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Abstract

The Younger Dryas event (12,800 BP) terminated a 5-million-year regime of hurricane-driven 

erosion that carved the Grand Canyon. This paper examines the 12,800 years of natural climate 

variability that followed, from the establishment of the modern arid Southwest to the eve of  

industrial-scale  water  management.  Using  tree-ring  chronologies,  lake  sediment  records, 

speleothem data, and archaeological evidence, we document four major climate phases: (1) the 

Younger Dryas cold period and establishment of modern aridity (12,900–11,700 BP), (2) the Early 

Holocene Megadrought (9,800–5,400 BP), (3) the Medieval Climate Anomaly with recurring 

megadroughts that drove the collapse of Ancestral Puebloan civilization (800–1300 AD), and (4) 

the Little Ice Age, paradoxically the wettest period in the late Holocene Southwest (1300–1850).  

Seven documented fillings of Lake Cahuilla (612 BC–1733 AD) demonstrate the Colorado River's 

continued capacity for landscape-scale reorganization. The 1922 Colorado River Compact, which 

allocated 20 million acre-feet of annual flow based on measurements taken during the wettest 

period in 1,300 years, represents a policy decision founded on climate ignorance. Understanding 
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this  12,800-year  climate  record  provides  essential  context  for  evaluating  current  drought 

conditions and water policy.

Introduction

The Younger Dryas (YD) chronozone, spanning approximately 12,900 to 11,700 years before 

present (BP), marks a pivotal moment in Quaternary paleoclimatology. This brief cold episode, 

preceding  the  establishment  of  the  modern  interglacial,  terminated  a  5-million-year  regime 

characterized by hurricane-driven erosion that sculpted the Grand Canyon and fundamentally 

reshaped the landscape of the American Southwest. The YD event itself is a subject of intense 

geological debate—whether triggered by impact, volcanism, or thermohaline circulation collapse

—but its consequence for the region is unambiguous: the permanent reorganization of atmospheric 

circulation, the strengthening of the Sierra Nevada rain shadow, and the closure of the hurricane 

pipeline to the interior Southwest.

With the YD transition came a climate regime fundamentally different from its  Pliocene 

predecessor. The Southwest that emerged was arid, characterized by highly variable precipitation, 

recurring droughts spanning centuries, and episodic wet periods. This 12,800-year span from the 

YD termination to the present represents the longest continuous paleoclimate record available for 

the region and offers essential context for understanding modern drought conditions and evaluating 

water management policies.

The post-YD period is frequently overlooked in geological narratives that focus on either deep-

time processes—the Pliocene hurricane regime, the cutting of the Grand Canyon—or modern 

anthropogenic climate change. This paper fills that gap by synthesizing paleoclimate evidence 

from multiple  proxy  records:  tree-ring  chronologies,  lake  sediment  stratigraphy,  speleothem 

archives,  and  archaeological  dendrochronology.  Together,  these  proxies  reveal  a  Southwest 
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characterized by four major climate phases, each with distinct implications for human settlement, 

ecosystem structure, and water availability.

A central question animates this work: What was 'normal' climate for the Southwest? The 

answer proves uncomfortable for contemporary water policy. The 1922 Colorado River Compact, 

which apportioned 20 million acre-feet of annual water to seven states, was negotiated and signed 

during the Little Ice Age—specifically, during the wettest sustained period in the past 1,300 years. 

This  policy  was  founded  on  a  misunderstanding  of  natural  climate  variability,  treating  an 

anomalously wet era as a climate baseline. Understanding the full 12,800-year climate trajectory 

provides essential perspective on the reality that current drought conditions may not represent a 

departure from norm, but rather a return to it.

This paper is the second in a three-part series examining the climate and hydrology of the 

American Southwest: Era 1 (>5 Ma–12,800 BP) explored the hurricane-driven erosion regime and 

the Younger Dryas termination; the present paper examines the 12,800 years of natural climate 

variability that define the modern Southwest; Era 3 will address anthropogenic climate change and 

future scenarios.

Materials and Methods

2.1 Tree-Ring Chronologies

Tree-ring records provide annually-resolved paleoclimate proxies spanning millennia. We rely 

primarily on bristlecone pine chronologies from the Great Basin and Douglas fir records from the 

Colorado Plateau, which collectively span >3,000 years. These chronologies have been cross-dated 

using standard dendrochronological methods and correlated with climate parameters including 

precipitation,  temperature,  and  drought  severity.  Palmer  Drought  Severity  Index  (PDSI) 
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reconstructions, developed from tree-ring widths using regression methods, allow quantification of 

hydrologic drought intensity. Notably, the instrumental period (1895–present) is well-represented 

in these chronologies, allowing calibration against observational records.

2.2 Lake Sediment and Geomorphic Evidence

Lake shoreline records provide spatial and temporal documentation of hydrologic changes. 

Lake Cahuilla, a pluvial lake in the Salton Trough, filled and desiccated repeatedly in response to 

Colorado River  discharge variations.  Seven documented fillings are  dated using radiocarbon 

dating of organic sediments, archaeological artifacts (especially ceramics from adjacent sites), and 

stratigraphic correlation. Owens Lake in the Sierra Nevada east slope and playa records in the 

Great Basin similarly preserve evidence of water level changes. Shoreline mapping and sediment 

core analysis constrain the timing and magnitude of hydrologic variations.

2.3 Speleothem Records

Cave deposits (stalactites, stalagmites, flowstone) preserve isotopic and elemental records of 

precipitation. Oxygen and carbon isotope ratios in speleothem carbonates reflect temperature and 

precipitation patterns; uranium-series dating provides chronologies independent of radiocarbon. 

We synthesize data from caves in the Grand Canyon region and the Great Basin (e.g., Lehman 

Caves, Nevada), where published records span >10,000 years.

2.4 Archaeological Evidence

The settlement history of the Southwest is intimately tied to climate. Ancestral Puebloan 

populations in the Four Corners region reached peak density during favorable climatic periods and 

abandoned  the  region  in  response  to  sustained  drought.  Dendrochronological  dating  of  cliff 
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dwellings, tree-ring studies of wooden structural beams, and ceramic typologies provide precise 

chronologies. Population abandonment events correlate with documented megadroughts identified 

in tree-ring and lake records, establishing climate as a primary driver of cultural transformation.

2.5 Hydrologic Records

Instrumental Colorado River flow measurements began in 1895 at Lees Ferry, Arizona. Tree-

ring  reconstructions  extending  back  >500  years  have  been  developed  by  Meko  et  al.  and 

Woodhouse  et  al.,  allowing  long-term  characterization  of  natural  flow  variability.  These 

reconstructions are calibrated against instrumental data and provide context for the 1922 Compact 

allocation decisions.

Results

3.1 The Younger Dryas Transition (12,900–11,700 BP)

The YD cold episode coincided with approximately 3°C cooling in North America. In the 

Southwest,  this  cooling  was  accompanied  by  fundamental  reorganization  of  atmospheric 

circulation. The Pacific Decadal Oscillation (PDO) shifted to a new state. The Sierra Nevada rain 

shadow intensified, reducing moisture delivery to the interior Great Basin. Most critically, the 

hurricane pipeline to the interior Southwest was permanently shut down. The Colorado River, 

previously sustained by tropical moisture transported inland, dropped from an estimated 264× 

modern discharge rates during the Pliocene hurricane regime to approximately 17,000 cubic feet 

per second—the modern long-term average. The Southwest transitioned from a humid or semi-

humid climate vulnerable to hurricane-driven flooding and erosion to an arid climate characterized 

by low precipitation and high variability.
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3.2 Early Holocene Megadrought (9,800–5,400 BP)

The Early Holocene witnessed the most severe and prolonged drought episode in the Holocene 

paleoclimate record. Tree-ring PDSI reconstructions show sustained negative values over multi-

centennial periods. Lake levels across the Great Basin—Owens Lake, Pyramid Lake, and others—

reached their lowest points in the Holocene. Vegetation assemblages shifted toward modern desert 

taxa. Groundwater recharge rates declined dramatically, with implications for aquifer systems that 

remain hydrologically stressed today. This 4,400-year drought period established the aridity that 

characterizes the modern Southwest and likely restricted early human colonization of the region.

3.3 Mid-Holocene Recovery (5,400–3,000 BP)

Following the Early Holocene Megadrought, the mid-Holocene witnessed increased frequency 

of pluvial episodes. Lake levels rose from their minima. Droughts remained present but were 

generally less severe and of shorter duration than the Early Holocene. This wetter interval provided 

more favorable  conditions for  human population expansion,  with archaeological  evidence of 

increased settlement across the Southwest during this period.

3.4 Late Holocene Drought Intensification (~2,000–1,800 BP)

Tree-ring and lake-sediment records document a major drought episode approximately 2,000–

1,800 BP, often overlooked in popular paleoclimate narratives. The magnitude of this event, as 

recorded in lake levels and PDSI values, exceeds that of the better-known Medieval Climate 

Anomaly megadroughts. This drought episode demonstrates that high-amplitude variability is 

intrinsic to Southwest climate.

6



3.5 Lake Cahuilla Cycles (612 BC–1733 AD)

Lake Cahuilla presents a striking example of the Colorado River's continued capacity for  

landscape-scale  reorganization.  The Colorado River,  descending from the  Rocky Mountains, 

reaches a low point in the Salton Trough where gradients favor diversion toward the Gulf of 

California. During periods of high discharge, the river periodically diverted from its usual course  

and filled the Salton Basin, creating a freshwater lake approximately 6 times the area of the modern 

Salton Sea and reaching depths of ~100 meters. This lake—the 'ghost of the Pliocene'—represents 

a remnant of the river's deep-time behavior, persisting as a possibility in the modern hydrosystem.

Seven documented fillings of Lake Cahuilla are dated as follows:

Event Date Range Duration (yrs) Evidence

Filling 1 612–570 BC ~42
Radiocarbon, 

ceramics

Filling 2 ~200 AD–250 AD ~50
Radiocarbon, 

ceramics

Filling 3 ~770–800 AD ~30
Radiocarbon, 

Hohokam artifacts

Filling 4 ~1050–1100 AD ~50
Radiocarbon, 

ceramics

Filling 5 ~1300–1325 AD ~25 Radiocarbon

Filling 6 ~1600–1625 AD ~25
Historical records, 

sediment

Filling 7 1693–1733 AD ~40 Spanish documents, 
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sediment

The  most  recent  filling  (1693–1733  AD,  Little  Ice  Age)  was  documented  by  Spanish 

expeditions. Juan de Anza's 1775–1776 expedition found the basin dry, suggesting desiccation 

occurred between 1733 and 1775. These cycles demonstrate that multi-decadal to multi-centennial 

changes in Colorado River discharge remain within the range of natural variability.

3.6 Medieval Climate Anomaly (800–1300 AD)

The  Medieval  Warm Period  (MWP),  known in  the  Southwest  as  the  Medieval  Climate 

Anomaly (MCA), lasted approximately 800–1300 AD and was characterized by approximately 

1°C warming relative to subsequent periods and increasing aridity. Tree-ring chronologies reveal a 

succession of severe megadroughts during this interval. The A.D. 1130–1180 megadrought, lasting 

~50 years, depressed regional water tables, eroded floodplains, and caused crop failures across the 

Southwest. Large irrigation systems, including those of the Hohokam in the Salt River valley, show 

evidence of stress.

The MCA witnessed the peak and subsequent decline of Chaco Canyon, the ceremonial center 

of Ancestral Puebloan civilization centered on the San Juan Basin. Chaco flourished during the 

early MCA (900–1150 AD) when conditions were favorable,  reaching population levels and 

architectural sophistication unmatched in pre-Columbian Southwest archaeology. Following the 

A.D. 1130–1180 megadrought, Chaco's importance declined, with power shifting to other centers.

The culmination of MCA aridity came with the Great Drought of 1276–1299 AD. Tree-ring 

records  show  24  consecutive  years  of  below-normal  precipitation—unprecedented  in  the 

reconstruction  record.  This  drought  episode,  lasting  nearly  a  quarter-century,  triggered  the 

depopulation of the Four Corners region. The Mesa Verde, occupied continuously for 700 years, 
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was abandoned. Populations migrated southward to the Rio Grande valley and westward to Hopi 

and Zuni pueblos, where reliable water sources supported settlement.

The collapse of Ancestral Puebloan civilization in the Four Corners region represents a clear 

example of climate forcing of cultural transformation. The conventional explanation—inter-group 

conflict—remains secondary; archaeological and paleoclimate evidence points to drought as the 

primary driver. For modern Southwest residents, the Ancestral Puebloan abandonment serves as a 

paleoclimate warning: the region experienced a 24-year drought within the past 750 years, and 

such events remain possible.

3.7 Little Ice Age (1300–1850 AD)

The Little Ice Age (LIA), spanning approximately 1300–1850 AD, presents a paradox: it was 

simultaneously the coolest and the wettest period of the late Holocene in the Southwest. While 

global temperatures were depressed by ~0.5–1°C relative to the 20th century mean, the Southwest 

experienced elevated precipitation. Colorado River flows during the LIA reached their highest 

sustained levels in the entire reconstruction record, estimated at 18,000–19,000 cfs—roughly 10–

15% above the long-term mean.

This paradox results from regional circulation patterns. Cooler sea-surface temperatures in the 

North Pacific strengthened the Aleutian Low and enhanced moisture delivery from the Gulf of 

California and the Pacific. The LIA in the Southwest was wetter than either the preceding MCA or 

the succeeding 20th century.

Las Vegas Springs, which would later support the city of Las Vegas, produced an estimated 

5,000 acre-feet  of  water  annually during the LIA, fed by the same Paleozoic and Mesozoic 

carbonate aquifers that drain portions of the Grand Canyon Plateau. The springs were reliable 

enough to support human settlement and agriculture.
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3.8 Pre-Industrial Settlement

The LIA provided the hydrologic context for Spanish settlement in the region. In 1829, an 

expedition led by Antonio Armijo named the Las Vegas Springs (Las Vegas = 'The Meadows'), 

recognizing the water supply as exceptional in the surrounding desert. In 1855–1857, the Mormon 

church established a settlement at the springs under Brigham Young's direction. The settlement 

was abandoned in 1858 during inter-community tensions, then reestablished in 1864. By the late 

19th century, Las Vegas was a modest oasis settlement sustained by the springs and served as a rest 

point for travelers on the Spanish Trail.

In 1869, John Wesley Powell led the first scientific expedition through the Grand Canyon, 

documenting the Colorado River's flow, geology, and hydrology. Powell's expedition marked the 

beginning of systematic hydrologic and geological study of the region. Powell himself would later 

serve  as  director  of  the  U.S.  Geological  Survey  and  would  advocate  for  basin-wide  water 

management, setting the stage for the 1922 Colorado River Compact.

Discussion

4.1 What Is 'Normal' for the Southwest?

The paleoclimate record over the past 12,800 years reveals that the Little Ice Age (1300–1850 

AD) was the wettest sustained period in the late Holocene. This fact has profound implications for 

understanding current conditions. If the LIA represents an anomalously wet period rather than the 

norm, then the Medieval Climate Anomaly megadroughts—the Early Holocene Megadrought, and 

the Late Holocene Drought Intensification episode—better represent 'normal' Southwest climate. 

These  droughts,  lasting decades  to  centuries  and reducing regional  precipitation by 20–40% 

relative to modern mean values, appear to be intrinsic features of the Southwest paleoclimate.
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The early 21st-century megadrought (2000–present) shows every indication of being a return 

to  MCA-like  conditions  rather  than  a  novel  departure  from climate  norm.  The  Southwest's 

hydroclimate  is  characterized  by  natural  multidecadal  to  multicentennial  variability.  High-

amplitude drought is endemic to the region.

4.2 The 1922 Colorado River Compact Error

The 1922 Colorado River Compact, drafted by Herbert Hoover and negotiated by the Upper 

Basin and Lower Basin states, apportioned 20 million acre-feet (MAF) of annual Colorado River 

water—7.5 MAF to each basin, with 300,000 acre-feet reserved. This allocation was based on 

measurements of Colorado River flow taken during 1914–1922, a period that coincided with the 

tail  end  of  the  Little  Ice  Age  and  the  wettest  sustained  period  in  1,300  years.  Tree-ring 

reconstructions indicate that the average Colorado River discharge during the 20th century (1900–

2000) was approximately 14 MAF—roughly 30% below the 1922 allocation.

The  Compact  thus  perpetuated  what  we  might  term  a  'climate  error'—it  encoded  an 

anomalously wet period into a water allocation system designed to persist for a century. Water 

managers in 1922 had no access to paleoclimate reconstructions; indeed, the scientific field of  

dendrochronology and paleoclimate reconstruction was in its infancy. Nevertheless, the decision to 

allocate 20 MAF based on a handful of years of flow measurement—even recent years—violated 

basic principles of hydrology. Long-term climate variability was not considered.

4.3 Connection to Era 1: The Hurricane-Driven Regime and Its Termination

Era 1 of this series documented the 5-million-year regime of hurricane-driven erosion that 

carved the Grand Canyon. The Younger Dryas terminated this regime, closing the hurricane 

pipeline to the interior Southwest. Era 2 reveals what followed: a 12,800-year period of natural 
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climate variability within an arid regime. The Colorado River went from potentially catastrophic 

(264× modern discharge during pluvial periods) to modest and variable. Lake Cahuilla cycles 

demonstrate that the river retains a vestigial capacity for landscape reorganization—the 'ghost of  

the Pliocene' persists as a possibility, but one now constrained by modern aridity.

The connection between Eras 1 and 2 is not merely chronological; it is hydrologically and  

geologically fundamental. The same aquifer systems that drained portions of the Grand Canyon 

Plateau during the Pliocene continue to feed springs and groundwater systems in the modern 

Southwest. Las Vegas exists as a city because an aquifer fed the Las Vegas Springs—a remnant  

hydrologic legacy of deep-time drainage patterns.

4.4 The Karst Legacy

The Grand Canyon region is characterized by extensive karst—cave systems, springs, and 

subsurface drainage networks—that developed as the Colorado River (and its predecessors) carved 

through Paleozoic and Mesozoic carbonate strata. Modern springs throughout the Southwest tap 

these same aquifer systems. Las Vegas Springs, Oasis Valley springs, and numerous springs along 

the Virgin River and its tributaries are expressions of carbonate aquifer discharge. These springs 

represent the final hydrologic legacy of the hurricane-driven erosion regime documented in Era 1. 

They are vulnerable to the same climate variability documented in Era 2.

4.5 Implications for Modern Policy

The paleoclimate record suggests that the current southwestern megadrought (2000–present) 

may not represent a departure from the region's  climate norm, but rather a return to it.  The 

Medieval Climate Anomaly megadroughts, the Late Holocene Drought Intensification episode, 

and the Early Holocene Megadrought all exceed the current megadrought in duration or severity 
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when viewed in isolation. However, the sustained nature of the 21st-century drought, its coupling 

with rising temperatures, and its potential exacerbation by anthropogenic climate change represent 

novel aspects that require investigation in Era 3.

Water  policy in  the  Colorado River  Basin  must  be  re-evaluated in  light  of  paleoclimate 

evidence. The 1922 Compact allocation of 20 MAF is unsustainable when the long-term average 

natural discharge is ~14 MAF. Reallocation, conservation, and basin-wide management strategies 

that  account  for  natural  climate  variability  and  anthropogenic  change  are  essential.  The 

paleoclimate record suggests that droughts spanning 20–50 years are not anomalies; they are 

recurrent features of Southwest hydroclimate.

Conclusions

We conclude the following:

1. The Younger Dryas event (12,900–11,700 BP) permanently reorganized 

Southwest paleoclimate, closing the hurricane pipeline to the interior and establishing the 

modern arid regime. The Colorado River discharge dropped from ~264× modern rates to 

~17,000 cfs.

2. Four major paleoclimate phases have been documented for the post-YD 

Southwest: (1) Younger Dryas transition, (2) Early Holocene Megadrought (9,800–5,400 

BP), (3) Medieval Climate Anomaly with severe megadroughts, and (4) Little Ice Age 

(1300–1850). Among these, the Early Holocene Megadrought and MCA megadroughts 

best represent 'normal' Southwest climate variability.

3. Seven documented fillings of Lake Cahuilla (612 BC–1733 AD) demonstrate the 

Colorado River's continued capacity for landscape-scale hydrologic reorganization within 

the modern arid regime, as natural climate variability permits.
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4. The Little Ice Age (1300–1850 AD) was the wettest sustained period in 1,300 

years of late Holocene Southwest paleoclimate. The 1922 Colorado River Compact 

allocated 20 MAF based on discharge measurements taken during the LIA—the wettest 

anomaly, not the climate norm. Long-term natural average discharge is ~14 MAF.

5. The current southwestern megadrought (2000–present) may represent a return to 

MCA-like conditions rather than a novel anomaly. Understanding the 12,800-year 

paleoclimate trajectory is essential for evaluating the relative roles of natural variability 

and anthropogenic forcing.

6. Water policy, climate adaptation, and ecosystem management in the Colorado 

River Basin must be informed by paleoclimate evidence documenting the region's full 

range of natural variability. The 1922 Compact allocation is fundamentally incompatible 

with long-term climate norms.
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