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ABSTRACT

An assessment of the nature and causes of drought in the southeastern United States is conducted as well as
an assessment of model projections of anthropogenically forced hydroclimate change in this region. The study
uses observations of precipitation, model simulations forced by historical SSTs from 1856 to 2007, tree-ring
records of moisture availability over the last millennium, and climate change projections conducted for the
Fourth Assessment Report of the Intergovernmental Panel on Climate Change. From the perspective of the
historical record, the recent drought that began in winter 2005/06 was a typical event in terms of amplitude and
duration. Observations and model simulations are used to show that dry winter half-years in the Southeast are
weakly associated with La Nifas in the tropical Pacific but that this link varies over time and was possibly of
opposite sign from about 1922 to 1950. Summer-season precipitation variability in the Southeast appears
governed by purely internal atmospheric variability. As such, model simulations forced by historical SSTs have
very limited skill in reproducing the instrumental record of Southeast precipitation variability and actual
predictive skill is also presumably low. Tree-ring records show that the twentieth century has been moist from
the perspective of the last millennium and free of long and severe droughts that were abundant in previous
centuries. The tree-ring records show a 21-yr-long uninterrupted drought in the mid-sixteenth century, a long
period of dry conditions in the early to mid-nineteenth century, and that the Southeast was also affected by
some of the medieval megadroughts centered in western North America. Climate model projections predict
that in the near term, future precipitation in the Southeast will increase but that evaporation will also increase.
The median of the projections predicts a modest reduction in the atmospheric supply of water vapor to the
region; however, the multimodel ensemble exhibits considerable variation, with a quarter to a third of the
models projecting an increase in precipitation minus evaporation. The recent drought, forced by reduced
precipitation and with reduced evaporation, has no signature of model-projected anthropogenic climate change.
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1. Introduction

Perceptions of drought in North America normally
focus on the arid and semiarid lands of the Great Plains
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and Canadian Prairies, the interior West, the Southwest,
and Mexico. It might be thought that this focus is a
consequence of the dryness of these regions: precipita-
tion reductions of equal magnitude will create larger
effects on water resources in dry regions than in the
more humid regions of the Northwest, Southeast, and
Northeast. But there is more to it than that. Herweijer
et al. (2007) used millennium-long tree-ring recon-
structions of summer Palmer drought severity index
(PDSI) over North America to show that, in the semi-
arid interior, decadal and longer time-scale variability
explains a majority of the total variance compared to
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seasonal to interannual variability in the coastal regions.
This spatial distribution closely matches the distribution
of total precipitation and implies that the wet coastal
regions, although experiencing large interannual vari-
ability, are not prone to the persistent multiyear droughts
that plague the interior West and Great Plains.

Consistent with this, the great droughts of North
America—including the Dust Bowl of the 1930s, the
1890s drought, the Southwest drought of the 1950s, and
the post-1998 ““turn of the century’ drought—have all
been centered in the central to western parts of the in-
terior United States (Fye et al. 2003, 2004; Cook et al.
2004; McCabe et al. 2004; Schubert et al. 2004a,b; Seager
et al. 2005b; Herweijer et al. 2006; Cook et al. 2007;
Seager 2007). Furthermore, the multidecadal droughts
that made up the medieval period of elevated aridity
(Cook et al. 2004) were also centered in the interior
West of North America (Herweijer et al. 2007). How-
ever, even though the eastern parts of the United States
do not, in general, experience multiyear intense droughts,
short periods of a year to a few years do occur when
precipitation reductions place serious stresses on water
resources. A striking example of such an event is the
recent drought that began in winter 2005/06 in the
southeastern United States. This drought extended at
most two years—brief by Western standards—but has
led to more than a billion dollars in crop losses and
has placed massive strain on the water supply system of
the affected states, pitting state against state and user
against user, as all those affected attempt to avoid a drop
off in available water (Manuel 2008).

At the root of the water supply problem in the
Southeast is a growing population, driven in large part
by in-migration, over the last few decades. For example,
Georgia’s population grew from 6 478 216 in 1990 to
8 186 453 in 2000 and an estimated 9 544 750 in 2007, ac-
cording to U.S. census figures (available online at http://
www.census.gov)—that is an almost 50% increase in just
17 yr. Almost a quarter of total water use in Georgia,
for example, is for public water supply (available online
at http://ga.water.usgs.gov/projects/projectwateruse.html)
and thus these population increases have placed notable
stress on the available water resources.

The recent southeastern drought brings up several
important questions that we attempt to answer here.

o How does the precipitation reduction that caused the
recent drought compare with prior events in the in-
strumental record?

o What are the causes of drought in the Southeast? Is
drought in this region caused by anomalies of sea
surface temperatures (SSTs) (as in the West) or by
random atmospheric variability?
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o How well do climate models simulate hydroclimate
variability in the Southeast? Is there potential for
predicting hydroclimate variability in this region using
predictions of SSTs?

o How do Southeastern droughts in the instrumental
record compare to droughts over the last millennium
inferred from tree-ring records? Have worse droughts
occurred in more distant centuries?

e Is the recent drought in any way linked to anthropo-
genic climate change, and how is hydroclimate in the
Southeast projected to change in the coming years to
decades?

We will attempt to answer these questions using station
and satellite measurements of precipitation in the region,
observations of SST and sea level pressure (SLP), atmo-
spheric model simulations of the 18562007 period forced
by observed SSTs, atmospheric reanalyses and coupled
atmosphere—ocean simulations of twentieth-century cli-
mate, and projections of current-century climate together
with the Intergovernmental Panel on Climate Change
Fourth Assessment Report (IPCC AR4). Examining
such disparate data and model simulations necessarily
requires a certain disjuncture in the metrics for drought
and in the methods used. Analysis of the modern pe-
riod will focus on the relation of drought to patterns of
SST variability as a means of examining causes and
predictability. We do not have SST records for the pre-
instrumental period, and the analysis will be more de-
scriptive in nature. In addition, although variability
continues in model projections of future hydroclimate
change, there is also a trend toward increases in both
precipitation and evaporation over the Southeast and
that will be focused upon in this paper.

The tree-ring data used are reconstructions of the
PDSI (Palmer 1965), but we choose not to convert the
instrumental and model data to PDSI. PDSI has well-
known problems (Alley 1984; Karl 1986; van der Schrier
et al. 2006), but we are particularly concerned by whether
its simple computation of evapotranspiration is reliable
as climate change increases evaporative demand but not
necessarily the net surface radiation that provides the
energy for evapotranspiration (Burke et al. 2006). Al-
terations to the PDSI that specify the net radiation yield
more reasonable results within models, but they cannot
be widely applied to observations because of the lack of
radiation data (Burke et al. 2006). In this situation a
uniform approach to current, past, and future hydro-
climate variability and change is not possible. Hence,
although we have no choice but to examine PDSI re-
constructions in regard to the tree-ring data, for the in-
strumental period and the future our analysis focuses on
precipitation and therefore on meteorological drought
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(AMS Council 1997; Heim 2002). Precipitation data is
readily available and unambiguous, and droughts always
involve reductions in precipitation (AMS Council 1997).
Further, a focus on precipitation data allows us to make
extensive use of satellite data with global coverage to
examine the large-scale atmosphere—ocean context of
drought in the Southeast. In a study of U.S. hydro-
climate, Karnauskas et al. (2008) showed that at the
regional scale, instrumental PDSI and precipitation
track closely and “most differences are minor’’; how-
ever, they also point out that PDSI can be notably af-
fected by evaporation, which we accept. Although not
resorting to PDSI, we will show that increased evapo-
transpiration is an important component of future pro-
jected climate change.

We will conclude that the recent drought was quite
typical of historical droughts, that winter drought in the
Southeast is weakly linked to a cold tropical Pacific
Ocean, that summer drought is caused largely by inter-
nal atmospheric variability and, therefore, that there is
limited predictability of extended droughts. We will also
show that earlier centuries had droughts as severe as the
recent one but which extended for as long as a decade or
more. It will also be shown that the recent drought is
unlikely to have been influenced by anthropogenic cli-
mate change but that the latter will lead to increased
precipitation and also increased evapotranspiration with
the potential for reduced soil moisture and river flow
that would place further stress on regional water re-
sources.

2. Data and models

a. Observational data, reanalyses, and proxy
reconstructions

The precipitation data used here is the U.S. Climate
Division data that extends from 1895 to the present. This
consists of station data that have been binned into
monthly values for each climate division. The climate
divisions vary in size across the nation and are not of
regular shape; however, in the Southeast they are typi-
cally about a degree in longitude and latitude. We also
use the 1979 to present estimate of precipitation derived
from gauges and satellites from the Global Precipitation
Climatology Project (GPCP; Huffman et al. 1997). For
SST we use the same data used to force the atmosphere
model, as described below. This data consists of the
Kaplan et al. (1998) data within the tropical Pacific
(between 20°N and 20°S) and the Hadley Centre data
from Rayner et al. (2003) outside of the tropical Pacific.
The Hadley data begin in 1871, whereas the Kaplan data
begin in 1856. Therefore, for 1856-70 outside of the
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tropical Pacific, we use Kaplan data where available and
climatological SST in places where the Kaplan dataset
does not report an actual value. This method provides
for a continuous record of tropical Pacific SSTs from a
single dataset for the entire 18562007 period. For sea
level pressure, we use the Hadley Centre data of Allan
and Ansell (2006). For limited purposes we also use
the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis dataset (Kistler et al. 2001) and
results from the Variable Infiltration Capacity (VIC)
surface hydrology model forced by meteorological
observations, as described by Liang et al. (1994) and
Andreadis and Lettenmaier (2006).!

For a long-term perspective, we use an updated ver-
sion (v2a; E. R. Cook, 2007 personal communication;
available online at http://ingrid.ldgo.columbia.edu/expert/
home/ jennie/.PDSI/.NADAV2a/pdsi/) of the North Amer-
ican Drought Atlas (NADA) of Cook and Krusic (2004).
This is a gridded dataset of summer-season PDSI con-
structed from tree-ring records across Canada, the
United States, and northern Mexico. The update uses
more tree-ring records than in the initial release but uses
the same statistical methods. The NADA data are de-
scribed in Cook et al. (2004, 2007). Here we analyze the
period from A.D. 1000 to 2006.

b. Atmospheric simulations forced by observed
historical SSTs

The atmosphere model used here is the NCAR
Community Climate Model, version 3 (CCM3) run at
T42 resolution with 18 vertical levels (Kiehl et al. 1998).
The simulations used here are updates to September
2007 of large ensembles of the post-1856 period that we
have used extensively in previous studies of medieval-,
nineteenth-, twentieth-, and current-century North Amer-
ican droughts (Seager et al. 2005b; Herweijer et al.
2006; Cook et al. 2007; Seager 2007; Seager et al.
2008b,a, 2009). The model simulations variously im-
pose SST forcing globally or in individual ocean basins,
a methodology introduced by Lau and Nath (1994), are
as follows:

1. A 16-member ensemble from 1856 to 2007, each with
different initial conditions, with global SST forcing.

! The VIC model is a hydrologic model that solves for both water
and energy balances and includes subgrid-scale variations in soil
moisture capacity, precipitation, vegetation, and topography. It
includes a number of vegetation classes and has a detailed calcu-
lation of evapotranspiration that depends on vegetation charac-
teristics. The model also includes a detailed treatment of snow,
vertical exchanges at the surface and between layers, and also
horizontal base flow in the bottom of the soil layers.



5024

This is the Global Ocean Global Atmosphere
(GOGA) ensemble.

2. A 16-member ensemble from 1856 to 2007 with trop-
ical Pacific (20°S-20°N) SSTs specified and SSTs else-
where computed using a two-layer ocean model in
which the top layer is the mixed layer and has a spec-
ified seasonally varying depth (derived from observa-
tions) and exchanges heat and mass with the lower
layer. Neglected ocean heat transport is accounted for
by specified “g-fluxes” in each layer such that the cli-
matological model temperatures in the two layers re-
main close to those observed. Details can be found in
Seager et al. (2005b). This is the Pacific Ocean Global
Atmosphere-Mixed Layer (POGA-ML) ensemble.

3. A 16-member ensemble from 1856 to 2007 with
tropical Pacific (20°S-20°N) SSTs specified as for
POGA-ML but with climatological SSTs outside of
this region. This is the POGA ensemble.

4. An 8-member ensemble from 1856 to 2007 with
tropical Atlantic (30°S-30°N) SSTs specified and cli-
matological SSTs elsewhere. This is the tropical At-
lantic Global Atmosphere (TAGA) ensemble.

The SST forcing is the mixed Kaplan—Hadley dataset
as described above. The ensemble members begin with
different atmospheric initial conditions on 1 January
1856. Here we primarily focus on the ensemble mean of
the model simulations which, for a large enough en-
semble, isolates the component common to all ensemble
members—that is, the part forced by the underlying
SSTs—by averaging over the weather variability that is
uncorrelated between the ensemble members. The
component that is SST-forced is of particular interest
because it is potentially predictable on the time scale of
predictability of SST.

To verify that the model simulations are not unique,
we also briefly examined the history of precipitation in
the Southeast as modeled by five other atmosphere
GCMs forced by observed SSTs, although none extend
back before the middle of the last century.

c¢. Simulations and projections of forced
climate change

To assess whether the recent drought was in anyway
related to anthropogenic climate change, and to assess
how hydroclimate is projected to change in the future in
the Southeast, we use results from 24 models partici-
pating in the IPCC AR4 process (Houghton et al. 2007).
We analyze the simulations of the twentieth century
forced by known and estimated changes in trace gases,
solar irradiance and, in some cases, volcanism and land-
use change as well as the projections of current-century
climate change generated with the Special Report on
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Emissions Scenarios (SRES) A1B “middle of the road”
emissions scenario that has CO, emissions slightly de-
creasing after midcentury and CO, concentrations in-
creasing to 680 ppm by 2100.

3. The recent drought in the perspective of the
historical record of hydroclimate variations
in the Southeast

a. Characterizing the recent drought

Figure 1 shows maps of the observed precipitation
anomaly for the half-years from November 2005-April
2006 through May—October 2007. The left column shows
results from the climate division station data and uses
climatology from 1895 to present. The right column uses
the combined satellite—gauge data from GPCP relative
to the shorter 1979—present climatology. GPCP data are
plotted to see the large-scale patterns, including over the
tropical Pacific Ocean, in which the Southeast precipi-
tation anomaly is embedded.

The recent drought began in winter 2005/06 and was
part of a drying across the southern United States that
stretched from Arizona to the Atlantic Ocean. After
that, dry conditions persisted in the western United
States and in the Southeast through October 2007. The
GPCP data indicate that the Southeast drought was as-
sociated with varying patterns of precipitation anoma-
lies across the Pacific-North America sector. During
November 2005-April 2006 and May—October 2007,
there was reduced precipitation in the Pacific intertropi-
cal convergence zone (ITCZ) indicative of La Nifia-like
conditions, whereas in the two intervening years, even as
dry conditions persisted in the Southeast, ITCZ precipi-
tation was above normal, consistent with El Nifio con-
ditions. These changes in the tropical Pacific precipitation
are consistent with SST anomalies there (not shown).
Patterns of Atlantic Ocean precipitation also varied
throughout the duration of the drought. It is immediately
clear that the recent drought was not consistently and
closely tied to tropical SST anomalies and the associated
patterns of tropical precipitation anomalies.

Although the exact area of the Southeast that was
affected by reduced precipitation in the last few years
varied, an area average of land within 30°-38°N, 92°—
75°W will encompass the main areas. Figure 2 shows the
time series of precipitation averaged over this area, ac-
cording to the climate division data, for the period from
1895 to October 2007. The data have been averaged into
November—April and May-October half-years. The re-
cent drought is clear in the time series, but its precipi-
tation reduction does not exceed earlier droughts,
including one as recently as 1998-2002.
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FIG. 1. The precipitation anomaly (mm day ') for winter and summer half-years from fall 2005 to fall 2007 as derived from (left) climate
division station data and (right) GPCP satellite—gauge data. The climate division data are relative to a January 1895-October 2007

climatology, and the GPCP data are relative to a January 1979-March 2008 climatology.
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FIG. 2. The area-averaged (30°-38°N, 92°~75°W) precipitation anomalies (mm day ') for winter and
summer half-years from 1895 to fall 2007 as derived from climate division station data. Values are plotted
for November—April and May—October half-years and are relative to the 1895-2007 climatology.
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b. Association of Southeast precipitation variations
with patterns of SST and sea level pressure
variability

An association between El Nifio events and wet win-
ters in the Southeast was noted by Ropelewski and
Halpert (1987, 1989, 1996), Wu et al. (2005), Tootle and
Piechota (2006), Cocke et al. (2007), and Kurtzman
and Scanlon (2007). This relationship, however, does not
appear to be stable in time. A time series of the corre-
lation coefficient between winter half-year Southeast
precipitation and the Nino-3.4 SST index (SST averaged
over 5°S-5°N, 170°-120°W), evaluated in 20- and 30-yr
running windows, shows a high, positive correlation af-
ter about 1950 and before about 1922 but a weak neg-
ative correlation between these periods. Computing
correlation coefficients between two time series using
running windows is problematic (see Gershunov et al.
2001), which is why we do not show the running corre-
lation plot here), and conclusions that draw on such
statistics require independent backup to be credible.

Guided by that suggestive result, to look further into
the relationship between winter half-year precipitation
variability in the Southeast and global climate varia-
tions, we have correlated the time series of precipitation
variations in Fig. 2 with SST and SLP variations for three
time windows: 1895-1921, 1922-50, and 1951-2004. The
ending year of 2004 matches with the ending year of
the Hadley Centre SLP data. As shown (Fig. 3), during
the winter half year of the early and late periods, wet
conditions in the Southeast are associated with a prom-

inent warm SST anomaly—an El Nifio—in the tropical
Pacific Ocean, but this is not so during the period in
between. The associated SLP patterns show, for the early
and late periods, anomalously low pressure over the
anomalously warm eastern equatorial Pacific and anom-
alously high SLP over the western equatorial Pacific
Ocean, indicative of a weaker Walker circulation. Dur-
ing these periods, there is high pressure over the sub-
tropical North Pacific and low pressure over the subpolar
North Pacific, again consistent with El Nifio conditions.
During the intervening period of 1922-50, the SLP pat-
tern shows strong anomalous high pressure over the
North Pacific and no evidence of an altered Walker cir-
culation, consistent with the absence of a tropical Pacific
SST anomaly.

These combined results suggest that the winter half-
year relationship of Southeast precipitation to global
circulation and SSTs varied during the twentieth cen-
tury, as noted before by Cole and Cook (1998). This is
given further support by the regressions and correlations
of Hadley Centre SLP data on the Nino-3.4 SST time
series (Fig. 4). During the early and late periods, a classic
ENSO-driven SLP pattern is seen with a strong Aleutian
low and only weak SLP anomalies over the Atlantic
Ocean. In contrast, during the 1922-50 period, in addi-
tion to the deep Aleutian low, a deep low-pressure
anomaly occurs over the Atlantic Ocean during El Nifio
winters with northerly flow over the Southeast.

It is possible that the Pacific decadal oscillation
(PDO) plays a role in the variation over time of the
global linkages of Southeast precipitation. The PDO
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only plotted where they are statistically significant at the 5% level. Results are shown for three
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was defined by Mantua et al. (1997) as the first mode in
an empirical orthogonal function/principal component
analysis of Pacific SST north of 20°N. Between 1922
and 1950, the PDO was primarily positive. The ENSO-
associated Atlantic SLP signal during this period is
stronger than before or after this period, which is consistent
with the PDO ‘“modulation of ENSO teleconnections”
discussed by Gershunov and Barnett (1998). Typically
El Nifio winters cause anomalously wet conditions
across the Southeast (Ropelewski and Halpert 1986;
Seager et al. 2005a). When climate division precipitation
is regressed on the Nifio-3.4 SST index, this pattern of
overall wetting of the Southeast is reproduced for the
pre-1922 and post-1950 periods (not shown). However,
for 1922-50 the boundary between wet conditions over
the Southeast during El Nifio and drier conditions to the
north shifts southward into the middle of our Southeast
region (not shown). This is potentially consistent with
the northerly flow indicated by the SLP regressions on
Nino-3.4 for this period (Fig. 4b).

This temporal variability in the ENSO teleconnection,
possibly related to lower-frequency Pacific climate vari-
ability, may disrupt the tropical Pacific-Southeast precip-
itation connection during the 1922-50 period. Whether
or not this is so, Southeast precipitation variability
during this period appears to be controlled by internal
atmospheric variability. Indeed, the SST and SLP re-
gression patterns shown in Fig. 3b frequently appear in
the extratropically coupled (POGA-ML) model simu-
lations to be discussed later when internal atmospheric
variability is isolated by examining departures of en-
semble members from the tropical Pacific SST-forced
ensemble mean (not shown).

In contrast to the situation during the winter half-
year, summer half-year precipitation variability in the
Southeast is not strongly associated with tropical Pacific
or other SST anomalies at any time since 1895 (Fig. 5).
Instead, both the SST and SLP correlations indicate a
regionally localized, but temporally variable, associa-
tion. In general, wet summers in the Southeast are as-
sociated with southerly flow anomalies into the region,
which presumably brings ascending moist air. The pat-
tern of low-level flow implied by the SLP pattern is
consistent with the observed SST anomalies (e.g.,
anomalous northerly flow over the ocean causing cool-
ing) but these are generally not statistically significant
and not seen in Fig. 5. These results are indicative of
internal atmospheric variability generating Southeast
precipitation variability in the summer half-year and
forcing the SST anomalies. This suggests that summer
half-year precipitation variability in the Southeast arises
from internal atmosphere processes and is essentially
unpredictable.
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c. Southeast precipitation—global SST relationships in
ensembles of SST-forced atmospheric model
simulations

The observations suggest that during some peri-
ods, winter half-year precipitation in the Southeast is
closely tied to tropical Pacific SST anomalies but,
during other periods, it is not. Any hope for predict-
ability of Southeast precipitation on the seasonal to
interannual time scale will require as a first step that the
winter link to tropical Pacific SSTs, and its temporal
variation, be reproduced in models forced by observed
SSTs.

The ensemble mean of the GOGA simulations shows
a strong correlation between winter half-year precipi-
tation variations over the Southeast and tropical Pacific
SST anomalies for the entire period of the simulations
and does not show the 1922-50 observed reversal in
correlation. (Individual ensemble members do show
time-varying correlations between Nifo-3.4 and South-
east precipitation but not with the same temporal be-
havior. These results could be indicative of a failure of
the model to correctly respond to aspects of the ob-
served SST fields but further investigation is beyond the
scope of this paper.) Figure 6 shows the correlation and
regression of GOGA surface temperature (which, over
the ocean, is the observed global SST that was used to
force the atmosphere model) and ensemble mean SLP
on the ensemble mean GOGA precipitation anomaly
for the Southeast (30°-38°N, 92°~75°W, land areas only)
for the entire 1856-2007 period. In the model ensemble
mean wet winter half-years in the Southeast are clearly
associated with El Nifio conditions. This is emphasized
by the fact that the same relation to SST and SLP is ob-
tained when the analysis is conducted with the POGA-
ML model, which has only tropical Pacific SST forcing
(Fig. 7). The similarity of the GOGA and POGA-ML
results indicates that the model, when forced with global
SST anomalies, picked the tropical Pacific anomalies out
as having the strongest link to the Southeast. The mod-
eled patterns of SLP and SST associated with wet winters
in the Southeast are quite similar to those derived from
observations for the pre-1922 and post-1950 periods
(Figs. 3 and 4). According to the model, Atlantic SST
anomalies do not exert a strong influence on Southeast
winter half-year precipitation.

The patterns of GOGA and POGA-ML ensemble
mean SLP associated with Nifio-3.4 SST anomalies do
not vary over time. The single pattern shows the strong
North Pacific low during El Nifios but does not show the
strong low that occurred over the Atlantic in the 1922-50
period (not shown). If ENSO teleconnections varied
in time in a way that created a time-varying relation
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FIG. 5. Same as Fig. 3 but for May through October.

between Southeast precipitation and tropical Pacific
SST anomalies, then this is not captured by the model.

The ensemble mean modeled summer half-year pre-
cipitation in the Southeast is related to modeled SST and

SLP in a manner that looks like a muted version of the
winter half-year relationship; that is, wet summer half-
years in the Southeast are associated with a warm
tropical Pacific Ocean. This is in marked contrast to the
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FIG. 6. The regression of the Southeast precipitation of land and SST (colors, °C) and SLP (contours,
Pa), all from the GOGA model ensemble mean for the (top) November through April and (bottom) May
through October half-years. Surface temperature values are only plotted where they are statistically
significant at the 5% level.

observed relationship, which shows no obvious link d. Large-scale patterns of precipitation variability

to the tropical Pacific Ocean. However, the ensemble associated with variability in the Southeast
mean would be expected to emphasize the SST-forced
component of Southeast precipitation variability which, An additional way to examine the possible causes of

if weak, could be overwhelmed in nature by internal precipitation variability in the Southeast is to examine
atmospheric variability. the large-scale patterns of precipitation variability in
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FIG. 7. Same as Fig. 6 but for the POGA-ML model ensemble mean.

which it is embedded. This can only be done with pre-
cipitation data over oceans as well as land and therefore
we examine the GPCP combined gauge-satellite data
from 1979 through 2007 as well as results from the
GOGA ensemble mean using data from 1856 to 2007.
The observed winter half-year pattern (Fig. 8) affirms
the link of wet Southeast winters to El Nifio in the
tropical Pacific, as evidenced by the equatorial band of

positive precipitation anomaly there. The summer half-
year pattern appears largely local and has only a very
weak link to the tropical Pacific Ocean. The GOGA
modeled winter half-year pattern (Fig. 9), using the
entire 18562007 record, is also linked to El Nifno and is
quite realistic (the patterns are not appreciably different
when we only use the post-1979 model data to match
the shorter observational record). However, during the
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summer half-year, the model also produces a link, albeit
weaker, between wet in the Southeast and wet over the
equatorial Pacific that is at variance with the observa-
tions. That said, there is evidence for a summer half-
year teleconnection from the tropical Pacific to the
Caribbean-Gulf of Mexico-Mexico-southern U.S. re-
gion (Seager et al. 2009). However, this teleconnection
pattern has a nodal line in its precipitation anomaly
close to the Southeast.” It is therefore not surprising that
in the single realization of nature, any link of summer
half-year Southeast precipitation to the tropical Pacific
is overwhelmed by internal variability. In contrast, the
model ensemble mean, by averaging over the internal
variability, shows the weak connection to the tropical
Pacific. The spatial patterns obtained from the POGA-
ML model (not shown) are essentially the same as those
shown from the GOGA model, emphasizing the role of
the tropical Pacific in the model.

e. Comparison of ensemble mean modeled and
observed history of Southeast precipitation
in the instrumental period

The model data comparisons conducted so far suggest
that the ensemble means of simulations forced by his-
torical SSTs should be able to capture some part of the
observed winter half-year precipitation variations in
the Southeast but should have no ability to reproduce
the summer half-year variations because those are strongly
influenced by internal atmosphere variability. This
supposition is confirmed by Fig. 10, which shows the
time series of observed climate division and GOGA
ensemble mean modeled precipitation for the summer
and winter half-years for the Southeast. The correlation
coefficient between the winter half-year observed and
ensemble mean modeled time series is very low—only
0.13—indicating the model is capturing only a very
small part of the observed variance since 1895. How-
ever, as expected given the time-varying strength of the
Southeast precipitation—-ENSO connection (Fig. 3), the
correlation coefficient varies between 0.33 for the 1951-
2007 period, 0.32 for the pre-1922 period, and —0.41 for
the 1922-50 period.

As expected, the modeled and observed summer half-
year precipitation time series are uncorrelated (Fig. 10).

% Indeed, by moving the longitude ranges of the box used to
define the Southeast precipitation index, or even by including
ocean points within the range used, wet conditions become corre-
lated with La Nifia in the tropical Pacific as the precipitation index
picks up the coherent region of precipitation teleconnection that
extends from east of the southeastern United States southward,
eastward, and westward over the Gulf of Mexico, Caribbean Sea,
and adjacent Atlantic Ocean.
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This is consistent with summer precipitation variations
in the Southeast arising from internal atmospheric var-
iability and not from SST forcing. This is in part because
the Southeast lies between an area to its west where
summer precipitation is positively correlated with trop-
ical Pacific SSTs and an area to its east and south that
is negatively correlated (see Seager et al. 2009). In both
half-years, the modeled precipitation variability is weaker
than that observed, as evidenced by the frequent excur-
sions of the latter outside of the two standard deviation
spread of the model ensemble (as shown by the shaded
area in Fig. 10).

It is interesting that, despite its proximity to the At-
lantic Ocean, neither observational analysis nor the
model results have indicated an influence of SST
anomalies on Southeast precipitation. This is confirmed
by the TAGA ensemble, which produces only very weak
precipitation anomalies over the Southeast that are
poorly or not correlated with observations (not shown).
The POGA-ML ensemble allows Atlantic SSTs to re-
spond to tropical Pacific forcing, which has been shown
to create a negative feedback on precipitation over
western North America. However, when the tropical
Pacific SST forcing is isolated in the POGA ensemble,
the results for the Southeast (not shown) are not sig-
nificantly changed from the coupled POGA-ML en-
semble, emphasizing the direct effect of the Pacific on
the Southeast.

These results are not unique to this model. We also
created plots like Fig. 10 for ensembles of historical
model simulations archived at the International Re-
search Institute for Climate and Society (available
online at http://iridl.ldeo.columbia.edu/docfind/databrief/
cat-sim.html): the Center for Ocean-Land-Atmosphere
Studies (COLA) model (10 members, 1950-2003); the
National Aeronautics and Space Administration’s
(NASA) Seasonal-to-Interannual Prediction Program
(NSIPP) model (9 members, 1930-2008); the European
Centre for Medium Range Weather Forecasts—-Hamburg,
version 4.5 (ECHAMA4.5) model (24 members, 1950
2007); the Geophysical Fluid Dynamics Laboratory
atmospheric model 2.1 (GFDL AM2.1; 10 members,
1950-1999); and the NCEP model (10 members, 1950-
2004). The correlation coefficients between modeled
and observed winter half-year precipitation (for the same
southeastern land area as used before) were 0.20 for
NSIPP, 0.27 for COLA, 0.42 for ECHAM4.5, 0.38
for GFDL, and 0.22 for NCEP. These are comparable to
that from our GOGA simulations, given that the other
models primarily contain the late-twentieth-century
period of highest correlation.

Summer half-year precipitation was essentially uncor-
related, or even weakly negatively correlated, with
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observations for four of these additional models; how-
ever, it reached 0.29 for the NCEP model. Unlike the
other models, precipitation in the Southeast in the NCEP
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model was weakly correlated to La Nifa conditions. and therefore we avoid the conclusion that

However, there is no evidence from the observational

VOLUME 22

analyses presented here, or from an analysis of the spatial
pattern of ENSO-associated GPCP precipitation anom-
alies, that this is a generally correct or robust relationship

the NCEP

model is right and the other five models are wrong.
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FIG. 9. Same as Fig. 9 but for the ensemble mean of the GOGA simulations. Units for the regression are

millimeters per day per standard deviation of the GOGA Southeast precipitation index.

Given the weak relationship between Southeast pre-
cipitation and SSTs, and the varying SST conditions
in the tropical Pacific Ocean during the 2005-07 period,
it is not surprising that the GOGA model fails to ac-
curately reproduce a continuous drought from winter
2005/06 through fall 2007. The modeled precipitation
anomalies are shown in Fig. 11 (cf. Fig. 1) and show a very

limited hindcast skill. Of the four half-years that made
up the drought period, only the La Nifia—associated
dry winter of 2005/06 is convincingly simulated. In
contrast, the model conspicuously fails to simulate the
dry Southeast from November 2006 through October
2007. The simulations from the tropical Pacific—forced-
only model (POGA-ML) are also shown in Fig. 11 and
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FIG. 10. Time series of the climate division precipitation averaged over the Southeast and that of the GOGA
ensemble mean (mm day ') for the (top) winter and (bottom) summer half-years. The shading around the model
time series shows the plus and minus two standard deviation of the spread within the model ensemble. Model skill is
weak (nonexistent) during the winter (summer) half-years.

are essentially very similar to the results obtained with
global SST forcing, emphasizing the dominance in the
model of the tropical Pacific forcing. The only two other
models that cover the recent drought—NSIPP and
ECHAM4.5—produced similar results (not shown).

In contrast to the failure of the model to simulate
the post-2005 drought as a response to SST forcing,

Fig. 10 shows that the preceding turn-of-the-century
drought was more accurately simulated during the
winter half-year by the GOGA model [and also by the
other models (not shown)] probably because, in na-
ture and the model, this was a response to a continu-
ous 4-yr La Nifia (Hoerling and Kumar 2003; Seager
2007).
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f- Summary: Causes of Southeastern drought

The observational record that winter precipitation in
the Southeast is tied to ENSO, as has been noted by
many before, beginning with Ropelewski and Halpert
(1987), is supported in a cause-and-effect manner by
modeling experiments in which times of cool tropical
Pacific SSTs force drier-than-normal conditions in the
Southeast. However, this relationship is weak in the
observational record and, what is more, was not opera-
tive at all between about 1922 and 1950, during which
time Southeast precipitation does not appear to be
controlled by any known mode of SST-forced climate
variability. In contrast, the model ensemble mean pro-
duces a very stable relation between cool tropical Pacific
SST anomalies and dry SST anomalies in the Southeast.

These results can be reconciled by recognizing that,
even during the time of an active ENSO-Southeast pre-
cipitation relation, ENSO explains at most a quarter of
the Southeast precipitation variance. The model ensem-
ble mean isolates the SST-forced signal and, by design,
produces a stronger ENSO-Southeast precipitation re-
lation. During the approximately 1922-1950 period, the
modest ENSO-forced signal in Southeast precipitation
was not evident. The results of Gershunov and Barnett
(1998) suggest that the dominantly positive PDO during
this time acted to weaken the ENSO-Southeast precipi-
tation link, leaving winter half-year precipitation vari-
ability in nature to be dominated by internal atmosphere
variability, which the model ensemble mean, by design,
filters out.

In the summer half-year, the observed precipitation
variations seem only related to internal atmosphere var-
iability and not to any SST forcing. In contrast, the model
creates wetter-than-normal summer half-years when
tropical Pacific SSTs are warm. This would lead to a
spurious prediction, but the large ensemble spread and
weak correlation would caution about placing any faith in
the ensemble mean prediction. Consistent with these
results is that the time history of modeled and observed
precipitation in the Southeast shows only weak agree-
ment in the winter half-year and no agreement in the
summer half-year. Similarly, low model skill was obtained
when examining simulations conducted for shorter pe-
riods of time with five other climate models and confirms
the limited potential predictability of Southeast precipi-
tation in winter and its unpredictability in summer.

The atmospheric dynamics that link tropical SSTs to
precipitation variations in the North American and
global extratropics have been analyzed in detail else-
where (Seager et al. 2003; 2005a,b; Cook et al. 2007,
Seager 2007; Seager et al. 2009) and will not be further
examined here.
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4. Long tree-ring records of drought in the Southeast

Does the short instrumental record capture all that
can happen in the Southeast, or can droughts more se-
rious than any in the instrumental record occur? To
examine this question, we used an updated (by the in-
clusion of more tree-ring records; Ed Cook 2007, per-
sonal communications) version of the NADA, which
provides tree-ring reconstructed summer PDSI for each
year from 2 B.C. to A.D. 2006 (Cook and Krusic 2004;
Cook et al. 2004). Before A.D. 1000, coverage is largely
restricted to western North America, and here we ex-
amine the period from A.D. 1000 onward. Before pro-
ceeding we correlated the tree-ring reconstructed PDSI
with the climate division precipitation data for the
overlapping post-1895 period. The tree-ring PDSI cor-
related equally well with summer and winter half-year
precipitation with a correlation coefficient of about 0.5
for both, or about a quarter of the variance being ex-
plained. Winter and summer precipitation are not well
correlated in the Southeast. Consequently, a total of
about half the tree-ring PDSI variance is explained by
precipitation variations, with precipitation in each of the
two half-years being about equally responsible. This is
comparable to the correlation between precipitation
and instrumental PDSI that Karnauskas et al. (2008)
found for the Great Plains. The summer and winter
correlations also suggest that the trees in the Southeast
are sensitive to precipitation year around and therefore
we think of the PDSI values as indicative of the annual
moisture balance.

As shown in Fig. 12, the Southeast has experienced a
rich amount of temporal hydroclimate variability over
the last millennium. The dataset ends in 2006 and does
not capture the recent drought in entirety, but the
equally as severe turn-of-the-century drought (Seager
2007) is unremarkable and appears as one of many such
short dry spells.

In addition to short and severe droughts, there is ev-
idence of some long multiyear droughts. To search for
these droughts, we created a criterion for a drought that
begins with a year of negative PDSI and ends the year
before a year of positive PDSI and in the intervening
period contains no back-to-back years of positive PDSI.
We then calculated the cumulative PDSI over the
drought, so defined, and ranked the results. Maps of
the selected droughts are shown in Fig. 13 along with
the map of the NADA estimate of the 1998-2002
drought for reference. Two droughts—from 1798 to
1826 and from 1834 to 1861—appear as extended dry
periods. The mid-nineteenth-century drought was cen-
tered in the Southeast, whereas the earlier nineteenth-
century drought was centered in the central plains but
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FIG. 12. The tree-ring reconstructed PDSI averaged over the Southeast for the A.D. 1000-2006 period from the

updated NADA.

spread both east and west from there. In contrast, a
strong and uninterrupted drought occurred in the east-
ern plains between 1555 and 1574 and also affected the
Southeast but not the western United States. This
drought corresponds to the earlier part of the sixteenth-
century megadrought identified by Stahle et al. (2000,
2007). In contrast yet again, the two medieval-era
droughts selected affected both the West and the
Southeast and are more akin in spatial pattern to prior
identified medieval ‘“megadroughts” (Herweijer et al.

2007; Seager et al. 2007a). The PDSI averaged over
these droughts does not reach the severity of the 1998-
2002 period, but the selected droughts generally include
shorter periods within them of that severity and are
much longer than the turn-of-the-century drought.

The early- and mid-nineteenth-century droughts are
clearly seen in Fig. 12, and each drought included a few
years with drought severity comparable or exceeding
those in the turn-of-the-century drought and, more
importantly, for 29 and 28 yr, respectively, each had
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FI1G. 13. Tree-ring reconstructions of PDSI for the turn-of-the-century drought and for five previous multiyear droughts as recorded in
the NADA. The five earlier droughts were chosen on the basis of both longevity and intensity to illustrate the potential in the Southeast for

multiyear—decadal time-scale droughts to occur.

overwhelmingly negative PDSI years and no years
with more than extremely small positive PDSI. These
nineteenth-century droughts, which are perhaps better
thought of as a single multidecadal dry period, are well
within the range of historical records and could poten-
tially have had an agricultural effect but probably would
not have had an effect on water availability for people
given the generally wet climate of the Southeast and the

much smaller population then as opposed to now. We
are unaware of historical records of these droughts.
The causes of these long and severe droughts within
the last millennium are not well known. The two wide-
spread medieval-period droughts are potentially linked
to cool tropical Pacific SSTs during those centuries
(Cobb et al. 2003) according to mechanisms analogous
to La Nifa forcing of multiyear droughts (Cook et al.
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FIG. 14. Modeled changes (mm day ') in annual mean P — E over the Southeast (30°-38°N, 92°~75°W, land areas only) averaged over
ensemble members for each of the 24 models. The historical period used known and estimated climate forcings, and the projections used
the SRES A1B emissions scenario. The red line shows the median P — E, and the pink shading shows the 25th and 75th percentiles of the
P — E distribution among the models. The ensemble medians of P (blue line) and E (green line) are also shown. Results are for the period
common to all models (1900-2098) and anomalies for each model are relative to that model’s climatology for 1950-2000. Results have
been 6-yr low-pass Butterworth filtered to emphasize low-frequency variability. The climatological 1950-1999 model ensemble mean

P — E in this region is around 0.8 mm day ™',

2007; Herweijer et al. 2007; Seager et al. 2007a; Graham
et al. 2007; Seager et al. 2008a) that created coast-to-
coast droughts across southern North America. The link
between the tropical oceans and the later droughts has
not yet been examined. There is no indication in the
record of a multicentennial medieval period of drier
conditions in the Southeast as there is in the West (Cook
et al. 2004; Herweijer et al. 2007; Seager et al. 2007a).
However, it does seem that the twentieth century has,
from the perspective of the millennium, been anoma-
lously wet overall.

5. Model projections of anthropogenic hydroclimate
change in the Southeast

There is no clear evidence of hydroclimate change in
the Southeast during the period of anthropogenic forc-
ing of climate (Fig. 2), but it is worth examining model
projections of twentieth- and current-century change.
To do this we have examined the simulations of the
climate of the last century and projections of the climate
of the current century that were done as part of the
IPCC AR4 process. We examined results from all 24
models. Since for some models there are multiple sim-
ulations and projections and since we did not want to
bias the results to any particular model, we only exam-
ined a single twentieth-century run and a single twenty-
first-century run for each model. Figure 14 shows time
series of the annual mean medians of precipitation (P)
and evaporation (E) from the multimodel ensemble as

well as the median, and upper and lower quartiles, of the
distribution of P — E.

The median projection for the Southeast is for both
increasing P and E. The balance is such that the median
P — E decreases very modestly during this century;
P — E drops more in the summer half-year than the
winter half-year (not shown). However, the range of
model projections is large with a quarter to a third of the
models projecting an increase of P — E. Indeed, when
the same 19 models as used by Seager et al. (2007b)
are analyzed, a more striking reduction of P — E ap-
pears, whereas a 12-member subset of models analyzed
by Milly et al. (2005) shows an increase in implied run-
off (and hence, presumably, in P — FE) in the current
century.

For the full 24-model ensemble, Fig. 15 shows maps of
the annual mean change in P and P — E for the near-
future period from 2021-40 minus the period from 1950
to 1999. The Southeast clearly lies at the poleward fringe
of the region of projected subtropical drying (Held and
Soden 2006). In both half-years, P increases over the
Southeast in the projected near future. However, P — E
drops across the region in the summer half-year and for
the southern part of the region in the winter half-year.
Remembering that long-term mean P — FE is always
positive over land, the reduction in P — E implies less
atmospheric convergence of moisture into the region in
the near future. Since P itself increases, this is driven by
increased evaporation of fallen P and its removal as
vapor by the atmospheric flow. This is a very different
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situation to the Southwest, where the projected reduc-
tion of P — Eis driven by a projected reduction of P and
E reduces as the land surface dries (Seager et al. 2007b).

6. Conclusions

The recent 2-yr drought that struck the Southeast, by
summer and fall 2007, had caused serious water short-
ages in the region, leading to the imposition of restric-
tions on water use and the opening up of legal conflicts
within and between states on the regulation and use of
the region’s water resources. This is despite this 2-yr
drought not being more severe than earlier droughts,
including one as recently as 1998-2002, and indicates
that the water shortage crisis was largely driven by rising
demand.

Observed precipitation variations in the Southeast are
weakly associated with ENSO during the winter half-
year, with La Nifa leading to dry conditions, and are
instead correlated to only internal atmospheric vari-

ability in the summer half-year. A climate model forced
by historical SSTs recreates the weak La Nifa-dry
Southeast link in the winter half-year but also creates
this link, in a muted fashion, in the summer half-year.
Apparently any such weak ENSO-preciptation link in
the summer in observations is overwhelmed by internal
atmospheric variability. The observed ENSO-winter
precipitation link also varies in time being weak and of
opposite sign from 1922 to 1950, a feature that is not
recreated by the model ensemble mean or by ensemble
members.

All of this emphasizes the weakness of the ENSO-
Southeast precipitation link, which is in contrast to a
much stronger link for southwestern North America (see
Seager et al. 2005a,b; Herweijer et al. 2006; Schubert
et al. 2004a,b; Seager 2007; Seager et al. 2009. As a
consequence, the time history of modeled and observed
area-averaged Southeast precipitation is only weakly
correlated in winter and not at all in summer. This weak
temporal correlation was confirmed in five other climate
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model simulations. That there are multidecadal periods
when the correlation between observed and modeled
precipitation is higher (e.g., after 1950) might suggest
some useful model skill, but this cannot be reliably ex-
ploited unless for some reason a temporally varying
correlation, other than random chance, is discovered
and the models can reproduce it. Overall, it appears that
predictive skill of Southeast precipitation will be limited
in winter and nonexistent in summer.

Despite the inability to usefully predict Southeast
precipitation, it is important to assess the full character
of precipitation variations in the Southeast. To do this
we analyzed tree-ring reconstructions of PDSI for the
period from A.D. 1000 to 2006. The tree-ring records
show long periods of severe droughts that dwarf the
turn-of-the-century drought in their persistence. One
of these droughts seems to have occurred in 1555-74
and included 20 uninterrupted years of drought. This
drought did not effect western North America. In con-
trast, the Southeast was also sometimes affected by the
medieval megadroughts that were centered in western
North America. Curiously, the early and mid-nineteenth
century also appears as a long period of drier conditions
after which the Southeast transitioned to a twentieth
century that was noticeably wetter than the long-term
mean of the millennium. The medieval droughts have
been linked to persistent La Nina-like conditions in the
tropical Pacific Ocean (Cobb et al. 2003; Herweijer et al.
2006; Cook et al. 2007; Graham et al. 2007; Seager et al.
2007a, 2008a), but the sixteenth and early- to mid-
nineteenth-century droughts have not yet been attrib-
uted to any possible cause. Regardless, the tree-ring
records clearly indicate that longer, and by that measure
more severe, droughts have occurred in the Southeast
than appear in the instrumental record of the twentieth
century.

Turning to projections of anthropogenic climate change
in the Southeast, models project that, in the near-future
precipitation will increase year around in the Southeast
north of southern Florida. However, precipitation minus
evaporation (P — E) decreases modestly in the annual
mean, driven by increasingly negative P — E in summer.
This is in turn caused by an increase in evaporation,
presumably related to atmospheric warming, that ex-
ceeds the increase in precipitation. Since P — E is pos-
itive over land, this implies a weakening of moisture
convergence by the atmospheric flow; however, we have
not examined how this occurs. The reduction of P — E'is
not robust in the sense that at any time up to a third of
the models project an increase in P — E while the re-
maining models projects a decrease.

To the extent that P — E is reduced, the mechanism is
different from that for the robust projection of reduced
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P — E in the Southwest, which is driven by reduced P,
with E reducing as soil moisture drops (Seager et al.
2007b). In the post-2005 drought, according to the
NCEDP reanalysis, £ dropped along with P, indicating
that the recent drought was driven by a reduction of P
and not by an increase of E. Furthermore, the trends in
E for the 1949-2008 period computed from the NCEP
reanalysis, and computed for the 1915-2003 period from
the VIC land surface hydrology model, do not show an
increase in E. These estimates of E are likely to be quite
uncertain, although the estimate from the VIC model is
at least constrained by the observed precipitation, but
they are consistent in showing no signature of projected
anthropogenic climate change in the recent drought.
That said, the projection of a modest reduction in the
current century of P — E by the model ensemble indi-
cates that climate change should not be counted on to
solve the Southeast’s water woes and is, in fact, as likely
to make matters worse as it is better.
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