RESULTS FROM PRIOR NSF SUPPORT

NSF Grant No. ATM-9986074;   $436,854  April 1, 2000 to March 31, 2004
Tree-Ring Records of Regional Climate and Large-Scale Atmospheric Circulation

Summary of Results:


We are in the 42nd month of this four-year project designed to develop climate sensitive tree-ring chronologies in the southeastern USA, California, Mexico, and southern Africa, and use these proxy time series to reconstruct regional climate and to investigate the influence of large-scale circulation features.  The project is funded by the NSF Paleoclimate Program, and has produced 25 peer-reviewed research articles (13 published, 6 in press, 6 submitted/in preparation), two Ph.D. dissertations, two MA theses, and two BS honors theses. The articles and theses are listed in the references cited (preceded by asterisk), and they include articles in the Bulletin of the American Meteorological Society; Climatic Change; Eos,Transactions of the American Geophysical Union; Journal of Geophysical Research; Emerging Infectious Diseases; and a chapter in the forthcoming INQUA volume on The Quaternary Period in the United States. The two Eos articles were reprinted by the AGU in Earth and Space.  The two Ph.D. projects were awarded additional support from the NSF Dissertation Enhancement Grants (see below), and two Research Experience for Undergraduate supplements were also awarded.  

We have produced the first network of climate sensitive tree-ring chronologies in tropical Mexico, and have related these proxy time series to the North American Monsoon System (Therrell et al. 2002) and to relevant societal issues such as maize yield and outbreaks of epidemic disease (Acuna-Soto et al. 2002).  For the first time, our long Mexican tree-ring chronologies are being used to cross validate Aztec references to prehispanic droughts over central Mexico, depicted in many of the surviving codices (Therrell et al. 2003b).  We have contributed a large fraction of the tree-ring chronologies that now make up the unparalleled network of climate-sensitive tree-ring chronologies for North America (Cook et al. 1999; 2003), including most of the chronologies for the southeastern USA and Mexico, and many of the most climatically-sensitive chronologies from California.  In fact, the precipitation sensitive blue oak chronologies from California have been used to reconstruct salinity in San Francisco Bay for the past 400 years, and place the anthropogenic impact on estuarine salinity due to massive freshwater diversion into long-term historical context (Stahle et al. 2001).  We developed the first climate-sensitive tree-ring chronologies in southern Africa, including 150-year long records of indigenous Pterocarpus angolensis in Zimbabwe, and the introduced species Quercus robur in the Cape Province of South Africa.  All of our tree-ring chronologies have been contributed to the International Tree-Ring Data Bank at the National Geophysical Data Center in Boulder, including the complete metadata concerning provenience and methodology.

NSF Grant No. BCS-0101245;   $7,800  April 1, 2001 to Sept. 30, 2003
"Doctoral Dissertation Research:  Analysis of Decadal Moisture Anomalies Over North America:  1700-1979."  See above and Fye (2003); Fye et al. (2003a,b,c) in references cited.

NSF Grant No. BCS-0226320;   $8,000  April 1, 2003 to Sept. 30, 2004
"Doctoral Dissertation Research:  Tree Rings, Climate, and History in Central Mexico." See above, and Therrell (2003), Therrell et al. (2002, 2003a,b), Diaz et al. (2002), Cleaveland et al. (2003).
PROJECT DESCRIPTION

CLIMATE RECONSTRUCTION AND ANALYSIS USING TREE-RING DATA FROM ANCIENT FORESTS OF MEXICO AND THE SOUTHERN USA

Introduction


The southern United States and Mexico have witnessed dramatic inter-annual and decadal climate variability over the past 500 years.  These memorable climatic events include the extreme Mexican drought and wildfires during the 1997-1998 El Nino event (Bell et al. 1998), the severe sustained drought of the 1950’s across the Southwest and Mexico, and the persistent mid-19th century droughts during a period of prolonged cool conditions in the equatorial Pacific (Cole et al. 2002, Woodhouse et al. 2003, Pohl et al. 2003).  Earlier climatic extremes include the drought and early season frosts responsible for “El Ano del Hambre” of 1785 in Mexico, and the 16th century megadrought which impacted much of North America and has been implicated in epidemics of hemorrhagic fever in Mexico (Acuna-Soto et al. 2002), Pueblo abandonment in New Mexico (Schroeder 1968), and the disappearance of the Lost Colony of Roanoke Island (Stahle et al. 2000).  Tree ring, lake level and sedimentary data indicate other megadroughts over the Gulf of Mexico sector during the past 2000 years (e.g., Metcalfe et al. 1991, 2000; Cook et al. 2003), including severe sustained drought during the late first millennium that has been implicated in the decline of Classic Period cultures in Mesoamerica (e.g., Brenner et al. 2001; Haug et al, 2003).  However, exactly-dated records of annual to decadal climate extremes remain strictly limited in Mexico and the larger Gulf of Mexico region.  This proposal outlines a four-year research project that will continue the development of a well-replicated network of long, climate-sensitive tree-ring chronologies in Mexico and the southern United States.  These chronologies will be used to reconstruct past climate, explore the historical and socioeconomic impact of climate extremes, and investigate the interannual and decadal variability of cool and warm-season precipitation and possible large-scale ocean-atmospheric influences.

Climate variability in the Gulf of Mexico sector is influenced by a host of large-scale ocean/atmosphere phenomena, including the El Nino/Southern Oscillation (ENSO), the Pacific-Decadal Oscillation (PDO), the North Atlantic Oscillation (NAO), the northeast trade winds, the Western Hemisphere Warm Pool (WHWP), the Inter-Tropical Convergence Zone (ITCZ), the North American Monsoon System (NAMS), and the amazing secular variability of intense tropical storm activity during the 20th century (Hastenrath 1985, Esbensen et al. 1998, Dettinger et al. 2001, Landsea 2000, Wang and Enfield 2003).  The region is reasonably well covered by a modern meteorological and oceanographic observation network (e.g., Kalnay et al. 1996, Kaplan et al. 2002), and includes some of the earliest weather and climate reporting stations in the western hemisphere [e.g., Naval Observatory, Washington D.C.; Charleston, SC; Natchez, Mississippi; St. George, Bermuda, Mexico City, and Vera Cruz (Ludlum 1968; Chenoweth 1999, C.J. Mock pers. comm.)].  In fact, the daily precipitation record kept in Jamaica by Thistlewood from AD 1760 to 1786 is the earliest instrumental rainfall record of any significant length from anywhere in the world outside of Europe and the northeastern United States (Chenoweth 2003).  A few high-resolution sedimentary records have also been developed in this region, including the Lake Chicancanab record from the Yucatan Peninsula (Hodell et al 1995, 2001) and the Cariaco Basin record from the Caribbean Sea (Haug et al. 2003), both of which have evidence for extended drought near the terminal classic period in Mesoamerica.

A network of exactly-dated, annually-resolved, tree-ring chronologies is also under development for the southeastern United States and Mexico (Fig. 1), and already includes millennium-long baldcypress (Taxodium distichum) chronologies that are highly correlated with growing season precipitation (Stahle and Cleaveland 1992; 1996).  However, the network of annually-resolved climate proxies in the Gulf of Mexico sector is still quite sparse, particularly for chronologies over 700-years long (Fig. 1, inset).  Only a few tree-ring chronologies are available for central and southern Mexico, and no centuries-long chronologies are yet available for the Florida or Yucatan peninsulas or for any islands in the Gulf of Mexico or Caribbean Sea.  The proposed research will concentrate on the development of a geographically representative network of centuries long tree-ring chronologies for Mexico and the southeastern USA, including Florida and the Yucatan.  We will focus particularly on the development of millennium-long baldcypress and Douglas-fir (Pseudotsuga menziesii) chronologies, including Taxodium distichum in the southeastern United States, and Taxodium mucronatum (Montezuma baldcypress), the national tree of Mexico that occurs broadly across the Republic from southern Texas down to northern Guatemala. 


The University of Arkansas Tree-Ring Laboratory (UAF TRL) specializes in the development of long, climate-sensitive tree-ring chronologies in regions where they previously did not exist (Fig. 1).  With funding from the National Science Foundation Climate Dynamics and Paleoclimatology Programs we developed the first tree-ring chronology network for the southeastern United States, the southern Great Plains, the foothills encircling the Central Valley of California, and for portions of tropical Mexico (Stahle and Cleaveland 1992, 1996, Stahle et al. 2001).  We have proven the dendroclimatic potential for several indigenous tree species in Kenya and Zimbabwe, including the widely distributed African bloodwood (Pterocarpus angolensis) which is significantly correlated with total precipitation during the wet season (Stahle et al. 1999).  Recently, we have concentrated on the development and analysis of earlywood (EW), latewood (LW), and total ring width (TRW) chronologies in the southern USA and the tropics of Mexico.  These Douglas-fir and Montezuma baldcypress time series represent the first replicated network of climate-sensitive tree-ring chronologies in central Mexico, one of the most populated regions in the world with a long and tumultuous history of civilization, conquest, colonialism, and modern population growth and economic development.  Our proxy climate time series cover the past 250- to 1650-years and have a documented response to ENSO (Stahle et al. 1998), NAMS (Therrell et al. 2002), and the NAO (Cook et al. 2002).

We have also contributed to the conservation of ancient forests and the natural archives of environmental variability intricately recorded in their annual growth rings.  We have assisted in the preservation of ancient baldcypress forests in Virginia, North Carolina, South Carolina, Mississippi, Arkansas, and San Luis Potosi, Mexico (e.g., Villanueva and Reyna 2003), Douglas-fir in Puebla, Mexico (Stahle et al. 2003, see:  http://www.uark.edu/dendro/cuauhtemoc.pdf), and blue oak (Quercus douglasii) in California (Stahle 2002).  We have created "The Ancient Cross Timbers Consortium" to organize regional universities, conservation organizations, government agencies, and private individuals around a network of research natural areas in the unique and widespread old-growth oak woodlands on the eastern margin of the Southern Plains (http://www.uark.edu/xtimber).

In this proposal we outline a collaborative research project designed to improve and expand the network of century- to millennium-long tree-ring chronologies in Mexico and the southern United States, and an analytical program for the reconstruction of past climate and socioeconomically significant variables such as crop yields and streamflow.  We will explore and, where possible, reconstruct aspects of the regional and large-scale climate forcing that modulates interannual and decadal climate variability of the Gulf of Mexico sector, particularly forcing during the cool season and early wet season which are most reliably recorded by the EW, LW, and TRW chronologies we have already developed.  The proposed field campaign will concentrate on species proven to be most useful for long-term paleoclimatology:  baldcypress and Douglas-fir.  But we will also attempt to develop exact chronologies from previously unexplored species indigenous to the study area, including tropical species such as Cedrela mexicana from the lowland forests of southern Mexico and the Yucatan.

Major Research Objectives


We are requesting support for a four-year research project with several ambitious and interrelated goals focused on interannual and decadal climate variability and associated socioeconomic impacts over the Gulf of Mexico sector.  These goals are first itemized and then discussed in greater detail in the proposal.

Tree-Ring Chronology Development

1.
Develop a widely distributed, well replicated network of tree-ring chronologies useful for climate reconstruction over the southern United States and Mexico, concentrating on Florida, the Gulf Coast region of the southern United States, and Mexico (including EW, LW, and TRW).

2.
Develop millennium long baldcypress and Douglas-fir chronologies (for distribution in Mexico, see Martinez 1963), including a composite chronology for northwestern Mexico using living Douglas-fir trees and archaeological pine (Pinus sp.) samples from the Casas Grandes ruin in Chihuahua (e.g., Scott 1966; Raveslott et al. 1995).

3.
Evaluate the dendrochronological potential of other indigenous tree species in the tropics and subtropics of Mexico, including Cedrela mexicana.

Socioeconomic Impacts of Reconstructed Climate, Crop Yield, and Streamflow

4.
Develop calibrated and verified reconstructions of regional precipitation, streamflow, and crop yield records.

5.
Explore the link between the “sequence of extreme drought then wetness” (Epstein 2002), and the historical record of epidemic disease in Mexico (e.g., Acuna-Soto et al. 2002).

6.
Use the new tree-ring data to define the climate environment associated with major events in Mexican history and prehistory.

7.
Use the tree-ring data from Mexico to “cross-validate” historical and prehispanic references to climate, including the record of droughts and famines in the Aztec codices (e.g., Therrell et al. 2003b).

Analysis of Climate Variability and Forcing Over the Gulf of Mexico Sector

8.
Use the developing network of LW width chronologies in Mexico and the southwestern USA (e.g., Cleaveland 1983; Meko and Baisan 2001; Therrell et al. 2002), to reconstruct and map the Julian date of monsoon onset (e.g., Douglas and Englehart 1996, Higgins et al. 1999) from the Sierra Madre del Sur, up the Sierra Madre Occidental, and into the southwestern USA.

9.
Search for possible paleoclimatic evidence of the apparent dipole between summer precipitation over Mexico and the southeastern USA (Douglas, pers. com.; Higgins et al. 1999).

10.
Investigate the large-scale ocean-atmospheric environment in which interannual and decadal extremes of observed and reconstructed drought and wetness develop over Mexico and the southern United States.

11.
Use the gridded reconstructions of summer Palmer Drought Severity Indices (PDSI) produced by Cook et al. (1999), and recently expanded by Cook (2003) to include much of Mexico and southern Canada, for composite analyses of the temporal and spatial history of subdecadal, decadal, and multidecadal moisture regimes over North America (e.g., Fye et al. 2003a).

12.
Use composite analysis of reconstructed climate variables to document climate anomalies over the Gulf of Mexico sector in particular, and North America in general, during historical El Nino events (e.g., Quinn et al, 1987: Ortleib 2000), warm and cool extremes in the WHWP (Wang and Enfield 2003), early and late wet seasons under the NAMS region (Higgins et al. 1999), large magnitude volcanic eruptions (Simkin and Siebert 1994), and other geophysical records of climate forcing factors.

13.
Compile and document all new tree-ring data, chronologies, and derived reconstructions and contribute to the International Tree-Ring Data Bank at the National Geophysical Data Center (ITRDB NGDC), Boulder, CO.


This is an admittedly long list of research objectives, but we are requesting four years of research support to accomplish these goals.  Our "Results from Prior NSF Support" demonstrate that we have delivered on similarly ambitious objectives during our currently funded project (also see citations with asterisks).

Tree-Ring Chronology Development


Two of the greatest decadal drought regimes witnessed over North America during the 20th century were the 1930’s Dust Bowl Drought and the 1950’s Drought (Fig. 2).  The PDSI maps in Fig. 2 highlight the significance of climate variability over Mexico to an understanding of decadal drought and wetness regimes across North America.  The severe Dust Bowl Drought was concentrated over the Northern Plains and Northern Rockies, but the decade was unusually wet over Mexico (Fig. 2a).  In contrast, the 1950’s Drought was most intense over the “Tex-Mex” sector of the southwestern USA and Mexico, with dry conditions extending into tropical Mexico as far south as Mexico City (Fig. 2b).  The spatial signature of these decadal moisture regimes might be used to investigate the frequency of potential “analogs” during the late Holocene (Fye et al. 2003a), and to infer their possible association with anomalies in large-scale ocean-atmospheric forcing (e.g., Namias and Cayan 1981; Fye et al. 2003b).  However, the accurate reconstruction of seasonal climate across North America for the past millennium relies on a well-distributed array of climate-sensitive tree-ring chronologies, and this project will concentrate on very long chronology development in Mexico and portions of the southern USA where a well replicated network does not presently exist, particularly in tropical Mexico and Florida.


The proposed research will develop new chronologies in areas with poor coverage, including tropical and northeastern Mexico, the Yucatan peninsula, the Florida peninsula, and the US Gulf Coast (Fig. 1).  We will target millennium-long series.  When possible, all new chronologies will include EW, LW, and TRW time series to provide proxies of both cool and warm season precipitation and the large-scale dynamical systems that often modulate interannual variability in both seasons (Fig. 3).  Over much of the Tex-Mex sector, cool season precipitation is influenced by ENSO and the PDO (Ropelewski annd Halpert 1987, Cavazos and Hastenrath 1990, Dettinger et al. 2001), while warm season precipitation is part of the NAMS and can be influenced by anomalies in the WHWP (Wang and Enfield 2003), the position of the ITCZ (Hastenrath 1976, 1984), and antecedent ENSO conditions (Douglas and Englehart 1996, Magana et al. 1999).

Living trees will be cored non-destructively with Swedish increment borers, and cross sections will be cut from fallen logs and subfossil wood.  All tree-ring collections will be accessioned and permanently archived with the University of Arkansas Museum.  Tree-ring chronology development will utilize the skeleton plot and visual methods of crossdating (Douglas 1941; Stokes and Smiley 1968), and the COFECHA program (Holmes 1983) for quality control over the accuracy of ring width dating and measurement (measurement precision will be 0.001mm). We will use the excellent chronology development program ARSTAN to calculate the numerical chronologies, including autoregressive modeling and robust estimation of the mean (Cook 1985, and E.R. Cook, pers. comm.).

The distribution of LW indices is often skewed by extreme loss of LW variance in senescent trees (e.g., Meko and Baisan 2001).  We have overcome this potential chronology bias through massive replication of trees and radii, and by selecting non-senescent, variable and highly cross-correlated LW series for derivation of the mean LW index chronology.  Our derived LW chronologies are typically homoscedastic, but we detrend the variance when needed using options in the ARSTAN program.

The existing chronologies from Mexico average 300-years long and are mostly located in the mountains of eastern and northwestern Mexico (Fig. 1).  We believe millennium-long chronologies can be developed widely in Mexico using old trees, and even older archaeological and subfossil wood.  In the southeastern USA, baldcypress appears to live for more than 2000 years, and we have already developed several southern cypress chronologies in the 1000- to 1600-year range (Stahle and Cleaveland 1992).  Recently, with our colleague Dr. Jose Villanueva we collected living Montezuma cypress over 1000-years old at Los Peroles in San Luis Potosi, central Mexico (Villanueva and Reyna 2003).  This collection includes samples from 50 trees, including seven trees in the 800- to 1100-year age class, and we intend to complete the first millennium-long chronology in Mexico early in the proposed research.

We have developed four Montezuma baldcypress chronologies from Mexico, including a 250-year long chronology at El Vado, Oaxaca.  All of these cypress chronologies are sensitive to warm season precipitation, and many additional old-growth cypress locations are known in Mexico.  The El Vado cypress grow along a stream at an elevation of 1500m, and the derived chronology is significantly and positively correlated with the LW chronology of Douglas-fir growing on a steep north-facing slope at 2500m at Cerro la Pena, Oaxaca, 70 km to the north.  Both chronologies are correlated with the Julian date of monsoon onset and with precipitation amounts early in the wet season, in spite of the dramatic differences in microsite conditions between the two locations.  This common climate signal in steep arid-site Douglas-fir and stream-margin cypress demonstrates that the classic "site selection" model for climate sensitivity in tree-ring chronologies first articulated by A.E. Douglass is not universal (e.g., Douglass 1920, see also Stokes and Smiley 1968, Fritts 1976).  The unique ecological and physiological adaptations of a particular species can result in ring width time series that are quite sensitive to climate in outwardly “mesic” sites (e.g., Stahle and Cleaveland 1992).  We have obtained a massive new core collection from old cypress at El Vado, some of which are in the 600- to 1000-year age class.  Literally thousands of additional cypress could be sampled along the 150km of the Rio Atoyac downstream of El Vado, Oaxaca.

Subfossil wood found on the forest floor and entrained in alluvial and colluvial deposits may provide centuries old wood useful for chronology extension deeper into prehistory than would otherwise be possible with living trees alone.  Several existing cypress chronologies in the Southeast are based in part on subfossil wood, and we have recently extended the cypress chronology for Pascagoula, Mississippi, from AD 1479 back to 1080 using subfossil timbers (Fig. 4).  Mr. Michael Everett, Refuge Manager of the Lower Pascagoula River WMA, has recovered and stockpiled 30 entire subfossil cypress trees from the swamp and will allow us to cut cross sections for tree-ring analysis (M. Everett, letter, 2003).  With these samples and others from the refuge it should be possible to develop a 1500- to 2000-year long chronology for the central Gulf coast.  We have also recently obtained 60 samples from living trees and subfossil logs at Sky Lake, MS, in the Yazoo Basin and are working on development of a 1000-year chronology.

The baldcypress chronology from Black River, North Carolina, is 1634-years long, one of the longest tree-ring chronologies in eastern North America (Stahle et al. 1988).  We have used the Black River chronology to date subfossil logs from Black River, South Carolina, only 70 km to the south.  The Black River, South Carolina, chronology dates from AD 550-1396, now the second oldest cypress chronology ever developed.  With additional collections of living trees and logs from the two Black River locations, we may be able to extend the Carolina cypress record into B.C. times.

The only cypress chronology we have managed to develop in Florida is the 1200-year long Choctawhatchee River series located in the panhandle near Panama City.  We plan a major effort to sample baldcypress in central and southern Florida.  Our existing collections from the Santa Fe River include only old senescent trees.  The inner centuries on these old specimens appear to be useful for chronology development, but younger trees will have to be incorporated to clarify the crossdating in recent centuries.  We recently visited the Santa Fe River drainage with Dr. Mark Brenner, University of Florida, and identified several cypress sites that should provide the mix of age classes necessary to develop a long chronology for the Santa Fe River system.  Because we have been unable to develop any chronologies from cypress growing on a peat substrate, our collections in Florida will target trees growing on mineral soil, including the “hatrack” cypress found abundantly in Big Cypress National Preserve in southern Florida.

The Douglas-fir chronologies in Mexico may also be extended significantly into prehistory with archaeological and subfossil wood.  Subfossil wood has already been incorporated into the Douglas-fir chronologies at El Tabacote, Chihuahua, and Cuauhtemoc la Fragua, Puebla.  The Cuauhtemoc site is the finest Douglas-fir stand we have visited in Mexico (Stahle et al. 2003), and old logs litter the forest floor and have become entrained in the bedload of the arroyo.  During the proposed work we plan to carefully survey the entire 2km reach of the barranca that includes living Douglas-fir, searching for old logs.  


The archaeological timbers recovered from the Casas Grandes ruin in Chihuahua have been dated from AD 840-1346 (Scott 1966), and this dating has recently been supported with new analyses by Revesloot et al. (1995).  Our own comparisons between the Casas Grandes archaeological chronology and the El Malpais Douglas-fir chronology developed by Grissino-Mayer (1996) also support Scott’s original dating, which was based on long-range comparisons with the Flagstaff and Rio Grande chronologies.  For the full overlap period the El Malpais and Casas Grandes series are correlated at r = 0.45, but when restricted to the well-replicated portion of the Casas Grandes series the correlation increases to r = 0.64 (p < 0.001 for 950-1250).  

The Cerro Baraja Douglas-fir chronology dates from AD 1376-1995, and when plotted with the Casas Grandes record presents a “gap” problem of 39 years (Fig. 5).  The Casas Grandes chronology is based on pine timbers (Pinus sp.), but we plan to close the gap with subfossil collections and develop a combined conifer chronology for northwestern Mexico dating from AD 840-2003.  We also plan to reanalyze the Casas Grandes archaeological wood stored at the Tree-Ring Laboratory in Tucson, re-measure all datable specimens, and compile EW, LW, and TRW chronologies for the combined conifer series (see letter from J.S. Dean, 2003).


No long tree-ring chronologies have ever been developed for the Yucatan Peninsula, and Montezuma baldcypress is unfortunately not native to the peninsula.  However, large areas of primary forest remain, including seasonally dry forests with indigenous species that are deciduous in the dry season.  We have successfully developed climate sensitive tree-ring chronologies from similar settings in tropical Africa (Stahle et al. 1999), and in collaboration with Dr. Jose Villanueva (INIFAP, Torreon, Mexico; see letter of collaboration) we plan an intensive analytical campaign in tropical Mexico to identify long-lived, climatically-sensitive tree species that can be used to make valid tree-ring chronologies.  We are immediately interested in Cedrela mexicana because it is native to the region, is seasonally deciduous, has excellent ring-porous wood anatomy probably representing annual rings (Fig. 6), and because the genus Cedrela has been proven useful for dendrochronology in South America (Roig 2000, Tomazello et al. 2000).  The maximum longevity of C. mexicana is not known, and may not greatly exceed 200 years.  But the species has been widely used for construction and furniture so it may be possible to develop centuries-long chronologies using living trees and historic timbers.  Martinez (1979) identifies nine species in the genus Cedrela that are indigenous to Mexico, and some of the other species may have dendrochronological potential as well.

Socioeconomic Impacts of Reconstructed Climate, Crop Yield, and Streamflow


The tree-ring chronology networks developed by the UAF TRL have been used to reconstruct a host of environmental variables, including precipitation (Pohl et al. 2003), streamflow (Cleaveland 2000, Meko et al. 2001), and maize yield in the highlands of central Mexico (Therrell et al. 2003a).  These chronologies have been incorporated into the gridded reconstructions of summer PDSI for the continental USA (Cook et al. 1999), and recently expanded to include southern Canada, the USA, and portions of Mexico (Cook et al. 2003).  The blue oak chronologies developed in California by our lab are among the most precipitation sensitive tree-ring chronologies ever developed, and have been used to reconstruct precipitation (Therrell et al. 2001), Sacramento River streamflow (Meko et al. 2001), and salinity variations in San Francisco Bay (Stahle et al. 2001).  Seasonal salinity in San Francisco Bay is primarily modulated by freshwater inflow from the Sacramento-San Joaquin Rivers, which in turn is controlled by cool season precipitation.  Because blue oak growth is also highly correlated with cool season precipitation totals and with Sacramento-San Joaquin flows, the blue oak chronologies can be used to reconstruct salinity in the Bay, explaining 81% of the salinity variance during the calibration period (Stahle et al. 2001).  We plan to continue hydroclimatic studies with blue oak in California, and plan similar streamflow and water quality investigations on river and estuarine systems in the southeastern USA and Mexico.  


Unfortunately, the tree-ring reconstruction of streamflow in Mexico is complicated by a fundamental mismatch between the seasonal climate response of our available tree-ring chronologies, and the seasonal distribution of precipitation and runoff.  Certain types of tree-ring data, including the baldcypress TRW and Douglas-fir LW width chronologies, are correlated with rainfall early in the wet season (typically April-July), but many areas across Mexico receive over 80% of their annual precipitation during the summer rainy season from June-September (Mosino and Garcia 1974).  A significant fraction of this warm season precipitation originates with tropical storms in late summer and fall, and can dramatically reverse hydrological droughts and refill reservoirs.  However, this precipitation often comes after the cessation of tree growth and therefore is not reflected in the chronologies of annual ring width.


Our available baldcypress TRW and Douglas-fir LW width chronologies are significantly correlated with precipitation during the first half of the summer rainy season, and this early season rainfall can be highly significant to crop yields (Eakin 2000).  We used the outstanding LW width chronology from Cuauhtemoc la Fragua, Puebla, to reconstruct maize yield over the highlands of central Mexico, including Mexico City (Therrell et al. 2003a).  Reliable maize data are only available for central Mexico since 1980, but the Cuauhtemoc LW chronology is highly correlated with the available data and explains 65% of the maize yield variance in the 23-year calibration period.  Rainfall during the early wet season is highly correlated with LW growth, and is vital to maize yield in highland Mexico because it promotes full maturation of the crop before the killing frosts of autumn (Eakin 2000).  The 528-year long maize yield reconstruction is illustrated in Fig. 7 and provides the first continuous, exactly dated estimate of annual food production during late prehispanic, colonial, and modern Mexico.  The short observational record of maize yield does not permit robust statistical validation of this reconstruction, but experimental split-period calibration and verification tests are passed.  Furthermore, several famous Mexican famines occurred during prolonged episodes of poor maize yield and provide compelling historical validation for the overall accuracy of the reconstruction (Fig. 7).


Mexico has rich archival sources on economic, political, and demographic trends, and our collaborator Dr. Rodolfo Acuna-Soto has extensive research experience with these archives, particularly from the perspective of epidemiology (see letter of collaboration).  Without adopting an overly deterministic position on the socioeconomic impact of drought in human affairs, we do see many remarkable associations between reconstructed drought extremes and colonial and prehispanic accounts of drought and famine in Mexico.  For example, the Aztec codices record several droughts and famines which are confirmed by our new tree-ring data from Mexico.  The codices were a pictorial calendar and history of Aztec events, but most were destroyed by the Spanish conquistadores.  A few codices survived and others were recreated from memory by scribes soon after conquest (Quinones Keber 1995).  We searched the major surviving codices and found 13 unambiguous Aztec references to drought during the prehispanic and early colonial period. The available tree-ring data from Mexico confirm drought in 9 of these 13 Aztec drought years, and mean tree growth is significantly below average during these 13 years (p < 0.05).  These tree-ring data provide the first independent “cross-validation” of the Aztec drought chronology, including the catastrophic drought and “Famine of One Rabbit” in AD 1454, 65 years before the arrival of Cortez (Therrell et al. 2003b).


One of the great enigmas of Mesoamerica prehistory concerns the collapse of Classic Period civilizations at Teotihuacan, Cholula, and in the Mayan Lowlands (Coe 1984).  This decline occurred during the late first millennium, evidently contemporaneous with an extended megadrought estimated and dated with lacustrine and marine records (Brenner et al. 2001; Haug et al. 2003).  The tree-ring record from Mexico is still quite far from spanning the 8th century AD, but the use of tree-ring data to test the drought hypothesis during the collapse of the Classic Period must surely be a major goal for any tree-ring chronology development work in Mexico.  We have examined the decadal and multidecadal excursions evident in very long tree-ring chronologies from elsewhere in North America (North Carolina, New Mexico, Colorado, and California), along with sediment records from the Cariaco Basin, Lake Chicancanb, Elk Lake, MN; Moon Lake, SD; and Pyramid Lake, NV, and find evidence for extended severe drought over a huge portion of the western USA during the 8th century and again during the 9th century, supporting and potentially expanding the megadrought evidence from the Yucatan and Caribbean (Stahle et al. 2002; Acuna-Soto et al. 2003).  However, exactly-dated tree-ring data from Mexico in proximity to the cultural areas of the Classic Period are notably absent from the available data concerning an 8th century megadrought, and will be required for a more convincing test of the drought hypothesis.


Tree-ring data from Mexico can also be used to frame the environmental context of epidemic disease (Acuna-Soto et al. 2002).  Epidemics of several infectious diseases have been linked to a “sequence of climate extremes” (Epstein 2002), including St. Louis encephalitis (Shaman et al. 2002), hantanvirus (Hjelle and Glass 2000), and ebola (Peters 1998).  Tree-ring data indicate that the four greatest epidemics of hemorrhagic fever in Mexico all occurred during a sequence of extreme drought followed by wetness during the year of disease outbreak (Fig. 8).  These catastrophic epidemics were known as "cocoliztli" or "matlazahuatl," and together claimed the lives of 15 to 20 million people in 16th, 18th, and 19th century Mexico.


During the proposed research we specifically plan to develop tree-ring reconstructions of climate and crop yields in the vicinity of the best municipal and ecclesiastical archives where Dr. Acuna-Soto is developing the historical epidemiology of disease in Mexico.  These areas include Mexico City, San Luis Potosi, Jalapa, Veracruz, and Oaxaca.  We have already developed three chronologies within a 60km radius of Ciudad Oaxaca, and three in the Sierra Madre Oriental between Veracruz and Mexico City.  But there are many promising opportunities for chronology development in closer proximity to Mexico City, including Douglas-fir on Malinche volcano, baldcypress at several locations, and old-growth Montezuma pine (Pinus montezumae) on relatively inaccessible escarpments and barrancas that cut deeply into the flanks of Popocatepetl and Iztaccihuatl, the two famous volcanoes that border the Valley of Mexico.  We have already made climate-sensitive ring width chronologies of Montezuma pine at Rancho del Cielo Biosphere Reserve in Tamaulipas, and will attempt to develop centuries-long chronologies of this species in the upper-elevation conifer forests that nearly encircle Mexico City.

Analysis of Climate Variability and Forcing Over the Gulf of Mexico Sector


Our existing tree-ring chronologies in Mexico and the southern USA are strategically located in the ENSO teleconnection province of subtropical North America.  ENSO forcing of cool season climate and EW tree growth has been well documented for the Tex-Mex sector (Magana et al. 1999, Cole et al. 2002, Stahle et al. 1998), and is illustrated by the correlation pattern between Pacific SST’s and tree-ring data from northern Mexico (Fig. 9a).  Earlywood tree growth is positively correlated with SSTs in the eastern equatorial Pacific, but negatively correlated with SSTs in the Western Pacific Warm Pool.  This is the classic SST signature of ENSO seen broadly across subtropical North America, and in fact the Tex-Mex tree-ring data record one of the strongest ENSO signals yet observed in any climate proxy worldwide.  We hope to improve the registration of ENSO forcing in North American tree-ring data by developing new chronologies in Florida, the Gulf Coast region, and Mexico.


For the first time, our available and proposed chronologies for southern Mexico directly sample the tropical climate system of the Americas.  These major tropical systems include the WHWP, the ITCZ, the easterly trades, the seasonal westerly trades south of the ITCZ in full summer, and the NAMS.  Consequently, the large-scale SST pattern associated with warm-season sensitive chronologies from southern Mexico (Fig. 9b) is quite different from the cool season pattern linked to northern Mexico (Fig. 9a).  In southern Mexico, tree growth is correlated with SSTs in the WHWP, in the vicinity of the boreal summer position of the ITCZ.  This SST pattern appears to favor onshore monsoonal flow and above average precipitation and tree growth early in the wet season over southern Mexico (Higgins et al. 1998, 1999). This pattern may be related to interannual anomalies in the ITCZ, the strength of the Northeast Trades, and antecedent ENSO conditions. This project will use the available and proposed tree-ring data to reconstruct the secular variability of these phenomena (e.g., indices of the position of the ITCZ, Magana et al. 1999).  We will also explore the potential integration of other paleoclimatic proxies from this sector, including the Cariaco Basin marine sediment record (Huag et al. 2003) and the lake sediment records from the Yucatan at the decadal and multidecadal timescales (Brenner et al. 2001, see letter of collaboration from Dr. Brenner), and historical climate data at the interannual timescale (e.g., the long climate record from Jamaica, Chenoweth 2003).


Latewood chronologies of Douglas-fir and TRW chronologies of baldcypress from southern Mexico are significantly correlated with the Julian day of monsoon onset in southwestern Mexico.  Early onset tends to favor above average tree growth in southern Mexico, but below average precipitation and tree growth over northern Mexico.  Furthermore, Higgins et al. (1999) note a negative correlation between monsoon onset date in southwestern Mexico and following 60 day precipitation over the entire NAMS region, and a weaker positive correlation between onset date and precipitation over the Great Plains. Latewood tree-ring chronologies from southern Mexico also show this dipole-like correlation pattern with the 60-day precipiation following onset over the NAMS region (-0.54 for Tucson, AZ) and US Great Plains (+0.26 for Rapid City, SD).  These chronologies may provide insight into the secular variability of monsoon onset and subsequent precipitation over a large portion of North America.


We propose to expand our tree-ring collections in southern Mexico and to develop the best possible reconstruction of monsoon onset over southwest Mexico.  We also plan to reconstruct monsoon onset in three synoptically-distinct bands of western Mexico (Oaxaca, Sinaloa, and northern Sonora-southeast Arizona, Douglas and Englehart 1996) in an attempt to track the seasonal development of the NAMS over the past several centuries.


The 16th century megadrought may have been the most severe sustained drought to have impacted North America in the past 500 years (Stahle et al. 2001).  Composite analysis of new tree-ring reconstructions of summer PDSI (Cook et al. 2003), including all available long chronologies from Mexico, indicate that the 16th century megadrought was most severe over northwestern Mexico (Fig. 10).  However, the number of climate sensitive tree-ring chronologies in Mexico spanning the 16th century megadrought is limited to just five, and will be greatly expanded during the proposed research.

Composite analyses of reconstructed summer PDSI (Cook et al. 2003) during five consecutive decades of the 16th century suggest that the megadrought may have been the product of several well-known spatial modes of drought previously identified in instrumental PDSI data during the 20th century, and in tree-ring reconstructed PDSI for the past 300 years (Fig. 11). During the 1540s drought was widespread over the western United States, particularly over the Dakotas (Fig. 11).  This decadal drought regime resembles the Northern Plains drought factor identified in rotated principal components analysis (RPCA) of instrumental (Karl and Koscielny 1982) and reconstructed PDSI (Cook etal. 1999).  The epicenter of Northern Plains drought appears to have migrated into the Corn Belt by the 1550s, and into the eastern US by the 1560s (Fig. 11). This apparent migratory drought pattern includes Dust Bowl-like droughts during the 1540s and 1550s.  Fye et al. (2003b) have linked the Dust Bowl drought of the 1930s to decadal anomalies in north Pacific SST.  Slow decadal changes in SST, and land surface feedbacks, may have played a role in the apparent eastward propagation of the axis of this drought anticyclone.

A second cell of severe decadal drought was in place over northwest Mexico by the 1560s, and appears to have spread northward into the southwestern US in the 1570s, and into the central Plains by the 1580s (Fig. 11).  During the 1570s and 1580s this decadal drought cell resembled the Southwest-Southern Plains drought factors of Karl and Koscielny (1982) and Cook et al. (1999).  Therefore, the 16th century megadrought may have arisen from the stochastic consecutive occurrence and subsequent propagation of a Dust Bowl-like Northern Plains drought, and a 1950s-like Tex-Mex drought.

Inter-annual drought variability over the Tex-Mex sector is correlated in part with ENSO, and decadal anomalies in either the recurrence or persistence of cool conditions in the eastern equatorial Pacific (e.g., Allan 2000) may have played a role in the development and migration of the Tex-Mex drought pattern during the 16th century.  The proposed research will investigate the possibility that the 16th century megadrought, and other decadal droughts of the past millenium over North America, were the product to two or more distinct modes of drought variability (Karl and Koscielny 1982, Cook et al. 1999).  We also plan to investigate the apparent propagation of drought in the instrumental and tree-ring reconstructed summer PDSI now available for North America (Cook et al. 2003), using 2-year, 5-year and 10-year averaging periods.

Significance
The proposed research will greatly expand the temporal and spatial coverage of the tree-ring chronologies across subtropical North America, including the Gulf coast and the first millennium-long chronologies in Mexico.  These exactly dated tree-ring chronologies will provide vital centuries-long proxy climate data that will be helpful for investigating the North American climate effects of ENSO at 3-7 years frequencies and North Pacific ENSO-like forcing at decadal and longer frequencies.  This network will also be used for a suite of hydroclimate and crop yeild applications, and will provide interesting new insight into the remarkable history and prehistory of Mesoamerica.  The proposed research is relevant to the research agendas advocated by the United States Global Change Research Program, the Inter-American Institute for Global Change Research, the CLIVAR Pan American Climate Studies (PACS) program, the National Institute of Health Ecology of Infectious Diseases program, and many other national and international climate and human impact research initiatives.

Figure Captions:

Fig. 1.  Tree-ring chronologies developed by the University of Arkansas Tree-ring Laboratory (red symbols), and other chronologies now available for North America (inset:  tree-ring chronologies at least 700-years long).  The longest chronology presently available for Mexico is 620 years long and this project will expand the network of millenial-length chronologies in Mexico and the southeastern United States. All existing UAF TRL chronologies and their metadata have been contributed to the ITRBD NGDC.

Fig. 2.  The decade-average summer PDSI based on the Dai et al. (1998) gridded instrumental database are illustrated for the Dust Bowl drought of the 1930s and the 1950s Drought, two of the most dramatic moisture regimes witnessed over North America during the 20th century (Stahle et al. 2003a).  In both cases, Palmer drought indices from Mexico are vital to a complete description of these important decadal climate regimes over North America.

Fig. 3. A polished cross-section of old-growth Douglas-fir from Puebla illustrates the distinctive annual growth rings, and the abrupt boundary between earlywood and latewood which can be used to separately reconstruct winter and early summer climate over Mexico, respectively. This specimen indicates that the 16th century megadrought extended into central Mexico.  In fact, this particular specimen remained suppressed into the early 17th century.

Fig. 4. Baldcypress is one of the most important species for dendroclimatology in the southeastern United States and Mexico (Taxodium distichum and T. mucronatum, respectively). The Pascagoula chronology was recently extended to AD 1094 using 12 subfossil logs. Thirty additional cypress logs have recently been recovered from Pascagoula swamp and will be used to further extend this excellent, climate sensitive chronology from southern Mississipi.

Fig. 5. The Douglas-fir chronology from Cerro Baraja in northern Durango (blue) is the longest tree-ring chronology yet developed from Mexico and is correlated with other pine and Douglas-fir chronologies across northern Mexico. The pine chronology (Pinus sp.) developed using archaeological timbers from Casas Grandes, Chihuahua (red), was dated by Scott (1966) from AD 850-1336. This project will attempt to close the 39-year gap between the modern and archaeological chronologies and provide a continuous 1150-year long composite conifer chronology of EW, LW, and TRW for northwestern Mexico.

Fig. 6. Mexico is a world center for biodiversity with literally thousands of tree species native to temperate, semi-arid, and tropical environments.  Cedrela mexicana is a deciduous species native to the tropics of eastern Mexico including the Yucatan. This species has a ring porous wood anatomy with probable annual growth rings and great potential for tropical dendroclimatology.

Fig. 7.  The Douglas-fir LW chronology from Puebla has been used to reconstruct maize yeild anomalies averaged over four states of central Mexico.  The observed and reconstructed series are illustrated in the inset from 1980-2001.  Historical references to drought and famine (Gibson 1964, Florescano 1980) are highlighted during the seven most severe episodes of poor maize yeild.

Fig. 8.  The four most catastrophic epidemics of cocoliztli occurred in 1545, 1576, 1736, and 1813, and appear to have killed 15 to 20 million people (Acuna-Soto et al. 2000). A superposed epoch analysis using tree-ring data from Mexico indicates that these four great epidemics of hemorrhagic fever occurred in wet years preceded by drought, the classic sequence of climatic extremes associated with many modern infectious diseases (Epstein 1995, 2002).

Fig. 9.  The EW chronologies from northern Mexico and LW chronologies from southern Mexico record distinct winter and summer climate signals, and very different large-scale ocean atmospheric circulation regimes (a and b, respectively). The EW chronology from Durango is correlated with the classic SST pattern of ENSO where warm events in the eastern equatorial Pacific during DJF favor above average winter-spring precipitation and tree growth (a). This is one of the strongest ENSO signals ever detected in annual resolution climate proxies. The LW chronologies from southern Mexico are correlated with the onset of the Mexican monsoon and with cool SSTs during March-June in the Western Hemisphere Warm Pool (b).  This SST correlation pattern indicates that LW growth in southern Mexico is responding to the ocean-atmospheric environment of the intertropical Americas.

Fig. 10. The gridded tree-ring reconstructions of summer PDSI (Cook et al. 2003) were averaged and mapped for the 30-year period during the heart of the 16th century megadrought (1560-1589), apparently the most severe and sustained drought over North America in the past 500 years.  This multidecadal drought appears to have been most extreme over northwest Mexico, but also impacted most of the continental United States (the reconstructions in the Yucatan were not based on local data and should be ignored).

Fig. 11.  Consecutive, non-overlapping 10-year averages of tree-ring reconstructed summer PDSI (Cook et al. 2003) were computed and mapped for the 16th century megadrought (legend in Fig. 10).  Note the apparent eastward propagation of drought across the United States from the 1540s to 1560s, and the development and northward propagation of decadal drought from Mexico into the Southwest and Central Plains from the 1560s to 1580s.
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