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Abstract The ongoing 22-year drought in the Upper Colorado River Basin (UCRB) has been extremely
severe, even in the context of the longest available tree-ring reconstruction of annual flow at Lees Ferry,
Arizona, dating back to 762 CE. While many southwestern drought assessments have been limited to the past
1,200 years, longer paleorecords of moisture variability do exist for the UCRB. Here, gridded drought-atlas
data in the UCRB domain along with naturalized streamflow data from the instrumental period (1906-2021)
are used in a K-nearest neighbor nonparametric algorithm to develop a streamflow reconstruction for the Lees
Ferry gage starting in 1 CE. The reconstruction reveals a second-century drought unmatched in severity by
the current drought or by well-documented medieval period droughts in the UCRB. Although data are sparse,
analysis of individual long tree-ring records and other paleoclimatic data also support the occurrence of an
exceptional second-century drought.

Plain Language Summary The Colorado River drought we currently are experiencing is severe in
the context of the 116-year gage record (1906-2021), but how severe is it in a long-term context? Existing
tree-ring based reconstructions of Colorado River streamflow have suggested that the 22-year period
2000-2021 could be the worst drought in the southwestern United States in 1,200 years. The purpose of this
study is to extend the Colorado River reconstruction back 2,000 years and to evaluate the current drought

in a long-term context. We find that an even more extreme drought occurred and persisted over much of the
second century. Data are sparse this far back in time, but evidence from both tree-ring data and paleoclimate
data from lakes, bogs, and caves supports the existence and severity of this drought in the context of the last
two millennia. Additional work is needed to learn more about this drought and its causes, but we now know
that drought more persistent than even the well-documented medieval period droughts occurred in the past,
expanding our understanding of the range of natural climate variability.

1. Introduction

Colorado River drought has persisted since 2000 (when defined as below average flows broken by no more than
one year of above average streamflow), with an average annual flow of 15.2 billion cubic meters (bcm) (12.3
million acre-feet (maf)), or 84% of the 1906-2021 mean (Reclamation, 2021a). The significance of this persistent
drought was made apparent in August 2021 when the first ever shortage declaration was called by the Bureau of
Reclamation in anticipation of reservoir level declines resulting from ongoing drought (Reclamation, 2021b). As
of around mid-April 2022, the two largest reservoirs on the Colorado River, Lakes Powell and Mead, are only
24% and 32% full, respectively (Reclamation, 2022). Reduced inflow to reservoirs has been driven by precipita-
tion deficits and exacerbated by increased temperature, which is estimated to account for about one-third of the
decrease in Colorado River streamflow measured at the Lees Ferry, Arizona gage (Figure 1) over 2000-2017
(Udall & Overpeck, 2017).

A key question being asked is: how does this current drought compare with those of the past? Is it similar
in persistence and severity to past droughts, or does it represent an unprecedented extreme? Streamflow for
2000-2021 is lower than for any other 22-year period in the gaged record, but that record only extends to 1906.
The running 22-year observed mean water-year flow at Lees Ferry has now dropped below the lowest 22 years
mean (15.6 bem, or 12.6 maf) in the 762-2005 CE tree-ring reconstruction by Meko et al. (2007), suggesting that
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smoothed annual flows on the Colorado River are now lower than at any other time in the last 12 centuries. This is
consistent with recent findings by Williams et al. (2022), who report that 2000-2021 is the driest 22-year period
across the southwest United States in the same time frame.

Much of the research addressing the severity of the ongoing drought in the southwest United States relative to that
of past droughts has relied upon a set of moisture-limited tree-ring chronologies that has been utilized to develop
gridded reconstructions of drought—e.g., North American Drought Atlas (NADA; Cook & Krusic, 2004; E. R.
Cook & Krusic, 2004), Living Blended Drought Atlas (LBDA; Cook et al., 2010), seasonal precipitation (Stahle
et al., 2020), and soil moisture (Williams et al., 2020, 2022). The numerous spatial analyses that have utilized
this tree-ring network (e.g., Coats et al., 2015; Cook et al., 2015; Ho et al., 2016) have been limited to the time
period when the network has coverage for large parts of the United States. While both the North American
Drought Atlas (NADA) and the Living Blended Drought Atlas (LBDA) contain grid point reconstructions back
to 1 CE, the coverage is quite limited until 800 CE, the start date for most studies. The region for which there are
grid point reconstructions back to 1 CE includes the Upper Colorado River Basin (UCRB) (Figure 1). Although
the tree-ring data are sparse, the Living Blended Drought Atlas (LBDA) for this subregion suggests the potential
to extend by seven centuries the longest published Lees Ferry flow reconstruction (762 CE; Meko et al., 2007).

Tree-ring studies that record Southwest drought before 800 CE suggest the occurrence of extreme events that
merit further examination. In a 2,300-year reconstruction of precipitation in the northwestern Upper Colorado
River Basin (UCRB), Knight et al. (2010) highlight a drought in early 500s as the most severe in 1,800 years.
Their reconstruction also shows a notable drought in the second century. Just outside of the Basin, in the Rio
Grande headwaters of the San Juan Mountains (also headwaters for the UCRB), a tree-ring proxy record of mois-
ture variability shows a severe drought in the second century that is the driest period in over 2,250 years (Routson
etal., 2011). Moreover, Routson et al. (2016) also found evidence for increased dust activity in the second century
in proxy records of dustiness from lake sediments in the same region. Further south, a 2,129-year reconstruction
of annual precipitation for northwestern New Mexico shows a number of notable droughts in the first millennium,
including drought conditions in the mid-third to early sixth centuries, and a particularly persistent drought in the
second century (Grissino-Mayer, 1996). To the west, a reconstruction of precipitation for the White Mountains
in eastern California from bristlecone pine shows no drought in the second century, but does show a period of
sustained drought in the sixth century (Hughes & Graumlich, 1996).

These studies suggest an extended reconstruction of Colorado River streamflow could reveal a broader range
of drought conditions than documented by existing reconstructions. Of particular interest is the second century,
which falls within an historical climate epoch known as the Roman Warm Period, first identified and character-
ized by Lamb (1977) as a period of anomalous warm temperatures in Europe, approximately 100 to 400 CE. A
number of historical archives and paleoclimate records reflect anomalously warm conditions in locations beyond
Europe, including Iceland, the North Atlantic, southwest Florida, and more broadly across the northern hemi-
sphere for intervals of time over the period of 1-500 CE (e.g., Bianchi & McCave, 1999; Lapointe et al., 2020;
Ljungqvist, 2010; Patterson et al., 2010; Rodysill et al., 2018; Wang et al., 2013). However, taken together,
available data do not support a spatially coherent warm period over this interval of time (Neukom et al., 2019).
Similarly, the so-called Medieval Warm Period (~800-1300 CE) was not a spatially coherent period of warmth
(Hughes & Diaz, 1994), but did coincide with drier conditions across the southwest United States (e.g., Meko
et al., 2007).

In this study, we adapt the nonparametric K-nearest neighbor (KNN) methodology of Gangopadhyay et al. (2009)
to utilize existing grid point reconstructions of Palmer Drought Severity Index (PDSI; Palmer, 1965) from the
LBDA (Cook et al., 2010; Gille et al., 2017) for the Upper Colorado River Basin (UCRB) to develop a two
thousand year reconstruction of Colorado River streamflow at Lees Ferry. We chose to use the grid point recon-
structions rather than tree-ring chronologies as basic tree-ring predictors for several reasons. First, the gridded
reconstructed Palmer Drought Severity Index (PDSI), which has high accuracy and skill in the UCRB, incor-
porates tree-ring chronologies screened for moisture sensitivity and filtered to account for lag in tree-growth
response to climate (Cook et al., 2007). In addition, the gridded reconstructions provide a uniform spatial and
temporal resolution of drought data advantageous to the application of the K-nearest neighbor (KNN) approach
in streamflow reconstruction for the Colorado River.
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Figure 1. Upper Colorado River Basin (UCRB) (gray outline) with selected major tributaries (blue lines) and the Lees Ferry
gage. Living Blended Drought Atlas grid points are shown; 122 with Palmer Drought Severity Index data, 1-2017 CE (red
filled circles), and three with missing data for 1-209 CE (black filled circles). The southwestern United States location of the
UCRB is shown in the inset.

2. Streamflow in the UCRB
2.1. Data

The two datasets used in this study to develop a Lees Ferry streamflow reconstruction include reconstructed
Palmer Drought Severity Index (PDSI) from the LBDA archive (Cook et al., 2010; Gille et al., 2017) and natural-
ized streamflow data for the Lees Ferry gage (Reclamation, 2021a).

The LBDA utilizes all available tree-ring data that reflect variability in drought conditions using a nested recon-
struction approach (Cook et al., 1999). Figure 1 shows the distribution of 125 LBDA grid-points in the UCRB
used in this study. PDSI data are complete for the period 1-2017 CE for all except three gridpoints, and for those
three gridpoints the data are complete for 210-2017 CE (Figure 1). Note that the 1979-2017 CE portion of the
LBDA is instrumental rather than reconstructed PDSI.

Natural flow estimates for the Lees Ferry gage are available from Reclamation (2021a). The natural flow data
used in this study include water years 1906-2021—this period (or any subset of years within this range of
years) is considered for this study to be the instrumental, or observed data. The observed streamflow average for
1906-2021, 14.7 maf or 18.1 bem, is used as the baseline for this study's analyses.
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Figure 2. Ensemble mean reconstruction (thick gray line) with 22-year moving average (22-yma—right-aligned running mean) (thick black line). Ensemble mean
22-yma 5Sth and 95th percentiles are shown with black-dashed lines. The 22-yma Meko et al. (2007) reconstruction, truncated at 1905, is shown with a thick blue line.
Two observed period means, 19062021 and 2000-2021 are thin horizontal lines in gray and orange respectively. Vertical black line indicates end of reconstruction,
1905, and start of verification period reconstructed values, 1906-2017. The gray shaded bar highlights the second-century drought interval.

2.2. Reconstruction and Verification

The reconstruction method, based on Gangopadhyay et al. (2009) (hereafter, G09), is a nonparametric approach.
Details of the original method are described in G09 in the context of Colorado River reconstruction, and the
method has recently been applied to streamflow reconstruction in central Asia (e.g., Zhao et al., 2022). In this
new reconstruction, for any year prior to 1906, principal components analysis is used to identify the most simi-
lar years, K-nearest neighbors (KNNs), or K nearest neighbors, in the instrumental period, 1906-1999, and the
KNNSs are resampled to develop an ensemble of reconstructed flows. Similarity is judged statistically by projec-
tion of the PDSI vector for a reconstruction year on principal components of gridded reconstructed PDSI for the
instrumental period. Repeated for each year, the procedure results in a 1,000-member ensemble reconstruction
of annual flows for water years 1-1905 CE. The mean of the 1,000-member reconstructed streamflow ensemble
represents the streamflow reconstruction (Figure 2). A 90% confidence interval for the reconstruction is provided
by the 5th and 95th percentiles of the ensemble members.

Performance of the G09 method was evaluated using leave-one-out cross-validation (LOOCV) for water years
1906-2017 (total, 112 years; 2017 is the last year of the LBDA PDSI archive). The leave-one-out cross-validation
(LOOCYV) was conducted by cycling through each of the 112 years in sequence. For instance, for water year 1906,
the remaining 111 years (water years, 1907-2017) were used to identify a maximum K = 11 years with a PDSI
pattern most similar to that in 1906, and resampling was repeated to develop a 1,000-member reconstruction
ensemble for 1906. The ensemble mean reconstruction, with upper and lower confidence limits, is compared to
the instrumental streamflow record over water years 19062017 (Figure S1 in Supporting Information S1). The
comparison indicates relatively good reconstruction skill. The mean streamflows are similar, while the standard
deviation is lower for the ensemble mean reconstruction (see Figures S2a and S2b in Supporting Information S1).
This lower standard deviation is expected: an individual ensemble member can generally have a standard devia-
tion similar to that of the observed flows, but the ensemble mean reconstruction, which is an average representa-
tion of streamflows from the ensemble, results in compression of variance. The lag-1 autocorrelation for the
ensemble mean reconstruction over this verification period is close to that of the instrumental streamflow (Figure
S2c in Supporting Information S1). Drought statistics indicate that maximum duration and magnitude (deficit
volume) in the observed data are closely matched in the reconstruction, while the maximum drought intensity
(deficit volume per year) is slightly lower in the reconstruction (Text S1, Figure S3, and Table S1 in Supporting
Information S1).
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Figure 3. The second century portion of ensemble-mean reconstruction, emphasizing multiple runs of 10 or more years
below the 19062021 observed Lees Ferry streamflow mean. Mean line at 18.1 billion cubic meter (bcm) (14.7 million
acre-feet (maf)).

Skill of the new reconstruction, as measured by the Pearson correlation coefficient (r) of the ensemble mean
reconstruction with instrumental streamflow, is comparable (» = 0.78; Figure S4 in Supporting Information S1)
to that of the early portion of the Meko et al. (2007) reconstruction plotted in Figure 2. For example, the nested
regression model supplying the 762-1181 CE portion of the Meko et al. (2007) reconstruction has a coeffi-
cient of determination, R? = 0.60, corresponding to r = 0.77 between reconstructed and instrumental stream-
flow. However, this skill is somewhat lower than that of Lees Ferry reconstruction models targeting more recent
centuries and drawing on denser networks of tree-ring chronologies (e.g., Gangopadhyay et al., 2009; Meko
et al., 2007; Michaelson et al., 1990; Stockton & Jacoby, 1976; Woodhouse et al., 2006).

3. The Current Drought in a 2,000 Year Context

The current period of drought has been found to be anomalous in the context of the instrumental record (Williams
et al., 2022) and, as noted above, in the context of 1,200 years of reconstructed Colorado River streamflow
reported in Meko et al. (2007). The new reconstruction now allows us to evaluate this drought over an even
longer period of time. The Colorado River streamflow ensemble mean reconstruction, smoothed with a 22-year
moving average, indicates periods of low flow in the mid-twelfth, late thirteenth, and late sixteenth centuries that
appear roughly comparable to the 2000-2021 drought ongoing in the Colorado River. The most notable period
of drought in the entire 1-1905 CE reconstruction occurs in the second century, with the 22-year average ending
in 150 CE at 12.3 bcm (10.0 maf) or 68% of the instrumental mean (Figure 2). For comparison, the average
annual flow of the 22-year drought, 20002021, is 84% of the instrumental mean (Table S2 in Supporting Infor-
mation S1). When the 90% confidence interval is considered, the average annual flow for the second-century
drought falls between 9.6 bcm and 16.8 bem (7.8 maf and 13.6 maf), slightly overlapping the value for the
observed 2000-2021 streamflow average (15.2 bcm or 12.3 maf). The second century also includes the lowest
flows for periods averaged over three, five, and 10 years in the reconstruction and in the observed record (Table
S2 and Text S2 in Supporting Information S1).

4. Features of the Second-Century Drought

The new Colorado River reconstruction shows four runs of persistently below average streamflow within the
second century (Figure 3). The 24-year period, 129-152 CE, is by far the longest period of drought on record,
and two others are the third and fifth longest, at 15 and 13 years (100-114 CE and 157-169 CE, respectively).
The fourth is a 10-year drought, 173-182 CE, one of six 10-year droughts in this record, all of which occurred
in the first millennium. Spatial patterns of these four droughts, based on the available gridded PDSI, show some
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Figure 4. (a) Locations of 11 tree-ring chronologies that cover the second century, with tree-growth anomalies for 120-180 CE plotted by color. (b) Composite record
of 11 tree-ring chronologies, 1-2000 CE. (c) Locations of 37 non-tree-ring paleohydroclimatic records, with anomalies for 120-180 CE plotted by color. (d) Composite
record of 37 non-tree-ring records, 1-2000 CE.

variability, with the 129-152 CE period being the most intense but somewhat less extensive than the others
(Figure S5 in Supporting Information S1).

In the 1,000 individual ensemble reconstruction members, the longest second-century drought (i.e., 129—152
CE in the ensemble-mean) ranges in duration from 12 to 46 years, with a duration of at least 24 years for 37%
of the ensemble members. In contrast, the longest run (unbroken by an above average flow year) of Colorado
River drought in the instrumental record is five years (1933-1937, 1988-1992, 2000-2004, and 2012-2016).
Persistent droughts tend to reflect large cumulative deficits, and the four second-century droughts are no excep-
tion (in duration order, first, second, fifth and eleventh). However the annual average streamflow, a measure of
drought intensity, in these long droughts is not as low as in some of the shorter droughts. For example, the most
intense drought was the single-year drought, 1258 CE, at 8.1 bcm (6.6 maf) below mean flow compared to the
annual average intensity over the 24-year period of drought, 5.7 becm (4.6 maf) below the mean flow. When the
three drought metrics—duration, magnitude, and intensity are taken together (Biondi et al., 2002), these four
second-century droughts rank in the top 13, with the 129-152 CE drought ranking as most severe, overall (Table
S3 in Supporting Information S1).

5. Additional Evidence for Drought in the Second Century

The second-century period of drought, as documented in this Colorado River reconstruction, appears exceptional
in the context of the past two millennia. How well supported is this period, and what uncertainties underlie it?
The second century occurs in the earliest part of the timespan covered by tree-ring data in the UCRB region. A
total of 11 tree-ring chronologies in or near the UCRB extend into the second century (Table S4 in Supporting
Information S1; Figure 4a). Data from most of these sites were incorporated into the tree-ring network used to
reconstruct PDSI (Cook et al., 2010). Timeseries plots of these chronologies show a period of severe drought
occurring at most of these sites over the middle to the end of the second century (Figure S6 in Supporting
Information S1). The second-century drought is particularly notable in the Summitville (Routson et al., 2011),
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Harmon Canyon (Knight et al., 2010) and Mammoth Creek sites. Chronology values averaged for the 120-180
CE interval (Figure 4a) indicate that all of the sites reflect some level of drought except Red Canyon (Finley
et al., 2020). This pattern is generally reflected in the gridded PDSI values averaged over the years 120-180 CE
(Cook et al., 2010) (Figure S7 in Supporting Information S1). Regionally, the severity of the second-century
drought, as documented by these chronologies, stands out in the context of the past 2,000 years. The median of
the 11-chronology composite clearly shows the second century to be the worst drought in this region (Figure 4b).
It is important to note that the number of samples in these long chronologies is much reduced going back in time
and obtained primarily from remnant wood. Of the 11 tree-ring chronologies, approximately 63 individual tree
samples include at least 4 years in the second century (Figure S8 in Supporting Information S1), and only two of
these samples were from living trees—but, from Red Canyon, which does not reflect the second-century drought.
During 100-200 CE, the number of trees for a given year ranges from 40 to 59.

There is clear evidence in the tree-ring data, sparse as it is, for second-century drought. However, it is difficult
to precisely assess the severity and duration of drought conditions relative to other severe, sustained droughts
because very few of the samples that reflect the second-century droughts extend through other droughts. There
are only two series (from Summitville) that extend from the second century through the 1100s, which contains
the most severe, sustained drought in the Colorado River in the past 12 centuries (Meko et al., 2007). While both
suggest the second-century drought was more severe than the mid-twelfth century drought, this is not a robust
assessment.

Other paleoclimatic data provide additional support for second-century drought (e.g., Routson et al., 2021;
Shuman et al., 2018). A collection of 37 non-tree-ring hydroclimate records (e.g., pollen, diatoms, etc.) was
assessed for evidence of the second-century drought (Table S5 in Supporting Information S1). Resolution and
age control limit these records' ability to faithfully record events that occurred within multidecadal timescales.
However, non-tree-ring hydroclimate records are useful because they are not limited by detrending and short
segment lengths inherent in tree-ring chronologies (Cook et al., 1995). This collection of lower resolution records
shows dry conditions occurred during the second century over a spatial domain broadly consistent with the
tree-ring based evidence (Figure 4c). Furthermore, these records show a gradual pattern toward wetter conditions
over the last two millennia (Figure 4d), with the driest conditions occurring in the early portion of the first millen-
nium, coincident with the second century. This period also coincides with the higher frequency of longer and
more severe droughts over the first millennium in the tree-ring records (Table S3 in Supporting Information S1).
Further discussion on the second-century drought is provided in Supporting Information S1 (Text S3).

6. Conclusions

The new Colorado River streamflow reconstruction provides a record of streamflow variability and drought
extending to 1 CE. The reconstruction reveals a second-century UCRB drought unmatched in severity by the
current drought, 2000-2021 CE, or by any other reconstructed drought in the tree-ring record. Defining features
of the drought are a single run of 24 consecutive years below the 1906-2021 observed Lees Ferry stream-
flow mean and three other runs of 10 or more years below the mean. Within the exceptional 24-year run, the
lowest 22-year-mean flow is just 68% of the instrumental mean, compared to the 2000-2021 mean flow of 84%.
Although uncertainty remains due to the sparseness of underlying tree-ring data in the reconstruction during the
second century, exceptional drought is also supported by independent, non-tree-ring, paleoclimate proxy records.
This new finding suggests that the range of natural hydroclimatic variability in the Colorado River is broader
than previously recognized, setting a new bar for a worst-case scenario from natural variability alone. In order to
confirm these findings, collection and analysis of more remnant wood from critical runoff producing watersheds
of the UCRB could strengthen the reconstruction of the paleoclimatic record; especially useful for addressing
relative severity of droughts would be long tree-ring records from trees that lived through both the second-century
and medieval droughts.

Data Availability Statement

The ensemble reconstruction and supporting data can be accessed from the NOAA Paleoclimatology website,
https://www.ncei.noaa.gov/access/paleo-search/study/36093.

GANGOPADHYAY ET AL.

7of 10

8518017 SUOWILLIOD BA 181D 3|qedl|dde au) Aq peusenob e oo 1Me YO ‘8sN JO Sa|NJ 10} ARId 1T 8UIUO AB]1M UO (SUORIPUOD-PUE-SLLBIALIOD™AS | IMAR1d 1[BU U0//:ScNL) SUORIPUOD PUe SWie 1 81 8S *[£202/60/92] Uo A1 auliuo A8(im ‘ARiqieuoziy JO AisAN Ad T82860192202/620T OT/I0p/L0Y A8 M Atelqijpul|uosqndnBe//sdiy wouj pepeojumoq ‘TT ‘220 ‘2008v76T


https://www.ncei.noaa.gov/access/paleo-search/study/36093

~1
AGU

Geophysical Research Letters 10.1029/2022GL098781
Acknowledgments References

This study was “funded” by curiosity
and commitment of the authors. We are
grateful to all reviewers whose comments
helped improve the final manuscript. The
views expressed in this paper are those
of the authors. Any use of trade, firm, or
product names is for descriptive purposes
only and does not imply endorsement by
the U.S. Government.

Bianchi, G. G., & McCave, I. N. (1999). Holocene periodicity in North Atlantic climate and deep-ocean flow south of Iceland. Nature, 397(6719),
515-517. https://doi.org/10.1038/17362

Biondi, F., Kozubowski, T. J., & Panorska, A. K. (2002). Stochastic modeling of regime shifts. Climate Research, 23, 23-30. https://doi.
org/10.3354/cr023023

Coats, S., Smerdon, J. E., Cook, B. I., & Seager, R. (2015). Are simulated megadroughts in the North American Southwest forced? Journal of
Climate, 28(1), 124-142. https://doi.org/10.1175/JCLI-D-14-00071.1

Cook, B. I, Ault, T. R., & Smerdon, J. E. (2015). Unprecedented 21st century drought risk in the American Southwest and central plains. Science
Advances, 1(1), 1-7. https://doi.org/10.1126/sciadv.1400082

Cook, E. R, Briffa, K. R., Meko, D. M., Graybill, D. A., & Funkhouser, G. (1995). The ‘segment length curse’ in long tree-ring chronology
development for paleoclimatic studies. The Holocene, 5(2), 229-237. https://doi.org/10.1177/095968369500500211

Cook, E. R., & Krusic, P. J. (2004). The North American drought atlas. Lamont-Doherty Earth Observatory and National Science Foundation.
Retrieved from https://iridl.ldeo.columbia.edu/SOURCES/.LDEO/. TRL/.NADA2004/.pdsi-atlas.html

Cook, E. R., Meko, D. M., Stahle, D. W., & Cleaveland, M. K. (1999). Drought reconstructions for the continental United States. Journal of
Climate, 12(4), 1145-1162. https://doi.org/10.1175/1520-0442(1999)012<1145:DRFTCU>2.0.CO;2

Cook, E. R., Seager, R., Cane, M. A., & Stahle, D. W. (2007). North American drought: Reconstructions, causes, and consequences. Earth-Science
Reviews, 81(1-2), 93—134. https://doi.org/10.1016/j.earscirev.2006.12.002

Cook, E. R., Seager, R., Heim, R. R., Vose, R. S., Herweijer, C., & Woodhouse, C. (2010). Megadroughts in North America: Placing IPCC projec-
tions of hydroclimatic change in a long-term paleoclimate context. Journal of Quaternary Science, 25(1), 48-61. https://doi.org/10.1002/
jgs.1303

Finley, J. B., Robinson, E., DeRose, R. J., & Hora, E. (2020). Multidecadal climate variability and the fluorescence of Fremont societies in Eastern
Utah. American Antiquity, 85(1), 93-112. https://doi.org/10.1017/aaq.2019.79

Gangopadhyay, S., Harding, B. L., Rajagopalan, B., Lukas, J. J., & Fulp, T. J. (2009). A nonparametric approach for paleohydrologic reconstruc-
tion of annual streamflow ensembles. Water Resources Research, 45(6), W06417. https://doi.org/10.1029/2008 WR007201

Gille, E. P, Wahl, E. R., Vose, R. S., & Cook, E. R. (2017). NOAA/WDS paleoclimatology—Living blended drought atlas (LBDA) version 2—
recalibrated reconstruction of United States summer PMDI over the last 2000 years. NOAA National Centers for Environmental Information.
Retrieved from https://www.ncdc.noaa.gov/paleo/study/22454

Grissino-Mayer, H. D. (1996). A 2129 year annual reconstruction of precipitation for northwestern New Mexico, USA. In J. S. Dean, D. M.
Meko, & T. W. Swetnam (Eds.), Tree rings, environment, and humanity (pp. 191-204). Department of Geosciences, The University of Arizona.

Ho, M., Lall, U., & Cook, E. R. (2016). Can a paleodrought record be used to reconstruct streamflow? A case study for the Missouri River Basin.
Water Resources Research, 52(7), 5195-5212. https://doi.org/10.1002/2015WR018444

Hughes, M. K., & Diaz, H. F. (1994). Was there a “medieval warm period” and if so, where and when? Climatic Change, 26(2), 109-142. https://
doi.org/10.1007/BF01092410

Hughes, M. K., & Graumlich, L. J. (1996). Multimillennial dendroclimatic studies from the Western United States. In P. D. Jones, R. S. Bradley,
& J. Jouzel(Eds.), Climatic Variations and forcing Mechanisms of the last 2000 years (Vol. 41, pp. 109-124). Springer. NATO ASI Series
(Series I: Global Environmental Change). https://doi.org/10.1007/978-3-642-61113-1_6

Knight, T. A., Meko, D. M., & Baisan, C. H. (2010). A bimillennial-length tree-ring reconstruction of precipitation for the Tavaputs Plateau,
Northeastern Utah. Quaternary Research, 73(1), 107-117. https://doi.org/10.1016/j.yqres.2009.08.002

Lamb, H. H. (1977). Climate: Present, past and future. Climatic history and the future, 2, 835.

Lapointe, F., Bradley, R. S., Francus, P., Balascio, N. L., Abbott, M. B., Stoner, J. S., et al. (2020). Annually resolved Atlantic sea surface temper-
ature variability over the past 2,900 y. Proceedings of the National Academy of Sciences, 117(44), 27171-27178. https://doi.org/10.1073/
pnas.2014166117

Ljunggqvist, F. C. (2010). A new reconstruction of temperature variability in the extra-tropical northern hemisphere during the last two millennia.
Geografiska Annaler - Series A: Physical Geography, 92(3), 339-351. https://doi.org/10.1111/j.1468-0459.2010.00399.x

Meko, D. M., Woodhouse, C. A., Baisan, C. A., Knight, T., Lukas, J. J., Hughs, M. K., & Salzer, M. W. (2007). Medieval drought in the upper
Colorado River Basin. Geophysical Research Letters, 34(10), L10705. https://doi.org/10.1029/2007GL029988

Michaelson, J., Loaiciga, H. A., Haston, L., & Garver, S. (1990). Estimating drought probabilities in California using tree rings. Completion
Report to California Department of Water Resources, Department of Geography, University of California.

Neukom, R., Steiger, N., Gémez-Navarro, J. J., Wang, J., & Werner, J. P. (2019). No evidence for globally coherent warm and cold periods over
the preindustrial Common Era. Nature, 571(7766), 550-554. https://doi.org/10.1038/s41586-019-1401-2

Palmer, W. C. (1965). Meteorological drought (p. 65). U.S. Department of Commerce. Research Paper No. 45.

Patterson, W. P., Dietrich, K. A., Holmden, C., & Andrews, J. T. (2010). Two millennia of North Atlantic seasonality and implications for Norse
colonies. Proceedings of the National Academy of Sciences of the United States of America, 107(12), 5306-5310. https://doi.org/10.1073/
pnas.0902522107

Reclamation (2021a). Colorado River basin natural flow and salt data. Retrieved from https://www.usbr.gov/Ic/region/g4000/NaturalFlow/provi-
sional.html

Reclamation (2021b). Reclamation announces 2022 operating conditions for lake Powell and lake Mead: Historic drought impacting entire
Colorado River Basin. Retrieved from https://www.usbr.gov/newsroom/#/news-release/3950

Reclamation (2022). Lower Colorado Water supply report from april 18, 2022. Retrieved from https://www.usbr.gov/lc/region/g4000/weekly.pdf

Rodysill, J. R., Anderson, L., Cronin, T. M., Jones, M. C., Thompson, R. S., Wahl, D. B., et al. (2018). A North American hydroclimate synthesis
(NAHS) of the Common Era. Global and Planetary Change, 162, 175-198. https://doi.org/10.1016/j.gloplacha.2017.12.025

Routson, C. C., Kaufman, D. S., McKay, N. P., Erb, M. P., Arcusa, S. H., Brown, K. J, et al. (2021). A multiproxy database of Western North
American Holocene paleoclimate records. Earth System Science Data Discussions, 13(4), 1613—-1632. https://doi.org/10.5194/essd-2020-215

Routson, C. C., Overpeck, J. T., Woodhouse, C. A., & Kenney, W. F. (2016). Three millennia of southwestern North American dustiness and
future implications. PLoS One, 11(2), €0149573. https://doi.org/10.1371/journal.pone.0149573

Routson, C. C., Woodhouse, C. A., & Overpeck, J. T. (2011). Second century megadrought in the Rio Grande headwaters, Colorado: How unusual
was medieval drought? Geophysical Research Letters, 38(22), L22703. https://doi.org/10.1029/201 1GL050015

Shuman, B. N., Routson, C., McKay, N., Fritz, S., Kaufman, D., Kirby, M. E., et al. (2018). Placing the Common Era in a Holocene context:
Millennial to centennial patterns and trends in the hydroclimate of North America over the past 2000 years. Climate of the Past, 14(5),
665-686. https://doi.org/10.5194/cp-14-665-2018

GANGOPADHYAY ET AL.

8 of 10

8518017 SUOWILLIOD BA 181D 3|qedl|dde au) Aq peusenob e oo 1Me YO ‘8sN JO Sa|NJ 10} ARId 1T 8UIUO AB]1M UO (SUORIPUOD-PUE-SLLBIALIOD™AS | IMAR1d 1[BU U0//:ScNL) SUORIPUOD PUe SWie 1 81 8S *[£202/60/92] Uo A1 auliuo A8(im ‘ARiqieuoziy JO AisAN Ad T82860192202/620T OT/I0p/L0Y A8 M Atelqijpul|uosqndnBe//sdiy wouj pepeojumoq ‘TT ‘220 ‘2008v76T


https://doi.org/10.1038/17362
https://doi.org/10.3354/cr023023
https://doi.org/10.3354/cr023023
https://doi.org/10.1175/JCLI-D-14-00071.1
https://doi.org/10.1126/sciadv.1400082
https://doi.org/10.1177/095968369500500211
https://iridl.ldeo.columbia.edu/SOURCES/.LDEO/.TRL/.NADA2004/.pdsi-atlas.html
https://doi.org/10.1175/1520-0442(1999)012%3C1145:DRFTCU%3E2.0.CO;2
https://doi.org/10.1016/j.earscirev.2006.12.002
https://doi.org/10.1002/jqs.1303
https://doi.org/10.1002/jqs.1303
https://doi.org/10.1017/aaq.2019.79
https://doi.org/10.1029/2008WR007201
https://www.ncdc.noaa.gov/paleo/study/22454
https://doi.org/10.1002/2015WR018444
https://doi.org/10.1007/BF01092410
https://doi.org/10.1007/BF01092410
https://doi.org/10.1007/978-3-642-61113-1_6
https://doi.org/10.1016/j.yqres.2009.08.002
https://doi.org/10.1073/pnas.2014166117
https://doi.org/10.1073/pnas.2014166117
https://doi.org/10.1111/j.1468-0459.2010.00399.x
https://doi.org/10.1029/2007GL029988
https://doi.org/10.1038/s41586-019-1401-2
https://doi.org/10.1073/pnas.0902522107
https://doi.org/10.1073/pnas.0902522107
https://www.usbr.gov/lc/region/g4000/NaturalFlow/provisional.html
https://www.usbr.gov/lc/region/g4000/NaturalFlow/provisional.html
https://www.usbr.gov/newsroom/#/news-release/3950
https://www.usbr.gov/lc/region/g4000/weekly.pdf
https://doi.org/10.1016/j.gloplacha.2017.12.025
https://doi.org/10.5194/essd-2020-215
https://doi.org/10.1371/journal.pone.0149573
https://doi.org/10.1029/2011GL050015
https://doi.org/10.5194/cp-14-665-2018

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL098781

Stahle, D. W., Cook, E. R., Burnette, D. J., Torbenson, M. C. A., Howard, I. M., Griffin, D., et al. (2020). Dynamics, variability, and change in
seasonal precipitation reconstructions for North America. Journal of Climate, 33(8), 3173-3195. https://doi.org/10.1175/JCLI-D-19-0270.1
Stockton, C. W., & Jacoby, G. C. (1976). Long-term surface-water supply and streamflow trends in the Upper Colorado River Basin based on
tree-ring analyses. Lake Powell Research Project Bulletin No, 18, 70.

Udall, B., & Overpeck, J. (2017). The twenty-first century Colorado River hot drought and implications for the future. Water Resources Research,
53(3), 2404-2418. https://doi.org/10.1002/2016 WR019638

Wang, T., Surge, D., & Walker, K. J. (2013). Seasonal climate change across the Roman Warm Period/Vandal Minimum transition using isotope
sclerochronology in archaeological shells and otoliths, southwest Florida, USA. Quaternary International, 308-309, 230-241. https://doi.
org/10.1016/j.quaint.2012.11.013

Williams, A. P., Cook, B. I., & Smerdon, J. E. (2022). Rapid intensification of the emerging southwestern North American megadrought in
2020-2021. Nature Climate Change, 12(3), 232-234. https://doi.org/10.1038/s41558-022-01290-z

Williams, A. P., Cook, E. R., Smerdon, J. E., Cook, B. I., Abatzoglou, J. T., Bolles, K., et al. (2020). Large contribution from anthropogenic
warming to an emerging North American megadrought. Science, 368(6488), 314-318. https://doi.org/10.1126/science.aaz9600

Woodhouse, C. A., Gray, S. T., & Meko, D. M. (2006). Updated streamflow reconstructions for the upper Colorado River Basin. Water Resources
Research, 42(5), W05415. https://doi.org/10.1029/2005WR004455

Zhao, X., Zhang, R., Feng, C., Maisupova, B., Kirillov, V., Mambetov, B., et al. (2022). Reconstructed summertime (June-July) streamflow
dating back to 1788 CE in the Kazakh Uplands as inferred from tree rings. Journal of Hydrology: Regional Studies, 40, 101007. https://doi.
org/10.1016/j.ejrh.2022.101007

References From the Supporting Information

Anderson, L. (2011). Holocene record of precipitation seasonality from lake calcite 8180 in the central Rocky Mountains, United States. Geol-
0gy, 39(3), 211-214. https://doi.org/10.1130/G31575.1

Asmerom, Y., Polyak, V., Burns, S., & Rassmussen, J. (2007). Solar forcing of Holocene climate: New insights from a speleothem record, south-
western United States. Geology, 35(1), 1-4. https://doi.org/10.1130/G22865A.1

Barron, J. A., Heusser, L. E., & Alexander, C. R. (2004). High resolution climate of the past 3,500 years of coastal northernmost California. In
Proceedings of the twentieth annual pacific climate workshop (pp. 13-22).

Benson, L., Kashgarian, M., Rye, R., Lund, S., Paillet, F., Smoot, J., et al. (2002). Holocene multidecadal and multicentennial droughts affecting
Northern California and Nevada. Quaternary Science Reviews, 21(4-6), 659—682. https://doi.org/10.1016/S0277-3791(01)00048-8

Coles, S. (2001). An Introduction to Statistical modeling of extreme values. Springer, 208 p.

Ersek, V., Clark, P. U., Mix, A. C., Cheng, H., & Lawrence, E. R. (2012). Holocene winter climate variability in mid-latitude Western North
America. Nature Communications, 3(1), 1219. https://doi.org/10.1038/ncomms2222

Gelb, A. (1974). Applied optimal estimation. MIT Press. 374.

Helsel, D. R., Hirsch, R. M., Ryberg, K. R., Archfield, S. A., & Gilroy, E. J. (2020). Statistical methods in water resources. U.S. Geological Survey
Techniques and Methods, Book, 4, 458. Chapter A3. https://doi.org/10.3133/tm4a3

Jiménez-Moreno, G., & Anderson, R. S. (2013). Pollen and macrofossil evidence of Late Pleistocene and Holocene treeline fluctuations from an
alpine lake in Colorado, USA. The Holocene, 23(1), 68-77. https://doi.org/10.1177/0959683612450199

Jiménez-Moreno, G., Anderson, R. S., Atudorei, V., & Toney, J. L. (2011). A high-resolution record of climate, vegetation, and fire in the mixed
conifer forest of northern Colorado, USA. GSA Bulletin, 123(1-2), 240-254. https://doi.org/10.1130/B30240.1

Jiménez-Moreno, G., Fawcett, P. J., & Scott Anderson, R. (2008). Millennial- and centennial-scale vegetation and climate changes during the
late Pleistocene and Holocene from northern New Mexico (USA). Quaternary Science Reviews, 27(13), 1442—1452. https://doi.org/10.1016/j.
quascirev.2008.04.004

Kirby, M. E., Feakins, S. J., Hiner, C. A., Fantozzi, J., Zimmerman, S. R. H., Dingemans, T., & Mensing, S. A. (2014). Tropical Pacific forc-
ing of Late-Holocene hydrologic variability in the coastal southwest United States. Quaternary Science Reviews, 102, 27-38. https://doi.
org/10.1016/j.quascirev.2014.08.005

Kirby, M. E., Zimmerman, S. R. H., Patterson, W. P., & Rivera, J. J. (2012). A 9170-year record of decadal-to-multi-centennial scale pluvial
episodes from the coastal southwest United States: A role for atmospheric rivers? Quaternary Science Reviews, 46, 57-65. https://doi.
org/10.1016/j.quascirev.2012.05.008

Lachniet, M. S., Denniston, R. F., Asmerom, Y., & Polyak, V. J. (2014). Orbital control of Western North America atmospheric circulation and
climate over two glacial cycles. Nature Communications, 5(1), 3805. https://doi.org/10.1038/ncomms4805

Leagates, D., & McCabe, G. J. (1999). Evaluating the use of "goodness-of-fit" Measures in hydrologic and hydroclimatic model validation. Water
Resources Research, 35(1), 233-241. https://doi.org/10.1029/1998WR900018

Lundeen, Z., Brunelle, A., Burns, S. J., Polyak, V., & Asmerom, Y. (2013). A speleothem record of Holocene paleoclimate from the northern
Wasatch Mountains, southeast Idaho, USA. Quaternary International, 310, 83-95. https://doi.org/10.1016/j.quaint.2013.03.018

MacDonald, G. M., Moser, K. A., Bloom, A. M., Potito, A. P., Porinchu, D. F., Holmquist, J. R., et al. (2016). Prolonged California aridity linked
to climate warming and Pacific sea surface temperature. Scientific Reports, 6(1), 33325. https://doi.org/10.1038/srep33325

Mathewes, R. W. (1973). A palynological study of postglacial vegetation changes in the University Research Forest, southwestern British Colum-
bia. Canadian Journal of Botany, 51(11), 2085-2103. https://doi.org/10.1139/b73-271

Maxwell, R. S., Harley, G. L., Maxwell, J. T., Rayback, S. A., Pederson, N., Cook, E. R., et al. (2017). An interbasin comparison of tree-ring
reconstructed streamflow in the eastern United States. Hydrological Processes, 31(13), 2381-2394. https://doi.org/10.1002/hyp.11188

Minckley, T. A., Shriver, R. K., & Shuman, B. (2012). Resilience and regime change in a southern Rocky Mountain ecosystem during the past
17,000 years. Ecological Monographs, 82(1), 49-68. https://doi.org/10.1890/11-0283.1

Moriasi, D. N., Arnold, J. G., Van Liew, M. W., Bingner, R. L., Harmel, R. D., & Veith, T. L. (2007). Model evaluation guidelines for systematic
quantification of accuracy in watershed simulations. Transactions of the American Society of Agricultural and Biological Engineers, 50(3),
885-900. https://doi.org/10.13031/2013.23153

Morris, J. L., Brunelle, A., DeRose, R. J., Seppd, H., Power, M. J., Carter, V., & Bares, R. (2013). Using fire regimes to delineate zones
in a high-resolution lake sediment record from the Western United States. Quaternary Research, 79(1), 24-36. https://doi.org/10.1016/j.
yqres.2012.10.002

Nelson, D. B., Abbott, M. B., Steinman, B., Polissar, P.J., Stansell, N. D., Ortiz,J. D., etal. (2011). Drought variability in the Pacific Northwest from a
6,000-yr lake sedimentrecord. Proceedings of the National Academy of Sciences, 108(10), 3870-3875. https://doi.org/10.1073/pnas.1009194108

GANGOPADHYAY ET AL.

9of 10

8518017 SUOWILLIOD BA 181D 3|qedl|dde au) Aq peusenob e oo 1Me YO ‘8sN JO Sa|NJ 10} ARId 1T 8UIUO AB]1M UO (SUORIPUOD-PUE-SLLBIALIOD™AS | IMAR1d 1[BU U0//:ScNL) SUORIPUOD PUe SWie 1 81 8S *[£202/60/92] Uo A1 auliuo A8(im ‘ARiqieuoziy JO AisAN Ad T82860192202/620T OT/I0p/L0Y A8 M Atelqijpul|uosqndnBe//sdiy wouj pepeojumoq ‘TT ‘220 ‘2008v76T


https://doi.org/10.1175/JCLI-D-19-0270.1
https://doi.org/10.1002/2016WR019638
https://doi.org/10.1016/j.quaint.2012.11.013
https://doi.org/10.1016/j.quaint.2012.11.013
https://doi.org/10.1038/s41558-022-01290-z
https://doi.org/10.1126/science.aaz9600
https://doi.org/10.1029/2005WR004455
https://doi.org/10.1016/j.ejrh.2022.101007
https://doi.org/10.1016/j.ejrh.2022.101007
https://doi.org/10.1130/G31575.1
https://doi.org/10.1130/G22865A.1
https://doi.org/10.1016/S0277-3791(01)00048-8
https://doi.org/10.1038/ncomms2222
https://doi.org/10.3133/tm4a3
https://doi.org/10.1177/0959683612450199
https://doi.org/10.1130/B30240.1
https://doi.org/10.1016/j.quascirev.2008.04.004
https://doi.org/10.1016/j.quascirev.2008.04.004
https://doi.org/10.1016/j.quascirev.2014.08.005
https://doi.org/10.1016/j.quascirev.2014.08.005
https://doi.org/10.1016/j.quascirev.2012.05.008
https://doi.org/10.1016/j.quascirev.2012.05.008
https://doi.org/10.1038/ncomms4805
https://doi.org/10.1029/1998WR900018
https://doi.org/10.1016/j.quaint.2013.03.018
https://doi.org/10.1038/srep33325
https://doi.org/10.1139/b73-271
https://doi.org/10.1002/hyp.11188
https://doi.org/10.1890/11-0283.1
https://doi.org/10.13031/2013.23153
https://doi.org/10.1016/j.yqres.2012.10.002
https://doi.org/10.1016/j.yqres.2012.10.002
https://doi.org/10.1073/pnas.1009194108

A7t |
NI
ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2022GL098781

Petersen, K. L. (1985). Palynology in Montezuma County, Southwestern Colorado: The local history of pinyon pine (Pinus edulis). In Late
quaternary vegetation and climates in the American southwest (pp. 47-62).

Pribyl, P., & Shuman, B. N. (2014). A computational approach to Quaternary lake-level reconstruction applied in the central Rocky Mountains,
Wyoming, USA. Quaternary Research, 82(1), 249-259. https://doi.org/10.1016/j.yqres.2014.01.012

R Core Team. (2019). R: A language and environment for statistical computing. R Foundation for Statistical Computing. Retrieved from https://
www.R-project.org/

Routson, C. C., Kaufman, D. S., McKay, N. P., Erb, M. P., Arcusa, S. H., Brown, K. J., et al. (2021). A multiproxy database of Western North
American Holocene paleoclimate records. Earth System Science Data Discussions, 13(4), 1613-1632. https://doi.org/10.5194/essd-2020-215

Schmieder, J., Fritz, S. C., Swinehart, J. B., Shinneman, A. L. C., Wolfe, A. P., Miller, G., et al. (2011). A regional-scale climate reconstruction
of the last 4000 years from lakes in the Nebraska Sand Hills, USA. Quaternary Science Reviews, 30(13), 1797-1812. https://doi.org/10.1016/j.
quascirev.2011.04.011

Shuman, B., Henderson, A. K., Colman, S. M., Stone, J. R., Fritz, S. C., Stevens, L. R., et al. (2009). Holocene lake-level trends in the Rocky
Mountains, U.S.A. Quaternary Science Reviews, 28(19-20), 1861-1879. https://doi.org/10.1016/j.quascirev.2009.03.003

Shuman, B. N., Carter, G. E., Hougardy, D. D., Powers, K., & Shinker, J. J. (2014). A north—south moisture dipole at multi-century scales in the
Central and Southern Rocky Mountains, U.S.A., during the late Holocene. Rocky Mountain Geology, 49(1), 33—49. https://doi.org/10.2113/
gsrocky.49.1.33

Shuman, B. N., Routson, C., McKay, N., Fritz, S., Kaufman, D., Kirby, M. E., et al. (2017). Millennial-to-centennial patterns and trends in the
hydroclimate of North America over the past 2000 years. Climate of the Past Discussions, 14(5), 1-33. https://doi.org/10.5194/cp-2017-35

Steinman, B. A., Pompeani, D. P., Abbott, M. B., Ortiz, J. D., Stansell, N. D., Finkenbinder, M. S., et al. (2016). Oxygen isotope records of Holo-
cene climate variability in the Pacific Northwest. Quaternary Science Reviews, 142, 40-60. https://doi.org/10.1016/j.quascirev.2016.04.012

Stephenson, A. G. (2002). evd: Extreme Value Distributions. R News, 2(2), 31-32. Retrieved from https://CRAN.R-project.org/doc/Rnews/

Stevens, L. R., Stone, J. R., Campbell, J., & Fritz, S. C. (2006). A 2200-yr record of hydrologic variability from Foy Lake, Montana, USA, inferred
from diatom and geochemical data. Quaternary Research, 65(02), 264-274. https://doi.org/10.1016/j.yqres.2005.08.024

Yu, Z., & Tto, E. (1999). Possible solar forcing of century-scale drought frequency in the northern Great Plains. Geology, 27(3), 263-266. https://
doi.org/10.1130/0091-7613(1999)027<0263:PSFOCS>2.3.CO;2

Zeileis, A., & Grothendieck, G. (2005). zoo: S3 Infrastructure for Regular and Irregular Time Series. Journal of Statistical Software, 14(6), 1-27.
https://doi.org/10.18637/jss.v014.106

GANGOPADHYAY ET AL.

10 of 10

85U801 7 SUOWILIOD BAITER1D 3|l [dde 8u} Aq peueob 818 S O 88N J0 S9NI 10} AXe1q 1T 8UIIUO /B]1/\ UO (SUORIPUOD-PUR-SWS}WO0 A8 1M AJed U UO//SAIY) SUORIPUOD PUe SWB | 81 385 *[£202/60/92] U0 Ariqiauluo A8|im ‘Ariqieuozuy JO AIseAIuN Aq T8.860192202/620T 0T/I0p/L0D" A M Ariqijeuljuo'sgndnBey/sdny woij pepeojumod ‘TT ‘2202 '2008776T


https://doi.org/10.1016/j.yqres.2014.01.012
https://www.R-project.org/
https://www.R-project.org/
https://doi.org/10.5194/essd-2020-215
https://doi.org/10.1016/j.quascirev.2011.04.011
https://doi.org/10.1016/j.quascirev.2011.04.011
https://doi.org/10.1016/j.quascirev.2009.03.003
https://doi.org/10.2113/gsrocky.49.1.33
https://doi.org/10.2113/gsrocky.49.1.33
https://doi.org/10.5194/cp-2017-35
https://doi.org/10.1016/j.quascirev.2016.04.012
https://CRAN.R-project.org/doc/Rnews/
https://doi.org/10.1016/j.yqres.2005.08.024
https://doi.org/10.1130/0091-7613(1999)027%3C0263:PSFOCS%3E2.3.CO;2
https://doi.org/10.1130/0091-7613(1999)027%3C0263:PSFOCS%3E2.3.CO;2
https://doi.org/10.18637/jss.v014.i06

	Tree Rings Reveal Unmatched 2nd Century Drought in the Colorado River Basin
	Abstract
	Plain Language Summary
	1. Introduction
	2. Streamflow in the UCRB
	2.1. Data
	2.2. Reconstruction and Verification

	3. The Current Drought in a 2,000 Year Context
	4. Features of the Second-Century Drought
	5. Additional Evidence for Drought in the Second Century
	6. Conclusions
	[DummyTitle]
	Data Availability Statement
	References
	References From the Supporting Information


