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ABSTRACT

Interannual variability of Great Plains precipitation in the warm season months is analyzed using gridded
observations, satellite-based precipitation estimates, NCEP reanalysis data and the 40-yr European Centre
for Medium-Range Weather Forecasts (ECMWF) Re-Analysis (ERA-40) data, and the half-century-long
NCAR Community Atmosphere Model (CAM3.0, version 3.0) and the National Aeronautics and Space
Administration (NASA) Seasonal-to-Intraseasonal Prediction Project (NSIPP) atmospheric model simu-
lations. Regional hydroclimate is the focus because of its immense societal impact and because the involved
variability mechanisms are not well understood.

The Great Plains precipitation variability is represented rather differently, and only quasi realistically, in
the reanalyses. NCEP has larger amplitude but less traction with observations in comparison with ERA-40.
Model simulations exhibit more realistic amplitudes, which are between those of NCEP and ERA-40. The
simulated variability is however uncorrelated with observations in both models, with monthly correlations
smaller than 0.10 in all cases. An assessment of the regional atmosphere water balance is revealing:
Stationary moisture flux convergence accounts for most of the Great Plains variability in ERA-40, but not
in the NCEP reanalysis and model simulations; convergent fluxes generate less than half of the precipitation
in the latter, while local evaporation does the rest in models.

Phenomenal evaporation in the models—up to 4 times larger than the highest observationally constrained
estimate (NCEP’s)—provides the bulk of the moisture for Great Plains precipitation variability; thus,
precipitation recycling is very efficient in both models, perhaps too efficient.

Remote water sources contribute substantially to Great Plains hydroclimate variability in nature via

fluxes. Getting the interaction pathways right is presently challenging for the models.

1. Introduction

Agriculture and water resources in the central and
eastern United States are profoundly influenced by at-
mospheric circulation, precipitation, and streamflow in
summer—the growing season. Circulation is an influ-
ential element of regional hydroclimate since moisture
transports contribute substantially to local precipitation
and also because circulation can influence the precipi-
tation distribution by modulating the strength and/or
position of storm tracks. Interest in the warm season’s
circulation and precipitation variability has greatly in-
creased following the 1988 drought over much of the
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continental United States and the Midwest floods dur-
ing 1993. An improved understanding of the origin and
development mechanisms of the regional- to continen-
tal-scale variability patterns will advance the accuracy
of hydroclimate forecasts—an important objective of
the U.S. global water cycle initiative (Hornberger et al.
2001).

Significant strides were recently made by showing the
North American hydroclimate to be linked to El Nifio—
Southern Oscillation (ENSO) and Pacific decadal vari-
ability. Regional hydroclimate anomalies have also
been attributed to the interaction of upstream flow
anomalies and the Rockies, changes in summertime
storm tracks, and anomalous antecedent soil moisture.
An awareness of the potential mechanisms does not
necessarily lead to improved simulations and predic-
tions of variability, though. The relative importance of
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these mechanisms in nature and the extent to which the
key ones are represented in general circulation models
(GCMs) will determine the simulation and prediction
quality. Assessment efforts invariably begin with an ex-
amination of the structure of dynamical and thermody-
namical interactions operative in nature and models
(i.e., with the “how” rather than “why” questions). The
key how questions—a subset of which is examined
here—are as follows:

e How important are the relative contributions of local
and remote water sources (e.g., evaporation and
moisture fluxes, respectively) in North American pre-
cipitation variability? What is the extent of precipi-
tation recycling?

e How large is the relative contribution of convective
and stratiform (large-scale condensation) processes
in warm season precipitation. Precipitation in mid-
latitudes (e.g., the Great Plains region) is produced
mostly in deep stratiform clouds (nimbostratus) that
form in the mature phase of the mesoscale convective
complexes, but the convective contribution can be
significant in summer. Knowing the precipitation mix
is important for regional circulation and radiation
feedbacks since these processes are associated with
substantially different heating profiles and cloud
bases.

e How strong is the linkage between North American
precipitation variability and the adjoining ocean ba-
sins, in particular, the moisture pathways for the Pa-
cific connection. What is the nature of this linkage?

e How critical is the role of soil moisture in generation
of hydroclimate variability? Is the feedback impor-
tant only for the local amplitude or also for the large-
scale pattern structure?

The regional expression of seasonal to interannual
climate variability and global change has attracted a lot
of attention recently, for both societal and scientific
reasons: The economic value of regional hydroclimate
predictions can, of course, be considerable. But the sci-
entific value of regional simulations and predictions is
no less important if the region is densely observed;
model exercises in such regions facilitate model valida-
tion and development.

One such region is the U.S. Great Plains. As sug-
gested by its name, the Great Plains region is devoid of
the complex terrain found farther to the west and
southwest. Simulation of Great Plains hydroclimate
variability cannot thus be regarded as an onerous bur-
den on numerical climate models having horizontal
resolution of a few degrees of latitude and longitude.
On the other hand, the Great Plains are located in the
midlatitudes, where internally generated atmospheric
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variability cannot be ignored, even during summer.
Generating the right mix of internally generated and
lower-boundary-forced variability can be challenging
for models. Atmospheric general circulation models
produce large-scale hydroclimate variability when
forced by anomalous conditions in the adjoining ocean
basins, but the resulting patterns are often unrealistic.

Stationary (monthly averaged) and transient (sub-
monthly) moisture fluxes provide a key link between
precipitation and the larger-scale circulation. The
fluxes highlight subtle features of the flow that are cru-
cial for moisture transports, as in the Great Plains low-
level jet region. Investigation of the Pacific and Atlantic
basin links with moisture fluxes can provide insight into
the mechanisms generating low-frequency hydrocli-
mate variability, especially if moisture flux convergence
dominates evaporation in the regional atmospheric wa-
ter balance. The insights may also help understand why
state-of-the-art models are currently unable to simulate
warm season hydroclimate variability.

The present study can be viewed as somewhat
complementary to the earlier investigations of Nigam et
al. (1999) and Barlow et al. (2001). Instead of analyzing
the warm season hydroclimate linkages of recurrent Pa-
cific SST variability, the present study examines, more
directly, the linkages of Great Plains precipitation vari-
ability; the continental precipitation—centric analysis
strategy is thus one distinction. A strong emphasis on
the assessment of GCM simulations of North American
hydroclimate variability is another, as is the analysis of
linkage to the Atlantic basin. Extensive intercompari-
son of the National Centers for Environmental Predic-
tion (NCEP) reanalysis and the 40-yr European Centre
for Medium-Range Weather Forecasts (ECMWF) Re-
Analysis (ERA-40), and an evaluation of their own
quality in context of Great Plains precipitation, evapo-
ration, and moisture flux variability is another distinc-
tive aspect.! The present study makes a contribution to
the North American Monsoon Experiment (NAME)
subprogram on model intercomparison and develop-
ment, the North American Monsoon Intercomparison
Project (http://www.joss.ucar.edu/cgi-bin/name/namip/
namip_quest).

Interannual variability of the Great Plains hydrocli-
mate has been extensively studied from both observa-
tional and modeling analyses: Warm season anomalies
have been linked with tropical Pacific SSTs (Trenberth

! The ERA-40 dataset was produced from a high-resolution
global modeling system that was operational until 2002, whereas
NCEP reanalysis was generated using a 1995 period system.
ERA-40, thus, implicitly benefits from the improvements in mod-
els and data assimilation techniques realized in the intervening years.
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et al. 1988; Trenberth and Guillemot 1996; Schubert et
al. 2004), with North Pacific SST and diabatic heating
anomalies (Ting and Wang 1997; Liu et al. 1998; Hig-
gins et al. 1999; Nigam et al. 1999; Barlow et al. 2001),
with anomalous upstream flow over the Rockies (Mo et
al. 1995), with southerly anomalies from the Gulf of
Mexico (Hu and Feng 2001), with midlatitude storm
track variations (Trenberth and Guillemot 1996), and
with anomalous antecedent soil moisture (Namias 1991;
Bell and Janowiak 1995; Koster et al. 2003). The link-
age of Pacific SST variability with U.S. hydroclimate is
not very strong: The largest station regressions for
ENSO or the decadal modes typically explain only
about one-quarter of the local monthly variance during
June-August (Barlow et al. 2001). Although significant,
this alone cannot be the basis for potential predictabil-
ity of the warm season hydroclimate. Clearly, other
linkages must be investigated—among them, the con-
nection to Atlantic SSTs, which Namias (1966) consid-
ered important, especially for the eastern part of the
continent. The influence of the North Atlantic Oscilla-
tion on U.S. warm season precipitation and circulation
is examined in this study.

The nearly 50-yr-long atmospheric model simulations
analyzed in this study were generated at the climate
modeling centers from integrations with specified (ob-
served) lower boundary conditions (SST, sea ice), much
as those routinely produced for the Atmospheric Model
Intercomparison Project (AMIP) (Gates 1999).> Simu-
lated and observed circulation and hydroclimate
anomalies can be expected to be in some agreement in
each summer if the SST-forced variability component
was dominant (and the model simulation realistic); oth-
erwise, the two anomalies can be compared only in
some aggregate sense: For example, precipitation re-
gressions on a SST variability index (or SST regressions
on a precipitation index) can be compared; the regres-
sions filter out the internally generated (and uncorre-
lated) fluctuations.’

The datasets used in hydroclimate validation are
briefly described in section 2. The Great Plains precipi-
tation variability in the gridded station datasets, NCEP

2 Specifying SST in the middle and high latitudes is, perhaps,
unnecessary since SST variability is strongly influenced by the overlying
atmosphere here. It is presently unclear if allowing SST evolution in
the extratropics through mixed-layer thermodynamics, for ex-
ample, leads to improved simulation in local and remote regions.

3 Very often, an ensemble of AMIP simulations is generated with
the hope that the ensemble mean will directly reveal the SST-forced
signal, and it does, without additional compositing or regression
analysis. An ensemble mean allows for apportioning of each sum-
mer’s anomaly into SST-forced and internally generated compo-
nents, but it does not contribute to additional model validation.
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and ERA-40 reanalyses, and two AMIP model simula-
tions are discussed in section 3, while the accompanying
spatial patterns of rainfall, stationary and transient
moisture fluxes, and evaporation variability are tar-
geted in section 4. The SST linkages of Great Plains
precipitation in observations and model simulations are
also shown in this section. The recurrent patterns of
warm season SST and lower-tropospheric circulation
(700-hPa geopotential) variability having bearing on
the Great Plains hydroclimate are objectively identified
in section 5. Discussions and concluding remarks follow
in section 6.

2. Datasets

Several observational datasets are used in model as-
sessments. These include the two atmospheric reanaly-
sis products: from NCEP-National Center for Atmo-
spheric Research (NCAR) (Kalnay et al. 1996) and
from ERA-40 (details online at http://www.ecmwf.int/
products/data/archive/descriptions/e4/). Precipitation is
of key interest in this study and, fortunately, it has been
directly and independently measured at ground stations
for some time, albeit with modest spatial and temporal
resolution. The gridded precipitation observations used
in this analysis come from NCEP’s Climate Prediction
Center (CPC) and the University of East Anglia
(UEA) (Hulme 1999). Two CPC products are used: the
first is a retrospective analysis of daily station precipi-
tation over the United States and Mexico (more infor-
mation available online at http://www.cpc.ncep.noaa.
gov/products/precip/realtime/retro.html; hereafter, re-
ferred as the U.S.-Mexico station dataset) while the
second is a satellite and rain gauge-based Merged
Analysis of Precipitation (CMAP-2; Xie and Arkin
1997). The Xie-Arkin dataset is short, beginning in
January 1979, but valuable for ascertaining the impact
of spotty spatial coverage of the station-based datasets.
The SST links are obtained using the Hadley Centre’s
Sea Ice and SST analysis (the HadISST data: Rayner et
al. 2003). Spatial resolution of the datasets differ, and is
generally noted in the title line of the display panels.

The nearly 50-yr-long (1950-98) AMIP integrations
of the National Center for Atmospheric Research
Community Atmospheric Model (CAM3.0, version 3.0)
were produced using Hurrell’s SST analysis (J. Hurrell
2003, personal communication); the SSTs were ob-
tained by merging HadISSTs with version 2 of the Na-
tional Oceanic and Atmospheric Administration
(NOAA) optimum interpolation (OLv2) SSTs (Reyn-
olds et al. 2002). The AMIP simulations with National
Aeronautics and Space Administration (NASA) Sea-
sonal-to-Interannual Prediction Project (NSIPP) atmo-
spheric model were produced using the Hadley Cen-
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tre’s Global Sea Ice and SST dataset (GISST: Rayner et
al. 1996; the predecessor of HadISST) for the 1949-81
period and Reynolds OI SSTs thereafter. The SST
dataset differences (and their impact) are however an-
ticipated to be insignificant in comparison with the
model structure and parameterization differences. An
eight-member ensemble of AMIP simulations was gen-
erated with the NSIPP model using slightly different
initial conditions; the fifth ensemble member and the
ensemble mean are analyzed here; the first ensemble
member and the five-member ensemble mean are ana-
lyzed in the case of CAM3.0. Note, the analyzed models
are components of the current NCAR and NSIPP cli-
mate system models, respectively.

The contribution of local and remote water sources
in Great Plains precipitation variability is examined in
observations and model simulations using observation-
ally constrained evaporation estimates. In addition to
those provided by the two reanalyses, evaporation es-
timates generated at NOAA’s CPC (Huang et al. 1996)
and the Center for Ocean-Land-Atmosphere Studies
(COLA) (Dirmeyer and Tan 2001) are also used in
model assessments; the monthly, gridded estimates are
available for several recent decades at near-degree-
scale resolution.

Interannual variability is analyzed using monthly
anomalies, calculated with respect to the 1950-98 monthly
climatology whenever possible; the attention is on the
northern warm season months of June-August (JIA).

3. Great Plains precipitation index

a. Precipitation variability

The extent of interannual variability in warm season
precipitation is examined in Fig. 1 by displaying the
standard deviation (SD) of monthly precipitation
anomalies in observations (Figs. la—c) and reanalysis
datasets (Figs. 1d,e) over North America. The two sta-
tion datasets are similar over the United States, with a
local maximum in interannual precipitation variability
over the Great Plains region. The UEA data exhibit
marginally greater variability in the coastal regions, de-
spite its coarseness; grid-averaged precipitation can,
however, be influenced by orographic resolution in an
unpredictable manner in coastal zones. The satellite-
based Xie—Arkin precipitation has an interannual vari-
ability range that is similar to the surface-based records;
the amplitude is a bit weaker, though, especially over
the Great Plains where the maximum is now less than
1.5 mm day '. Comparison of the three standard de-
viations in the same 20-yr subperiod (1979-98) shows
that weaker variability in Fig. 1c is not an artifact of the
period differences; the discrepancy over Great Plains is,
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if anything, greater now, with the U.S.—Mexico data ex-
hibiting an amplitude in excess of 1.8 mm day ™" in places.

The depiction of warm season precipitation variabil-
ity in the reanalysis datasets (Figs. 1d,e) is quasi real-
istic. Although the southeastern focus is captured in
both, ERA-40 underestimates while NCEP overesti-
mates the magnitude of interannual variability in the
Ohio Valley and Great Plains regions; NCEP’s ten-
dency to overestimate precipitation variability has been
noted before (e.g., Janowiak et al. 1998). The higher
resolution of ERA-40 is evident from the presence of
small-scale features in Fig. 1e and from the very large
amplitudes over portions of Mexico and Central
America; also evident is a spurious feature over Colo-
rado and New Mexico.

Warm season precipitation variability in the AMIP
simulations is shown in Fig. 2. The simulations are in
reasonable agreement among themselves and with ob-
servations over the western United States, but some
differences are evident in the eastern half. The local
maximum over the Great Plains is somewhat diffuse
but otherwise well positioned in the CAM simulation.
The same feature in the NSIPP simulation is too strong
(=2.1 mm day ') and westward shifted in comparison
with observations. The Gulf Coast focus is also missing
in the CAM simulation. It is noteworthy that the inter-
annual variability of Great Plains precipitation is large,
being 30%-50% of the climatology in most places.

b. Index definition

An index is often used to describe the temporal vari-
ability of a spatially coherent region. One such region is
marked in the Fig. 1 panels. The square box (35°-45°N,
100°-90°W) evidently encompasses the region exhibit-
ing a local maximum in observed precipitation variabil-
ity (Figs. la—c). The boxed region includes the states of
South Dakota, Minnesota, Wisconsin, Nebraska, lowa,
Illinois, Kansas, Missouri, Oklahoma, and Arkansas,
and extends from the northeast corner of the Tier-2
sector into the Tier-3 sector of the NAME domain
(Amador et al. 2004).

The areal average of precipitation in the box defines
the Great Plains Precipitation (GPP) index. A similar
index was used by Ting and Wang (1997) and Mo et al.
(1997) to track precipitation variability in the central
United States; Schubert et al. (2004) have, however,
used a more meridionally extended box for index defi-
nition.* Although indices remain attractive in charac-
terizing variability because of their intrinsic simplicity,

4 Other index definitions: Ting and Wang’s: 32.5°-45°N, 105°~
85°W; Mo et al.’s: 34°-46°N, 105°-85°W; and Schubert et al.’s:
30°-50°N, 105°-95°W.




























































