [22] also noted this
potential for higher streamflow along with an earlier snowmelt

5. Conclusions

The research presented here provides interesting findings related to how the Colorado
River may respond to future climates. While the results are not always consistent in terms
of how drought or surplus periods will change in the future, the intensity (as measured by
magnitude and duration) will likely increase for both RCP 4.5 and 8.5. There did not appear
to be large difference between the results for the RCP 4.5 and RCP 8.5 scenarios. There
were more pronounced differences between models where the CanESM2 and CNRM-CM5
models had a wet signal, and HadGEM2 and MI-ROC5 models had a dry signal. The
spatial results for the Had-GEM2 and MI-ROC5 were not as consistent (i.e., mix of dry and
wet) as the CanESM2 and CNRM-CM5 scenarios which were mostly wet. Most interesting
results were for the Lees Ferry station where models indicate a chance of higher drought
and surplus length and magnitude on the order of two times the historical period. It was a
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surprise that the future mean ensemble water flow for the Lees Ferry was approximately
3–10% of the historical and highlights the sensitivity of record length used in the analysis.

The hydroclimatology and future water supply of the Colorado River basin is an
active area of research, discussion and management. While there remains a lot of uncer-
tainties with future projections, the future will likely have more extremes (wet and dry).
These uncertainties include the large-scale climate models that are downscaled for local
climate conditions and the different hydrologic modeling methods (e.g., physically based,
distributed, semi-distributed, statistical). Regardless, the results of this study, highlight
that the future may have extended dry or wet periods that were not always seen in the
historical (or paleo) record and may question the use of paleo records given that future
climates may look very different. Having the appropriate management and infrastructure
options available will be critical to adapt to these changes.
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