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Introduction

Abstract: Unlike the major droughts of the twentieth century that are readily identified in the instrumental
record, similar events in the nineteenth century have to be identified using a combination of proxy data,
historical accounts and a sparse collection of early instrumental records. In the USA, three distinct periods
of widespread and persistent drought stand out in these records for the latter half of the nineteenth century:
18561865, 18701877 and 1890-1896. Each of these events is shown to coincide with the existence of an
anomalously cool, La Nina-like tropical Pacific. To examine the physical mechanisms behind these
droughts two ensembles of simulations with an atmosphere general circulation model (AGCM) were
generated: the first forces an AGCM with the observed history of Sea Surface Temperatures (SSTs)
everywhere from 1856 to 2001 (the GOGA experiment), the second forces the AGCM only with tropical
Pacific SSTs, being coupled to a two-layer entraining mixed layer (ML) ocean elsewhere (the POGA-ML
experiment). Owing to a sparsity of instrumental precipitation data at this time, proxy evidence from tree
rings is used as verification. A comparison of modelled soil moisture with tree-ring reconstructions of the
Palmer Drought Severity Index (PDSI), a proxy for soil moisture, from the North American Drought Atlas
is made. Both the POGA-ML and GOGA ensemble means capture the three multi-year droughts of the
mid to late nineteenth century, indicating that the droughts were SST forced. The similarity of the POGA-
ML and GOGA simulations implies that the component of each drought signal that is forced by the SST is
driven ultimately by the La Nifa-like tropical Pacific. The global atmosphere—ocean context of each of the
mid to late-nineteenth century droughts reveals a zonally and hemispherically symmetric pattern consistent
with forcing from the tropics. In addition, Rossby wave propagation from the cooler equatorial Pacific
amplifies dry conditions over the USA. Finally, using published coral data for the last millennium to
reconstruct a NINO 3.4 history, the modern-day relationship between NINO 3.4 and North American
drought is applied to recreate two of the severest Mediaeval ‘drought epochs’ in the western USA. The
large-scale spatial similarity to the Drought Atlas data demonstrates the potential link between a colder
eastern equatorial Pacific and the persistent North American droughts of the Mediaeval period.
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major long-lasting droughts of the 1930s and 1950s covered large

areas of the interior and southern states and have long served as
paradigms for the social and economic cost of sustained drought

Drought is a recurring major natural hazard that has dogged
civilizations through time and remains the ‘world’s costliest
natural disaster’, with damages in the USA alone reaching
US$6-8 billion annually (Wilhite, 2000). Headlines telling of
‘drought’, ‘wildfires’ and ‘water-shortages’ have become a
staple, yet unwelcome, feature of many a North American
summer. When drought conditions persist for a number of years
and spread across vast areas, these impacts become devastating.

The instrumental record gives evidence of multiyear to
decadal drought and wetness regimes punctuating the climate
of the last century over the central and western USA. The two
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in the USA. Both had severe environmental and social impacts,
in the Great Plains and southwest, respectively. During the Dust
Bowl period of the 1930s, drought conditions gripped the Plains
for as much as a decade, ‘black blizzards’ swept from Texas to the
Dakotas and red snow was seen falling in New England. More
than a quarter million ‘dust-bowlers’ headed west (Worster,
1985) to leave behind the depressed economy, drought and
exhausted soils of the Plains. Drought conditions returned in the
1950s, which, unlike the 1930s, was in general a time of growth
and stability for many Americans. Nonetheless, in the southwest,
drought and soaring temperatures devastated the region’s
agriculture and economy. Today, the American southwest has
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been ravaged by 6 years of drought that in the last few months
has abated, yet the experience of the 1930s and 1950s cautions
against concluding it is over.

These events are not unique to the twentieth century. Severe
and extensive decadal- to multidecadal-length droughts in the
West punctuated the nineteenth century (Muhs and Holliday,
1995; Woodhouse and Overpeck, 1998; Fye et al., 2003). Cook
and Krusic (2004) have recently constructed a North American
Drought Atlas using hundreds of tree-ring records, which
shows that the present multiyear drought in the western USA
pales in comparison with a ‘Mediaeval Megadrought’ that
occured from AD 900 to AD 1300. This drought reconstruction
also shows an abrupt shift to wetter conditions after Ap 1300,
coinciding with the ‘Little Ice Age’, a time of globally cooler
temperatures, and a return to more drought-prone conditions
beginning in the nineteenth century.

Little attention has been paid to the drought history of the
USA during the nineteenth century. The cultural environment
of the interior states changed significantly over the course of
this century, as Native Americans were displaced by European
settlers who moved west across the country, made their homes,
ploughed the land and began new processes of water manage-
ment. In this study we focus on the period of ‘Incipience’
(Worster, 1985) from the mid to the late nineteenth century, the
first period of economic and agricultural intensification of the
western USA that began with the Mormon migration into
Utah in 1847. This period was characterized by a general
dependence on local skills and resources, with isolated com-
munities vulnerable to the swings of nature. Palaeoclimate and
early historical records can be used to provide hydroclimatic
evidence at this time when the keeping of instrumental records
ranged from sparse to non-existent in the drought-prone
regions of the central and western states. Using a combination
of proxy, historical and instrumental data, we will show three
distinct periods of widespread and persistent drought that
stand out in these records for the latter half of the nineteenth
century: 1856—1865, 1870—1877 and 1890—1896.

Several recent studies have developed the notion that large-
scale extra-tropical drought events are linked to variations of
the coupled tropical climate system (Trenberth ez al., 1998;
Cole et al., 2002; Hoerling and Kumar, 2003; Schubert et al.,
2004; Seager et al., 2005). It is well known that changes in the
configuration of tropical SSTs on interannual timescales can
strongly influence extratropical precipitation: during La Nifia
winters there is reduced precipitation across much of the
northern subtropics and mid-latitudes, with large deficits in
particular in the southwest USA, extending into the Great
Plains (Trenberth and Branstator, 1992; Trenberth and Guille-
mot, 1996; Cole et al., 2002; Seager et al., 2004). On longer
timescales, the notion of tropical forcing of extratropical
drought has recently been advanced by two separate simula-
tions of the major US droughts of the twentieth century in an
ensemble of climate model simulations forced by the time
history of observed SST (Schubert et al., 2004; Seager et al.,
2005). In both studies, persistent drought conditions in the
Great Plains (and also the Southwest in Seager et al., 2005)
were primarily influenced by the tropical part of the SST
forcing, with a tendency for drought when the tropical Pacific
SSTs are cold.

In this paper we shall identify and investigate the major mid
to late-nineteenth century multiyear US droughts using
observations, palacoclimate tree-ring data and numerical
climate models. Observational data and coral records will be
used to show that each of these events coincided with an
anomalously cool, La Nifia-like tropical Pacific ocean. We will
use an atmospheric model forced by observed SSTs to

investigate the relative role of tropical Pacific and global SST
anomalies in forcing the predictable components of persistent
US drought events. A gridded tree-ring reconstruction of
Palmer Drought Severity Index (the North American Drought
Atlas PDSI data, Cook and Krusic, 2004) is used to verify the
modelled soil moisture anomalies.

We will propose that each of the three multiyear US
droughts of the mid to late nineteenth century identified by
the Drought Atlas PDSI data is forced by SSTs — primarily
tropical Pacific La Nifa-like SSTs. In the next section we
diagnose the mid to late-nineteenth century drought events
using historical and proxy evidence. In the third section we will
outline the existing evidence for a link between La Nifia and
persistent North American drought and present instrumental
and proxy evidence of La Nifa-like conditions during the
major nineteenth-century US droughts. We will then describe
the model arrangements and simulation. In the following
section we will analyse the modelled history of mid- to late-
nineteenth century US droughts, including verification with
tree-ring PDSI data, and examine the global atmosphere—
ocean context of these droughts to elucidate the underlying
physical mechanisms. The final section presents an extrapola-
tion of the modern-day relationship between La Nifia and
North American drought back over the last millennium, using
coral proxy records as input, and tree-ring PDSI as verifica-
tion. Conclusions follow.

Identification of persistent droughts of
the mid to late nineteeth century

Unlike the major droughts of the twentieth century that are
readily identified in the instrumental record, similar events in
the nineteenth century may be identified using a combination
of proxy data, historical accounts and a sparse collection of
early instrumental records. Gridded PDSI data have previously
been used to examine patterns of US drought in this period
(Cole et al., 2002; Fye et al., 2003) Here, we make the case that
three distinct periods of widespread and persistent drought
stand out in proxy, historical and early instrumental records
for the latter half of the nineteenth century: 18561865, 1870 —
1877 and 1890—1896.

Diagnosis of the ‘Civil War’ drought (1856-1865)
A major persistent drought near 1860 can be identified in a
number of historical and proxy records from the Great Plains
and southwest regions. Drought-like conditions were reported
in Kansas newspapers, which continued to mention the severity
of the 1860s (“Civil War’) drought several decades later (Bark,
1978). Historical accounts from early explorers in the Great
Plains and southwest note blowing sand and dune reactivation
at this time (Muhs and Holliday, 1995). Regional-scale aeolian
sand depositional events in western Nebraska and Idaho have
been dated at 150+20 yr BP (Forman and Pierson, 2003).
Temperature and precipitation records from early meteorolo-
gical stations and US Army Forts in the Great Plains also
indicate a severe 1860s drought (Ludlum, 1971, Mock, 1991).
Station precipitation data from the Global Historical Climate
Network (GHCN) exist for this period but must be interpreted
with caution because of the scarcity of records west of the
Appalachian Mountains. Nonetheless, a composite of the
1856—1865 precipitation anomaly over the USA taken from
the GHCN station data, binned into boxes of four degrees of
latitude and longitude, does show evidence of the Civil War
drought, with drier than normal conditions over the entire
Plains and southwest where data are available (Figure 1a (i)).
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Figure 1 Evidence of the mid- to late- nineteenth century North American droughts: (i) the observed GHCN 4° x 4° gridded station data
precipitation anomaly (mm/month); (ii) tree ring reconstructed summer PDSI from the North American Drought Atlas. (a) 1856 to 1865

average, (b) 1870 to 1877 average, and (c) 1890 to 1896 average

A collection of dendroclimatological studies also point to a
widespread severe and prolonged drought in the late 1850s and
early 1860s. Tree-ring records flanking the Great Plains show a
period of drought equalling or surpassing the intensity of the
1930s drought (Stockton and Meko, 1983, Meko et al.,1995).
In south Texas, tree-ring records rank the decade centred at
1860 as the driest since 1698 (Stahle and Cleaveland, 1988).
Blasing et al. (1988), in a study in the Texas—Oklahoma-—

Kansas region, found the 1860s drought to be the most severe
in the last 231 years. Dendroclimatological evidence for the
Civil War drought is also seen for the entire southwest
(Stockton and Meko, 1975; Meko et al., 1995) and even as
far west as eastern California (Hardman and Reil, 1936).

The recent ‘North American Drought Atlas’ of Cook and
Krusic (2004) provides 286 annual tree-ring drought recon-
structions on a 2.5° by 2.5° gridded network of summer Palmer
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Drought Severity Index (PDSI) (Palmer, 1965) data, which
extend as far back as 1 Bc at some locations. It is the most
complete tree-ring derived annual meteorological drought
reconstruction available for North America today. Given the
sparsity of instrumental station data in the mid nineteenth
century, the North American Drought Atlas data provide us
with our ‘best guess’ of the magnitude, severity and extent of
the Civil War drought event. The 1856 through 1865 period in
the PDSI record stands out as a widespread and severe drought
covering most of the continental USA and centred on the
Great Plains region (Figure 1a (ii)) where it is unsurpassed by
any of the region’s droughts over the last two centuries.

Other large-scale multiyear droughts

Two further late-nineteenth century droughts that were wide-
spread and persistent stand out in historical and proxy records
from the USA: 1870-1877 and 1890-1896. For the 1870s
interval, evidence for long-lasting drought conditions includes
records from early meteorological stations and forts in the
Great Plains (Mock, 1991) and Rocky Mountains (Bradley,
1976), historical accounts of aeolian activity in Kansas (Muhs
and Holliday, 1995), and various tree-ring drought reconstruc-
tions from the Great Plains (Fritts, 1983, Stahle et al., 1985),
and western USA (Fritts, 1965; Haston and Michaelson, 1997).
A composite of the GHCN 4° x 4° binned station data of
anomalous precipitation for this period shows drier than
normal conditions in the southwest reaching across to the
Rockies, and in the central Plains states of Kansas and
Oklahoma (Figure 1b (i)). The North American Drought
Atlas PDSI data for the same interval show dry conditions, but
less severe than for the Civil War drought event, centred in the
northern Plains and southwest, and reaching eastwards to the
Great Lakes and northeast regions (Figure 1b (ii)).

Published evidence for widespread multiyear dry conditions
in the USA also exists for the early 1890s, including historical
documents and early meteorological records from the Plains
(Ludlum, 1971; Bradley, 1976, Mock, 1991), historical ac-
counts of aeolian activity in eastern and central Colorado
(Muhs and Holliday, 1995), dendroclimatic data from the
eastern and western margins of the Great Plains (Stockton and
Meko, 1983, Meko, 1992), the corn belt of Iowa and Illinois
(Blasing and Duvick, 1984), the southern Plains (Stahle et al.,
1985) and the southwest (D’Arrigo and Jacoby, 1992; Mecko
et al., 1995). Figure lc (i) and (ii) show the 1890 to 1896
average of the GHCN 4° x 4° binned station data of anom-
alous precipitation and of the North American Drought Atlas
PDSI data. The coverage of the GHCN precipitation data is
much higher than for the two preceeding mid- to late-
nineteenth century droughts, and comparison with the PDSI
data shows a considerably closer match. Both indicate wide-
spread dry conditions throughout much of the contiguous
USA, with drought centred over the entire Great Plains and
southern USA whilst the west coast experienced wetter than
normal conditions. The 1870s and 1890s droughts were less
severe than the Civil War drought in the Great Plains region.

Links between persistent North
American drought and La Niiia

Background

Recent studies have claimed that a persistent anomalously cool
tropical Pacific can provide the steady atmospheric forcing
necessary for major North American drought (Trenberth ez al.,
1988; Trenberth and Branstator, 1992; Hoerling and Kumar,
2003; Schubert ez al., 2004; Huang et al., 2005; Seager et al.,

2005). Typically, ENSO-related precipitation anomalies in the
extratropics have been explained in terms of teleconnections, ie,
tropically forced large-scale Rossby wavetrains (eg, Wester,
1981; Horel and Wallace, 1981, Hoskins and Karoly, 1981,
Sardeshmukh and Hoskins, 1988; Trenberth et al., 1998), and
changes in storm tracks (Wang and Ting, 2000). Recent work
by Seager et al. (2003, 2004) describes a mechanism of Tropical
Modulation of Mid-latitude Eddies (TMME) that helps
explain the strong hemispherically and zonally symmetric
components of observed ENSO-related extratropical precipita-
tion anomalies on interannual timescales. The TMME me-
chanism causes decreased mid-latitude precipitation during La
Nifla as the subtropical jets weaken and move poleward,
altering the meridional and vertical propagation of transient
eddies and resulting in an anomalous eddy-driven mean
meridional (MMC) circulation that causes descent and drying
at mid latitudes (Seager et al., 2004).

With regard to North American drought, the zonally
symmetric TMME mechanism is particularly relevant: Seager
et al. (2005) and Schubert ez al (2004) show a zonally and
hemispherically symmetric component to the simulated
droughts of the twentieth century, supportive of a tropical
origin for the persistent dry conditions. It is argued that the
TMME mechanism works year-round and is partly responsible
for descent over the Plains and southwest during the simulated
twentieth-century US droughts (Seager ez al., 2005). However,
to explain the observed regional departures from symmetry
requires reference to stationary waves, ie, teleconnetions. For
example, during La Nina, tropical Pacific SST anomalies can
cause atmospheric heating anomalies in the tropics that initiate
a Rossby wavetrain into the extratropics. This, in turn, causes
an anomalous strengthening of the western lobe of the North
Pacific high, weakens the Aleutian low and leads to a north-
ward-shifted stronger and narrower band of westerlies over
North America. The main areas of anomalous descent and
suppressed precipitation associated with the La Nifa-related
stationary wave propagation are over the western USA and
acrossr the southern USA (Seager et al., 2004).

Drought in the Great Plains is most often associated with
reduced rainfall in the summer wet season (Schubert et al.,
2004; Seager et al., 2005) but the ENSO-related SST anomalies
typically peak during the winter and spring. It may be that a
soil moisture—atmosphere interaction introduces memory into
the hydrologic cycle (Oglesby and Erickson, 1989; Namias,
1991; Zeng et al., 1999; Schubert et al., 2004;), and allows for
persistence of ENSO-related soil moisture anomalies into the
summer months. On the other hand, Seager er al. (2005)
suggested that, while a soil moisture feedback could be
important in the season to season persistence of modelled
twentieth-century North American droughts, summertime
tropical Pacific SST anomalies, though small, do also force
summertime circulation anomalies that induce drought.

State of the Tropical Pacific during late-nineteenth
century multiyear droughts

Analysis of mid- to late-nineteenth century instrumental and
proxy records from the tropical Pacific reveal prolonged La
Nina-like conditions during each of the persistent droughts:
1856—1865, 1870—1877 and 1890—1896. This is clearly shown
by the the mid- to late-nineteenth century time series of the
observed NINO 3.4 index from the extended optimally
interpolated MOHSSTS5 data set (Kaplan et al., 2003) and
the reconstructed SST anomaly derived from three optimally
interpolated coral records located in the NINO 3.4 region
(Figure 2). (NINO 3.4 is an index that measures the strength of
an ENSO event: it is the SST averaged over a region in the
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Figure 2 The six-year low pass filtered time series of the observed NINO 3.4 index from the optimally interpolated MOHSSTS data set
(Kaplan et al., 2003) and the reconstructed SST anomaly derived from three optimally interpolated coral records located in the NINO 3.4
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east-central equatorial Pacific (120°W-170°W, 5°N-5°S).)
Interannual variability has been removed from the records by
subjecting the data to a six-year low pass filter. Composites of
the unfiltered observed SST anomaly for each of these intervals
of persistent drought are shown in Figure 3. The SST data are
those used to force the model simulations described in the
following section. Each of the three major persistent US
droughts of the mid to late nineteenth century coincided with
the existence of an anomalously cool, La Nifa-like tropical
Pacific.

The AGCM simulations and model
verification

Here we employ two experiments described by Seager et al.
(2005): the first forces an atmosphere general circulation model
(AGCM) with the observed history of SSTs everywhere from
1856 to 2001, the second forces the AGCM only with tropical
Pacific SSTs, being coupled to a two-layer entraining mixed
layer (ML) ocean elsewhere.

The AGCM used for these experiments is the National
Center for Atmospheric Research (NCAR) Climate Commu-
nity Model 3 (CCM3) described by Kiehl ez al. (1998). It has
T42 resolution and 18 levels in the vertical, and has ‘state-of-
the-art’ physical parameterizations. Comparison of the model
and observational fields, including precipitation, is discussed in
Hack et al. (1998) and Hurrell ef al. (1998). In the Global
Ocean and Atmosphere (GOGA) experiments the AGCM uses
observed SSTs as a lower boundary condition. Two data sets
have been blended to create the global SST history from 1856
to 2001. For the tropical Pacific (20°N—-20°S) we use the data
set of Kaplan et al. (1998) from 1856 to 2001. Elsewhere we use
Kaplan data where available from 1856 to 1870, and after 1870
we use the HadISST global data set (Rayner e al., 2003).
Between 1856 and 1870, climatological SSTs are used where
Kaplan data are not available.

For the Pacific Ocean Global Atmosphere (POGA) set of
experiments, the AGCM is coupled to a ML model outside of

the tropical Pacific region. The ML model is a two-layer model
with a variable depth surface layer that exchanges mass and
heat with the uniform depth layer beneath. The ‘g-flux’
formulation of Russell et al. (1985) is used, which primarily
accounts for the horizontal heat transport in each layer, and
also for modelled surface flux errors (see Seager et al., 2005 for
further details). SSTs are only specified within the tropical
Pacific region, using the Kaplan data, with SSTs elsewhere
computed using the ocean ML model.

In both the GOGA and POGA-ML experiments a 16-
member ensemble of integrations has been generated using a
different initial condition on 1 January 1856 for each run. We
will focus on the ensemble mean, the average of the 16
individual runs, which represents the part of the climate
variability forced by observed SSTs.

Model results

Here we assess the ability of the SST-forced AGCM simula-
tions to capture the major mid- to late-nineteenth century
droughts in the USA. The extent to which the ensemble means
of the climate model are able to simulate the observed drought
intervals is a test of whether the dry conditions are SST-forced,
and of the relative role of the tropical Pacific alone. Because of
a sparsity of instrumental precipitation data at this time, proxy
evidence from tree rings will be used as verification. A
comparison of modelled soil moisture with PDSI data (a
proxy for soil moisture) from the North American Drought
Atlas is made. A recent study by Dai et al. (2004) indicates
that PDSI is significantly correlated with observed soil
moisture content within the top 1 m of soil depth. Modelled
anomalies are calculated as differences from the 1856—2001
climatology.

Late-nineteenth century drought forced by SST

We define a climatic area for the ‘Great Plains’ extending from
110°W to 90°W and 30°N to 50°N, the same as in Seager et al.
(2005). Figure 4 shows a time series of the standardized
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Figure 3 Observed SST anomalies during the mid- to late- nine-
teenth century North American droughts: (a) 1856 to 1865 average,
(b) 1870 to 1877 average and (c) 1890 to 1896 average. Temperature
units are K. The SST field is that used in the GOGA ensemble mean

Drought Atlas PDSI and the standardized soil moisture
anomalies from the POGA-ML and GOGA model ensemble
means from 1856 to 2001 for this area. The modelled soil

moisture anomalies refer to the upper 1 m of soil, representa-
tive of the tree root zone. The observed and model data have
both been smoothed by a six-year low pass filter to retain
variability on timescales longer than just under a decade.

Both models capture the three observed major Great Plains
droughts of the mid to late nineteenth century, and the wetter
spells in between. Much of the twentieth century variability in
the Great Plains is also reproduced, with the exception of the
period between the late 1940s and the mid 1970s. The POGA-
ML and GOGA soil moisture time series are very similar,
implying that the component of the Great Plains drought
signal that is forced by the SST is driven by the SST anomalies
within the tropical Pacific. SST anomalies from other regions
may still play an important part in contributing to drought in
the Plains, but are a remote response to tropical Pacific
variability. A comparison of modelled and observed Great
Plains precipitation anomalies in these model simulations show
consistent results (Seager et al., 2005).

In the mid to late nineteenth century, both models under-
estimate the severity and length of the Civil War drought and
overestimate the severity of the 1870s drought. The POGA-ML
simulation of the 1890s Great Plains drought is overestimated
in length and severity, while the GOGA model captures this
event well. For the entire model history, the correlation
coefficients between modelled soil moisture anomaly and
PDSI in the Plains for the POGA-ML and GOGA simulations,
respectively, are 0.40 and 0.42 (p <0.01). For the nineteenth
century alone (1856 through 1900) the correlation coefficients
between PDSI and modelled soil moisture anomaly are 0.46
(POGA) and 0.55 (GOGA) (p <0.01). The high skill at
reproducing Plains drought variability in the mid to late
nineteenth century suggests that drought conditions are highly
SST-forced during this period.

Figure Sa—c shows maps of the GOGA and POGA-ML
model ensemble mean soil moisture anomalies for the Civil
War, 1870s and 1890s droughts, respectively. In the PDSI
reconstructions, between 1856 and 1865 the entire USA, with
the exception of Florida, experienced drought, with the driest
conditions centred on the Great Plains (Figure la (ii)). The
POGA-ML and GOGA model ensemble means (Figure 5a)
capture this widespread drought, and the increased severity
over the Plains. The POGA-ML model unrealistically extends
the drought into Florida, while both models make the north-
east and northwest wet where they should be dry. In spite of
these errors, both models simulate the general features of the

2 1 1 1 1 | 1 1
— — POGA soil moisture anomaly
\ —- GOGA soil moisture anomaly
—— Drought Atlas PDSI

154 \ L
— 1 -
[79]
o
a
5
2 05 -
£
o
c
5
e
3 0
2
o
€
3
D _054 L

-1 L

-1.5 T T T T T T T T
1840 1860 1880 1900 1920 1940 1960 1980 2000 2020

Year

Figure 4 The Drought Atlas PDSI and the soil moisture anomalies from the POGA-ML and GOGA model ensemble means over the Great
Plains (110°W-90°W, 30°N—-50°N) for the 1856 to 2001 period. All data have been standardized and six-year low pass filtered
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Figure 5 Modeled mid- to late-nineteenth century North American droughts: (i) GOGA ensemble mean; (ii)) POGA-ML ensemble mean. (a)
1856 to 1865 average, (b) 1870 to 1877 average, and (c) 1890 to 1896 average. The variable shown is volumetric soil moisture, and hence unitless

Civil War drought, implying that this drought was forced by
SSTs, and in particular by moderate yet persistent La Nifa-like
conditions in the tropical Pacific (Figure 3a).

The drought from 1870 to 1877 also stretched from the west
to the east coast of the USA, with the most severe conditions
located in the northern Plains and southwest, followed by the
Lakes region and far northeast (Figure 1b (ii)). The model
ensemble means both produce this major drought, with the
locations of maximum drought in the northern Plains and
southwest as in Nature (Figure 5b). However, they also

produce a serious drought in the southern Plains and northern
Mexico that is not in the tree-ring reconstruction. Nonetheless,
the ability of the models to capture many of the large-scale
features of this drought suggests that it was also forced by La
Nifa conditions (Figure 3b), weaker than during the Civil War
drought interval but consistent with a weaker drought in the
USA.

The final multiyear drought of the nineteenth century, the
1890 to 1896 drought, also covered much of the USA (Figure
Ic). Drought stretched across the entire Plains and into
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northern Mexico. The Lakes, East coast and Florida were also
dry, while wetter than normal conditions occurred along the
west coast. Both models capture the observed drought in the
northern and southern Plains (Figure 5c). In general, however,
the POGA-ML model does a better job at reproducing the
large-scale features of the proxy-derived PDSI composite,
including a dry southwest and a wetter than normal west
coast. The observed SST anomalies show weak La Nifa
conditions during the 1890s drought, similar in magnitude to
the 1870s event (Figure 3c).

Next, having established that the model successfully simu-
lates the history of multiyear Great Plains drought in the mid
to late nineteenth century, and that these events were forced
mainly from the tropical Pacific, we will identify the large-scale
atmosphere and ocean setting that underlies each of these
droughts.

Physical mechanisms linking tropical Pacific SSTs
and persistent US drought

Seasonality of the drought signal

The seasonality of drought in the US Great Plains in the 1930s
and 1950s is variable, but there was a clear summer wet season
deficit in rainfall (Seager et al., 2005). The modelled mid- to
late-nineteenth century droughts involved a substantial reduc-
tion in precipitation throughout the year. Generally for the
POGA-ML and GOGA models, the largest precipitation
deficit in the Plains coincided with the largest negative SST
anomaly in the NINO 3.4 region, that is autumn to spring (not
shown). The GHCN binned station data implicate solely the
springtime months as being responsible for the droughts (not
shown), but the sparsity of data in the Plains region at this time
reduces the value of this comparison.

Global atmosphere—ocean context of the droughts

Here we examine the large-scale patterns of surface tempera-
ture, precipitation and tropospheric circulation associated with
the mid- to late-nineteenth century droughts. We focus on the
December—May half year, the months over which the modelled
nineteenth-century Great Plains drought signal is strongest.
Because of the time-integrating effect of soil moisture feed-
backs, the influences of winter December—May precipitation
reductions are bridged into the summer PDSI reductions (ie,
Seager et al., 2005a).

The global surface temperature anomalies during each of the
mid- to late-nineteenth century droughts in the GOGA model,
detrended to account for the globally cooler world at this time,
are shown in Figure 3. In each case we see the classic La Nifia
pattern of a cool tropical Pacific, cool along the west coast of
the Americas and a warm mid-latitude North Pacific. By
design, the POGA-ML model has the same cool tropical
Pacific, yet unlike the GOGA ‘La Nina-like’ extratropics, the
North Pacific is cool, the tropical Atlantic is warm and the
Indian Ocean unchanged (not shown). These POGA-ML SST
anomalies outside of the tropical Pacific are as expected from
tropical Pacific forcing of extratropical atmospheric circulation
and surface flux anomalies (Alexander et al., 2002). Given that
the two ensembles have very different extra-tropical surface
temperature signatures, yet both capture the large-scale
features of the droughts, we must conclude that the atmo-
spheric forcing that promoted these droughts originated from
the La Nida-like tropical Pacific SST anomlies at the time that
were common to both ensembles.

Next we focus on the POGA-ML model to identify the
physical mechanisms underlying the droughts. The Pacific-
wide December-May POGA-ML model ensemble mean
precipitation anomalies and 200 mb geopotential height

anomalies for the drought periods, relative to the period
from 1856 to 2000, are shown in Figure 6. Again, these
quantities were detrended to remove the global warming signal.
Drier than normal conditions in the central equatorial Pacific
accompany the US drought in each case. Dry conditions also
exist throughout much of the mid-latitudes, with below normal
rainfall in mid-latitude South America and central Europe (not
shown). According to the GHCN binned station precipitation
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data central Europe was dry at this time (not shown), but data
are lacking for the South American region of concern.

During each of the mid- to late-nineteenth century droughts,
the upper tropospheric geopotential heights are lowered in the
tropics consistent with cooling at these latitudes (Figure 6,
contours). Over North America, and more generally in the
mid-latitudes of the Northern Hemisphere and Southern
Hemisphere of the POGA-ML model, the geopotential heights
are raised consistent with mid-latitude warming, as explained is
Seager et al. (2003). The change in the geopotential heights
indicates a weakening and poleward movement of the sub-
tropical jets, which influences the propagation of transient
eddies causing anomalous eddy-driven descent, warming and
reduced precipitation in mid-latitudes (Seager er al., 2004,
2005). It is also clear from the upper tropospheric height
anomalies that Rossby waves propagate eastwards and pole-
wards from the area of cooler waters and reduced precipitation
in the central Pacific. The combined effects place high pressure
aloft over the southern and western USA, which will tend to
induce descent below.

Explaining the precipitation anomaly over North America
Two necessary ingredients for precipitation are a moisture
source and upward motion. Anomalous drying occurs where
there is low-level moisture divergence and/or anomalous
subsidence. Here we analyse the anomalous precipitation (P)
minus evaporation (E) during the Civil War drought period, a
term equal to the vertically integrated atmospheric moisture
convergence via the mean and eddy flow, and the anomalous
vertical motion field at 500 mb. P — E is also equivalent to the
sum of soil moisture tendency and drainage. As before, we
focus on the December—May half year.

During the Civil War, 1870s and 1890s droughts P — E was
reduced, indicative of anomalous moisture divergence, over
large regions of the mid-latitudes, including the southern and
interior USA. (Figure 7). The tropical Pacific P — E anomalies
show a northward shift of the Intertropical Convergence Zone
(ITCZ) in the 1870s and 1890s droughts, analogous to
interannual La Nifla conditions. Comparing Figures 6 and 7,
the regions of anomalous descent are also those of reduced
precipitation. Seager et al. (2004) argue that it is the anomalous
subsidence that drives the anomalous precipitation. Both
models show anomalous ascent in the Pacific Northwest
consistent with the modelled (Figure 6) and observed
(Figure 1b) wetness at the time. Only the GOGA model
simulates anomalous ascent and, wetter than normal condi-
tions, over the far Southeast, in agreement with the PDSI data
for this time.

The anomalous descent in the North American region,
which causes reduced precipitation, is closely related to the
upper level highs. It is strongest on the eastern flanks of these
highs where northerly upper tropospheric flow produces a
tendency for sinking motion through Sverdrup balance. The
anomalous highs extend to the surface and cold low-level
advection on the eastern flanks will also induce descent. The
match is nowhere near perfect, though, because anomalous
momentum fluxes can also drive regional ascent and descent
(see Seager et al., 2004).

An extrapolation exercise: La Nina and
North American droughts of the last
millennium

Here we present a simple statistical experiment to demonstrate
the link between tropical Pacific SST and North American
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drought over the last millennium. The modern-day relationship
between instrumental NINO 3.4 and North American PDSI is
used to extrapolate back to periods of the last millennium
where windows of coral-reconstructed tropical Pacific SSTA
exist. Cobb et al.’s (2003) coral oxygen isotopic records from
the island of Palmyra in the east-central tropical Pacific are
used. Palmyra corals are sensitive recorders of regional-scale
ENSO activity, with the modern coral record from this site
sharing 72% of its interannual variance with the NINO 3.4
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index (Cobb et al., 2003). A reconstructed NINO 3.4 timeseries
is derived from the modern coral record at Palmyra. We
perform a regression of the annual 8'30 anomaly data on like
averages of the Kaplan er al. (2003) NINO 3.4 data
(NINO3.4,,,4) for the length of the modern coral record
(1886 to 1998). A 30-yr high pass filter has been applied to the
coral data (8'8.,,0) to remove the apparent warming trend
since the 1970s recorded by the modern coral but not mirrored
to the same extent in the instrumental record. We use the linear
model:

518

coral

O anomaly = aNINO3.4_ ,+¢ (1)

where « is constant and ¢ is the error in the relationship.
The 3'®0/NINO 3.4 slope (a) for the modern Palmyra coral
is —0.13%/°C (p<0.01). The mean observational error

(V< €?>), where angled brackets denote time averaging, is
equal to 0.01%. As formulated, € represents the error in the
NINO 3.4 reconstruction by means of 8'%0 due to proxy
measurement and age model uncertainty, error in our assump-
tion that coral vital effects are constant in time, and the error in
the assumption that local seawater 8'%0 (ie, sea surface salinity,
SSS) varies in concert with NINO 3.4. With regard to the
latter, Cobb et al. (2003) show that on interannual timescales,
SST exerts the dominant influence ( ~ 75%) on coral 3'%0 at
Palmyra, and that SST and SSS variability are tightly
correlated on interannual timescales in directions that com-
pound each other in the coral §'%0 record.

Using this modern-day relationship between coral 8'0 and
NINO 3.4 we reconstruct NINO 3.4 from the fossil corals at
Palmyra (NINO3.4..). A further statistical relationship is
established by regressing the normalized North American
Drought Atlas tree-ring PDSI record (PDSl,,.q) onto the
normalized coral reconstructed NINO 3.4 index for the length
of the modern coral record (ie, PDSIS = a5%) NINO3.41moq -+
b A similar regression is performed using the POGA-ML
modelled soil moisture anomalies in place of the PDSI. This
regression will isolate the drought response directly related to
the tropical Pacific part of the ENSO forcing. We then use
these statistical relationships to estimate the past patterns of
North American soil moisture or PDSI during periods when a
coral reconstructed NINO 3.4 history exists (ie, PDSIS”) =
a5 NINO3 .4, +b™). The reconstructed normalized PDSI/
soil moisture anomaly maps were subsequently multiplied by
the variance of each data set to obtain realistic amplitude
reconstructions. Finally, the North American drought atlas
PDSI data of Cook and Krusic (2004) is used to verify whether
this simple statistical model forced only by an index of ENSO
variability can to first order reproduce the large-scale patterns
of North American drought captured by the tree-ring data.

There are two underlying assumptions for this simple
exercise: first, the tropical-mid-latitude ENSO teleconnection
was the same in the past as in the present; second, the
reconstruction of a NINO 3.4 history from the fossil corals
demands the assumption that spatial patterns of ENSO have
not changed significantly over the last 1000 years. With regard
to the first point, it has been suggested that the pattern of the
North American precipitation response to ENSO events has
changed over time (Cole and Cook, 1998; Diaz et al., 2001; and
Cole et al., 2002). This pattern is controlled by tropical forcing
of extratropical circulation anomalies and could be altered by
changes in the pattern of tropical convection or the mean
atmospheric flow. We do not expect either to have changed
enough to significantly alter the response patterns. The
relationship between NINO 3.4 and the coral oxygen isotope
values at Palmyra, an island on the fringe of the cold tongue

region, may also not have remained stationary while the mean
climate changed, yet the sign of the relationship is unlikely to
have reversed. Despite these limitations, this exercise provides
us with a simple test of whether we can use the observed
modern-day relationship between La Nifia and North Amer-
ican drought to identify a tropical Pacific origin to the North
American hydroclimate of the past millenium.

To first order, proxy-evidence from tree rings, lake levels,
lake sediments, fire scars and aeolian depositional features
point to a drier Plains and southwest between Ap 800 and AD
1400 (Swetnam, 1993; Stine, 1994; Forman et al., 1995; Muhs
et al., 1996; Dean, 1997; Laird et al., 1996, 1998; Woodhouse
and Overpeck, 1998; Fritz et al., 2000; Forman et al., 2001;
Cook et al., 2004; Yuan et al. 2004), and a wetter period in the
‘Little Ice Age’ (LIA) from Ap 1400 until the 1800s (except for
the major late-sixteenth century drought). The recent drought
atlas PDSI data of Cook and Krusic (2004) give us our ‘best
guess’ of the spatial pattern of drought at these times. Palmyra
fossil coral records exist for windows of the tenth and twelfth
century coincident with two of the driest epochs of the
Mediaeval Climate Anomlay (MCA) in Western North Amer-
ica as identified by Cook et al. (2004). Following the method
oulined above, widespread persistent drought from AD 934 to
944 is recreated from the reconstructed NINO 3.4 conditions at
the time (Figure 8). Using the modern-day NINO 3.4-PDSI
relationship, the pattern of North American drought is closest
to that shown by the tree-rings: a ‘bipolar’ pattern with a dry
west and southwest, and a wet eastern USA (Figure 8a and b).
Regressing the POGA-ML modelled soil moisture anomaly
data onto NINO 3.4 for the modern day (1886 to 1998) gives
the more familiar one sign relationship between ENSO and
North American hydroclimate, and thus is unable to recreate
the bipolar nature of the AD 934-944 drought. A similar result
is found for the 1167-1178 drought (Figure 9). The wettest
epochs of the LIA in the western USA as defined by Cook
et al. (2004) are similarly captured using this simple statistical
approach (not shown).

It is possible that the PDSI-NINO 3.4 regression contains an
element of surface moisture variability over North America
that is fortuitously correlated with ENSO and appears in the
regression pattern, but arises from other processes. North
American monsoon variability produces a bipolar-like signa-
ture on interannual timescales (Higgins et al., 1999; Higgins
and Shi, 2001) and may be a contributing factor. Cole and
Cook (1998) also identfy the existence of such a bipolar
ENSO-North American drought relationship in the instru-
mental and tree-ring PDSI record, and demonstrate the non-
stationarity of the relationship since the late nineteenth
century. This feature and its physical significance will be the
subject of an ongoing investigation. Suffice to say that
persistent La Nifia-like conditions during the MCA appear
implicated in the chronic drought in western North America at
that time, but that other processes, possibly including the
variability of the North American monsoon, are likely also
involved.

Conclusions

The USA experienced three major multiyear droughts during
the latter half of the nineteenth century: 18561865, 1870—
1877 and 1890—-1896. Historical accounts, early instrumental
data and an extensive network of gridded tree-ring data have
been used to identify the existence, extent and severity of these
events. In each case, drought stretched across the USA, with
the severest conditions gripping the Plains and southwest for
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Figure 8 The Ap 934-944 drought: (a) tree-ring reconstructed
summer PDSI from the North American Drought Atlas; (b)
reconstructed PDSI using the fossil coral-derived NINO 3.4
history; (c) reconstructed top soil moisture anomaly using the
coral derived NINO 3.4 history. PDSI and volumetric soil
moisture are both unitless

many years at a time. Undoubtedly these events devastated the
small, self-dependent and often isolated farming communities
in the area at the time. The 18561865 ‘Civil War’ drought, in
particular, is likely to have had a profound ecological and
cultural impact on the interior USA, with the persistence and
severity of drought conditions in the Plains surpassing those of
the infamous 1930s Dust Bowl drought.

Concurrent with each of the major US droughts of the mid
to late to nineteenth century, early instrumental and coral-
derived proxy records show evidence for prolonged La Nifa
conditions. Model ensemble simulations forced with both
global SSTs (GOGA) and tropical Pacific SSTs alone
(POGA-ML) were both able to capture the long-term droughts
over the USA since 1856.

Both the GOGA and the POGA-ML models do an
impressive job at capturing the droughts of the mid- to late-
nineteenth century, and the wetter spells between, when
verified against gridded PDSI reconstructions from tree rings
(Cook and Krusic, 2004). In agreement with the conclusions of
Schubert et al. (2004) and Seager et al. (2005), the implication
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Figure 9 The Ap 1167-1178 drought: (a) tree-ring reconstructed
summer PDSI from the North American Drought Atlas; (b)
reconstructed PDSI using the fossil coral-derived NINO 3.4
history; (c) reconstructed top soil moisture anomaly using the
coral derived NINO 3.4 history. PDSI and volumetric soil
moisture are both unitless

is that these widespread and persistant drought events are SST
forced, primarily from the tropical Pacific. It is found that the
correlation between modelled and observed soil moisture
variability in the Plains region decreases from the nineteenth
century to the twentieth century, indicative of drought condi-
tions that are more SST forced in the earlier period. In the
twentieth century, internal atmospheric variability and/or
external forcing (ie, anthropogenic changes in land use and/
or atmospheric composition or solar variability) had a larger
influence on the drought variability in the Plains.

Drought conditions during the Civil War, 1870s and 1890s
droughts were not restricted to the summer months, but existed
year round, with a large signal in the winter and spring months
when the tropical Pacific SST anomalies were strongest. In line
with the notion of forcing from the tropics, a zonally and
hemispherically symmetric pattern is observed. As explained
by Seager et al. (2005), this pattern is a lower frequency
realization of the interannual mechanism of subtropical jet,
transient eddy, mean meridional circulation interaction
that works throughout the year and promotes descent in
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mid-latitudes when the tropical Pacific is cool. In addition,
Rossby wave propagation from the cooler equatorial Pacific
amplifies the dry conditions over the USA. A soil moisture-
atmosphere feedback may allow drought conditions to persist
into the summer months (Schubert ez al., 2004) but was not
examined here.

Our results, as well as those of Schubert et al. (2004) and
Seager et al. (2005), point to the central role of persistent
forcing from an anomalously cool tropical Pacific in causing
the major modern-day droughts in the USA. This suggests that
knowledge of the variability of the tropical Pacific climate in
the past may tell us something about the longer-term drought
history of North America, an assumption that we test. A coral-
derived SST record from Palmyra Island in the ENSO sensitive
NINO 3.4 region (cf. Cobb et al., 2003) is used to reconstruct a
history of NINO 3.4 for several windows over the last
millennium. Using the modern-day relationship between
NINO 3.4 and surface moisture (PDSI or modelled soil
moisture anomaly) over North America, we are able to recreate
two of the severest Mediaeval ‘drought epochs’ in the western
USA, as identified by Cook et al. (2004). In both instances, the
large-scale features of the ‘coral reconstructed” Mediaeval
droughts are, albeit with some error, consistent with the tree-
ring data from the North American Drought Atlas (Cook and
Krusic, 2004). As such, we demonstrate the potential linkage
between a colder eastern equatorial Pacific and persistent
North American drought over the last 1000 years. With regard
to the forcing that has led the tropical Pacific to become more
La Nina-like or El-Nifio like, it has been suggested that
irradiance variations resulting from both solar and volcanic
forcing may provide the key (Mann et al., 2005). In this case,
increased irradiance corresponds to a colder eastern equatorial
Pacific and, by extension, increased drought occurence in
North America and other mid-latitude continental regions.
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