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ABSTRACT

The causes of persistent droughts and wet periods, or pluvials, over western North America are examined
in model simulations of the period from 1856 to 2000. The simulations used either (i) global sea surface
temperature data as a lower boundary condition or (ii) observed data in just the tropical Pacific and
computed the surface ocean temperature elsewhere with a simple ocean model. With both arrangements,
the model was able to simulate many aspects of the low-frequency (periods greater than 6 yr) variations of
precipitation over the Great Plains and in the American Southwest including much of the nineteenth-
century variability, the droughts of the 1930s (the “Dust Bowl”) and 1950s, and the very wet period in the
1990s. Results indicate that the persistent droughts and pluvials were ultimately forced by persistent varia-
tions of tropical Pacific surface ocean temperatures. It is argued that ocean temperature variations outside
of the tropical Pacific, but forced from the tropical Pacific, act to strengthen the droughts and pluvials. The
persistent precipitation variations are part of a pattern of global variations that have a strong hemispheri-
cally and zonally symmetric component, which is akin to interannual variability, and that can be explained
in terms of interactions between tropical ocean temperature variations, the subtropical jets, transient eddies,
and the eddy-driven mean meridional circulation. Rossby wave propagation poleward and eastward from
the tropical Pacific heating anomalies disrupts the zonal symmetry, intensifying droughts and pluvials over
North America. Both mechanisms of tropical driving of extratropical precipitation variations work in
summer as well as winter and can explain the year-round nature of the precipitation variations. In addition,
land-atmosphere interactions over North America appear important by (i) translating winter precipitation
variations into summer evaporation and, hence, precipitation anomalies and (ii) shifting the northward flow
of moisture around the North Atlantic subtropical anticyclone eastward from the Plains and Southwest to
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the eastern seaboard and western Atlantic Ocean.

1. Introduction

Currently (September 2004) the American South-
west is enduring one of the long and severe droughts
that have afflicted the region frequently since the in-
strumental record began in the late 1800s as well as in
the more distant past. The current drought began with
the demise of the 1997/98 El Nifio and is in its fifth year.
This is causing significant difficulties in meeting river
flow and hydroelectric power generation requirements.
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For example, the U.S. Department of the Interior’s
Bureau of Reclamation reports on their Web site that
for Lake Powell on the Colorado River “[i|nflow in
2002 was the lowest ever observed since the completion
of Glen Canyon Dam in 1963,” that in 2004 inflow “in
July and August was dismal, only 35 and 29% of aver-
age” and that Lake Powell behind the dam is only 38%
full (see http://www.usbr.gov/uc/water/crsp/cs_ged.
html).

The most recent drought in the American West is all
the more of a shock because it comes on the heels of
two decades that, according to instrumental records,
were the wettest time in the Southwest in the last 150 yr
with, perhaps, the exception of the “early twentieth-
century North American pluvial” (Fye et al. 2003). Tree
ring growth in the Southwest in these two decades was
unprecedented in the last one thousand years (Swetnam
and Betancourt 1998). Indeed it is tempting to follow
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Fye et al. (2003) and refer to this as the “late-twentieth-
century North American pluvial.” The coincidence of
these two pluvials with two major developments in the
history of the West is ironic: The Colorado River Com-
pact that determined water allocations for the states of
the Southwest was based on the anomalously large river
flow in the first two decades of the twentieth century
(Reisner 1986); the last two decades of the twentieth
century were a time of huge population expansion in
the desert states of the Southwest. What is the future of
rainfall in the Southwest, and how will this effect the
networks of water supply, irrigation, and power genera-
tion that have been developed in the region?

The Southwest is not the only region of North
America to experience episodic drought. The Great
Plains experienced a severe drought in the Dust Bowl
years of the 1930s, so well remembered not only for the
meteorological extremes of the period but also the elo-
quent memorialization of the devastating human cost
by John Steinbeck, John Ford, Woody Guthrie, Dor-
othea Lange, and others. The Plains have experienced
other droughts, for example, one in the years preceding
and running through the Civil War. Stahle and Cleave-
land (1988), based on tree ring widths, claim that this
was the worst drought in Texas since 1700.

The Dust Bowl, however, stands out. It came on the
heels of two decades of agricultural expansion during
mostly wet conditions in which the native drought-
resistant short grass prairie was replaced with drought-
prone crops like wheat. When drought struck and the
wheat died, horrible dust storms gripped the Plains,
depositing dust as far away as Norway. Poor agricul-
tural and economic policies transformed a natural cli-
mate perturbation into one of the worst environmental
disasters of the twentieth century (Worster 1979).
Drought returned in the late 1940s and 1950s. By some
estimates, more land was damaged by wind erosion be-
tween 1954 and 1957 than during the mid-1930s. How-
ever, Dust Bowl conditions were averted by improved
land use practices such as contour ploughing and shel-
ter belts and because of different economic policies
(Worster 1979).

Droughts also occurred before the period of Euro-
pean settlement, as summarized by Woodhouse and
Overpeck (1998). Tree ring records, analysis of dead
trees in lakes in the West, records of aeolian landscape
features, and lake sediments all point to a climate re-
gime of less precipitation in both the Plains and the
Southwest prior to A.D. 1400 and going back hundreds
of years (Stine 1994; Laird et al. 1996; Fritz et al. 2000;
Cook et al. 2004).

Schubert et al. (2004) have shown that climate mod-
els forced by observed sea surface temperatures (SSTs)
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for the period from 1930 to the present can reproduce
with some fidelity the history of precipitation over the
Great Plains. They found that tropical SSTs were the
most important, with a warm tropical Pacific Ocean
leading to increased precipitation over the Plains. This
is akin to interannual variability whereby the El Nifio—
Southern Oscillation (ENSO) affects precipitation over
North America (Trenberth and Branstator 1992; Tren-
berth and Guillemot 1996; Mo and Higgins 1998; Sea-
ger et al. 2005).

The studies of Schubert et al. (2004) and Seager et al.
(2005, hereafter S05) place Great Plains precipitation
anomalies in the context of a pattern that has obvious
hemispheric and zonal symmetry: when it is dry in the
Plains, it is dry in the midlatitudes of each hemisphere
and at almost all longitudes. It is also warm. This pat-
tern has been explained by Seager et al. (2003a, here-
after S03) in terms of the impact that tropically forced
changes in the strength and location of the subtropical
jets have on the propagation of transient eddies and the
eddy-driven mean meridional circulation (MMC). Dur-
ing La Nifa events, this interaction causes eddy-driven
descent in midlatitudes that suppresses precipitation.

Despite these advances in understanding precipita-
tion variability over North America, many questions
remain unanswered:

1) Droughts and pluvials over North America involve
significant precipitation anomalies during the sum-
mer half year. Is this related to summertime SST
variability or is a bridging mechanism needed, per-
haps in the soil moisture, that carries over the im-
pact of winter SST variability?

2) What is the relative role of tropical Pacific and glob-
al SST anomalies in driving the predictable compo-
nent of Great Plains and Southwest precipitation
anomalies?

3) What is the global dynamical context of droughts
and pluvials over the American West?

Here we address these questions using observations
and numerical climate models in an analysis of the pe-
riod since 1856. Before the 1950s, upper-air data are
rare and observations are largely restricted to the sur-
face. Consequently, for a longer-term perspective,
analysis of atmosphere models forced by observed SSTs
are indispensable. We will use two straightforward ap-
proaches: the first forces the atmosphere model with
the time history of observed SSTs everywhere, the sec-
ond forces the atmosphere model only in the tropical
Pacific but computes the SST anomalies elsewhere us-
ing a simple entraining mixed layer (ML) ocean model.
Comparing the simulations of the two model configu-
rations will answer most of the questions posed.
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In the next section, we will describe the model ar-
rangements. In section 3, we will analyze modeled and
observed indices of precipitation in the Plains and
Southwest. In section 4, we will examine the global at-
mosphere—ocean context of long-term precipitation
variability in these two areas. In sections 5 and 6, we
will examine the modeled and observed precipitation
anomalies of the 1930s, 1950s, and 1990s. The zonal
mean climates during these periods are discussed in
section 7. Discussion and conclusions follow.

2. Model description and experimental design

a. Atmosphere model

The atmosphere general circulation model (GCM)
used here is the National Center for Atmospheric Re-
search (NCAR) Community Climate Model 3 (CCM3)
described by Kiehl et al. (1998). It has triangular trun-
cation at zonal wavenumber 42, 18 vertical levels, and a
set of physical parameterizations often referred to as
“state of the art.” The performance of the model, in-
cluding its precipitation simulation, is described in
Hack et al. (1998) and Hurrell et al. (1998).

b. Ocean model

In some experiments, the atmosphere GCM is
coupled to an ocean ML model, based on Russell et al.
(1985), including a variable depth surface layer and a
layer below that extends down to a uniform specified
depth. The depth of the surface layer follows a specified
seasonal cycle that is spatially variable and that follows
the observed ML depth, taken to be the depth where
the temperature falls more than 0.5 K cooler than the
SST using the data of Levitus and Boyer (1994). The
surface layer exchanges heat with the atmosphere ac-
cording to the atmosphere GCMs’ computation of the
surface energy fluxes. The surface layer exchanges heat
with the subsurface layer that is derived from the speci-
fied mass exchange and the modeled layer tempera-
tures. The movement of heat by ocean currents in each
layer is specified according to the “g-flux” formulation:
a spatially varying seasonal cycle of g-flux is diagnosed
for each layer as that which is required to maintain the
observed climatological model temperatures when the
ocean model is coupled to the atmosphere GCM (see
Russell et al. 1985 for details). The g-fluxes also ac-
count for errors in the modeled surface flux (and other
model errors) but, primarily, account for the ocean heat
transport.

¢. Model experimental design

In the Global Ocean—Global Atmosphere (GOGA)
experiments, the atmosphere GCM uses observed SSTs
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as its lower boundary condition. These use a blend of
datasets. The Hadley Centre Sea Ice and SST dataset
(HadISST; Rayner et al. 2003) begins in 1870 and is
global. The dataset of Kaplan et al. (1998) begins in
1856 and is not global, but does contain data in the
Tropics. Therefore, for the tropical Pacific (20°N—20°S),
we use Kaplan data from 1856 to 2000. From 1856 to
1870, and outside of the tropical Pacific, we use Kaplan
data where available and otherwise use climatological
SSTs from HadISST, smoothing in between. From 1870
on, and outside the tropical Pacific, we use the Had-
ISST data. SSTs were smoothed linearly in latitude
across a 10° wide belt between the tropical Pacific and
the North and South Pacific Oceans.

For the Pacific Ocean Global Atmosphere-ML
(POGA-ML) experiments, we only specify the SST in
the tropical Pacific, using the Kaplan data, and compute
the SSTs everywhere else using the ocean ML model.
For both POGA-ML and GOGA, we generated 16
member ensembles with each member using a different
initial condition on 1 January 1856. Results shown are
for the ensemble mean, which (nearly) isolates the
component of the climate variability forced by the im-
posed SSTs. This means that in the POGA-ML experi-
ments the SST variations outside of the tropical Pacific
are forced by the imposed SST variations in the tropical
Pacific. They may feed back onto aspects of the global
climate variability, but, even if they do, they are to be
considered part of the climate response to tropical Pa-
cific variations and not as causal agents that autono-
mously generate climate variability.

3. Modeled and observed indices of precipitation
over the Great Plains and Southwest: 18562000

A straightforward test of the extent to which precipi-
tation variability over North America is boundary
forced and the ability of the climate model to simulate
this is a comparison of the ensemble mean modeled and
observed precipitation averaged over representative ar-
eas in each region. A low correlation could indicate that
either the observed precipitation variability was caused
by internal atmospheric variability or that, if it was SST
forced, the model was unable to capture this. In con-
trast, a high correlation would be expected only if the
observed precipitation variability was significantly
forced by SST variations and the model was able to
capture this. In reality only a portion of the real-world
variability is expected to be SST forced, and the mod-
el’s skill is limited. Consequently, the strength of the
correlation is a measure of the ratio of forced precipi-
tation variability to internal atmospheric variability and
also of the model skill.
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FIG. 1. (a) The precipitation anomaly (mm month ') over the Great Plains (30°~50°N, 110°~90°W) for the period
1856-2000 from the POGA-ML ensemble mean and from gridded station data. (b) Same as in (a), but with the
GOGA ensemble mean. All data have been 6-yr low-pass filtered. The shading encloses the ensemble members
within plus or minus of two standard deviations of the ensemble spread at any time.

For precipitation, the station data used are from the
Global Historical Climate Network (GHCN) gridded
by binning into boxes of four degrees of latitude and
longitude. Precipitation data for almost all of North
America are extremely sparse before the twentieth cen-
tury with coverage gradually shifting from the east to
the west, from a wetter to a drier climate, following
immigrant settlement. To reduce problems associated
with changing spatial coverage, precipitation anomalies
were computed in each grid box before averaging these
together to create spatial averages over large areas of
the American West.

The indices presented here cover two areas. The first
is the “Great Plains” and extends from 30° to 50°N and
from 110° to 90°W, similar to the area defined by Schu-
bert et al. (2004). The second is the “Southwest” and
covers 25° to 40°N and 120° to 95°W. The observed and
model data have all been subjected to a 6-yr low-pass
filter to remove the effects of interannual variability
and to retain variability on time scales of just under a
decade and longer. All months of the year are included
in the indices. Figure 1 shows results for the Great
Plains. The GHCN station data are in each panel to-
gether with the POGA-ML ensemble mean in the top
panel and the GOGA ensemble mean in the lower
panel. The shaded area is bounded by the ensemble
mean plus and minus two standard deviations of the

model ensemble spread at each time. Figure 2 shows
results for the Southwest in the same arrangement.

First of all, the POGA-ML and GOGA precipitation
time series are very similar to each other. This makes
the case that, in the model, the component of the pre-
cipitation variability that is SST forced can be obtained
from SST forcing in the tropical Pacific alone. Conse-
quently, if SST anomalies outside the tropical Pacific
impact Plains or Southwest precipitation, they were
themselves initially forced as a remote response to
tropical Pacific variability.

The models underestimate the severity and length of
the Dust Bowl drought. The models simulate a pro-
tracted dry spell beginning in the 1940s and extending
through the 1950s. In reality, there was a short but se-
vere drought in the Plains in the 1950s and a wide-
spread drought in the West in the 1940s and 1950s. The
models capture well the pluvial in the 1980s and the
1990s, the dry and wet variability between 1900 and the
Dust Bowl, and much of the nineteenth-century vari-
ability.

In the Southwest, the models successfully simulate
the low-frequency variability of precipitation over the
last 150 yr. Individual wet spells of several years dura-
tion, such as in the 1900s, the 1910s, around the 1941/42
El Nifio, and in the 1990s, are captured, albeit with
frequent phase shifts of a year or so. The model also



1 OCTOBER 2005

SEAGER ET AL.

4069

GHCN Gridded (Solid), POGA-ML Mean (Dashed), +/- 2 STD (Grey) Precip 25N-40N, 95W-120W
| | | | | | | |

10

-10 T T T

T
1860 1880 1900 1920

T T T

T
1940 1960 1980 2000

GHCN Gridded (Solid), GOGA Mean (Dashed), +/- 2 STD (Grey) Precip 25N-40N, 95W-120W
1 | 1 1 | 1 1 1

1860 1880 1900 1920

1940 1960 1980 2000

FIG. 2. Same as in Fig. 1, but for the Southwest (25°-40°N, 120°-95°W).

captures the multidecadal variability: a prolonged pe-
riod that was mostly wet in the first few decades of the
twentieth century, followed by a dry period between
the 1940s and 1960s and ending in a very wet period in
the 1980s and 1990s.

The correlation coefficient between the low-
frequency variations of precipitation in the Great Plains
and the Southwest is 0.83 and is higher in the model
ensemble means, suggesting that on these time scales
they vary together and both are SST forced. The close
association between the time history of the ensemble
mean low-frequency precipitation, here illustrated for
the Great Plains, and the low-frequency variations of
tropical SSTs is shown in Fig. 3.

GOGA GPI (Solid), NINO3 (Dashed) Corr 0.75

Comparing a model ensemble mean, which captures
only the SST-forced component, with nature, which,
being a single realization, includes a substantial noise
component, is troublesome. Here we are interested pri-
marily in that part of the variability that is SST forced
and, hence, potentially predictable. The correlation co-
efficients between the ensemble means and observed
precipitation time series in Figs. 1 and 2 are just over
0.4, and it was almost as high in each of the ensemble
members, suggesting that about 15%-20% of the pre-
cipitation variability is SST forced. For the 1930s and
1950s droughts and the 1990s pluvial, all, or almost all,
of the GOGA ensemble members (as shown by the
shading in Figs. 1 and 2) are dry or wet, respectively,

T
1860 1880 1900

1920

T T
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FIG. 3. The 6-yr low-passed time histories of the precipitation anomaly (cm month™') over
the Great Plains (30°-50°N, 110°-90°W) for the period 1856-2000 from the GOGA ensemble
mean and the observed Nifo-3 SST index (SST anomalies averaged over 5°S-5°N and 150°-
90°W). The correlation coefficient between the time series is 0.75.
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which strengthens the argument that these events were
forced by variations of SST.

Having demonstrated that the low-frequency behav-
ior of the precipitation in the Great Plains and the
Southwest was significantly forced from the tropical Pa-
cific, we next examine the associated large-scale atmo-
sphere and ocean variability.

4. The global atmosphere—ocean context of
precipitation variability in the Great Plains and
Southwest

To examine what patterns of SST variations were
responsible for precipitation regimes over North
America during the last century and a half, we re-
gressed the observed SSTs on the observed precipita-
tion indices (Figs. 1 and 2) and did the same with the
modeled precipitation indices and SSTs in the model
ensembles. So, as before, we are examining variability
on time scales of 6 yr and longer. For the observed and
the GOGA ensemble precipitation, the results show
the pattern of global SST anomalies that are associated
with wet conditions in these two regions in observations
or the model, respectively. For the POGA-ML en-
semble, it will show the pattern of tropical Pacific SST
anomalies that force wet conditions in the two regions
of the model and the pattern of SST anomalies outside
of the tropical Pacific that are forced by the tropical
Pacific SST variations.

Figure 4a shows the observed SST and precipitation
regressions for the Great Plains. Wet conditions in the
Plains are related to an El Nifio-like SST anomaly pat-
tern with a warm equatorial Pacific, warm Indian
Ocean, cool waters in the central North and South Pa-
cific, and warm waters along the coasts of the Americas.
This low-frequency pattern is very similar to the inter-
annual ENSO pattern indicating that the relationships
that hold between the tropical Pacific and Plains pre-
cipitation on the year-to-year time scale [S05; Tren-
berth and Branstator (1992)] also hold on longer time
scales, a point previously made by Schubert et al.
(2004).

Figure 4b shows the SST regression from the GOGA
ensemble mean. In this case the SST that goes into the
regression is the same as that in Fig. 4a, but the Great
Plains precipitation time series is taken from the model.
The spatial pattern of SST variability is very similar to
that observed in almost all details. However the regres-
sion coefficients and correlation coefficients (not
shown) between Great Plains precipitation and tropical
Pacific SSTs are about twice that observed. This is con-
sistent with the model ensemble mean isolating the
SST-forced component of the Great Plains precipita-
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tion, as individual ensemble members have coefficients
similar to those observed.

Figure 4c shows the regression of the SSTs from the
POGA-ML ensemble, which computes SSTs outside of
the tropical Pacific. What is remarkable about Fig. 4c is
how similar the pattern of SST anomalies is to that in
the GOGA ensemble, that is, the model faithfully re-
produces the SST anomalies outside of the tropical Pa-
cific that are associated with wet conditions in the
Plains. However, the modeled SST anomalies are
weaker than observed, an error that might be caused by
surface flux anomalies that are too weak. Nonetheless it
is fair to say that, although the warm Indian Ocean,
cool central and western North Pacific, and warm east-
ern North Pacific may have impacts on Plains precipi-
tation, these SST anomalies are generated as remote
responses to tropical Pacific SST anomalies and have
limited predictive power in and of themselves.

Figure 5 shows the comparable patterns for regres-
sion on the time series of Southwest precipitation. The
spatial patterns are very similar to those linking to-
gether Great Plains precipitation and global SSTs,
strongly suggesting that dry and wet conditions in the
Plains and the Southwest both arise from tropical forc-
ing and are not dynamically distinct.

To identify the global patterns of precipitation and
upper-tropospheric circulation associated with wet con-
ditions in the Plains and Southwest, we focus on the
POGA-ML simulations and regress global precipitation
and 200-mb height on the Plains precipitation index
(Fig. 6). The results can be generalized because of the
similarity of both the Plains and Southwest precipita-
tion indices and the GOGA and POGA-ML simula-
tions. When the Plains and Southwest are wet, there is
increased precipitation in the central equatorial Pacific.
Wet conditions also prevail throughout the midlati-
tudes of both hemispheres, and the subtropics are dry.
The global patterns of precipitation and atmospheric
circulation that accompany low-frequency precipitation
changes in North America are akin to those that ac-
company interannual ENSO variability.! Tropical up-
per-troposphere geopotential heights are raised, a con-
sequence of tropical warming (Horel and Wallace 1981;
Yulaeva and Wallace 1994), which is likely due, in part,
to increased surface heat flux from the ocean to the
atmosphere (Sun 2000), but heights are low in the mid-
latitudes of each hemisphere reflecting cooling during
El Nifio events (S03). Generally, when the midlatitudes

! Seager et al. (2004) show that the CCM3 model quite faith-
fully reproduces interannual fluctuations of the circulation forced
by ENSO as well as decadal fluctuations but that the amplitude of
the latter can be underestimated.

























































