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ABSTRACT

The annual cycle of precipitation and the interannual variability of the North American hydroclimate
during summer months are analyzed in coupled simulations of the twentieth-century climate. The state-of-
the-art general circulation models, participating in the Fourth Assessment Report for the Intergovernmen-
tal Panel on Climate Change (IPCC), included in the present study are the U.S. Community Climate System
Model version 3 (CCSM3), the Parallel Climate Model (PCM), the Goddard Institute for Space Studies
model version EH (GISS-EH), and the Geophysical Fluid Dynamics Laboratory Coupled Model version 2.1
(GFDL-CM2.1); the Met Office’s Third Hadley Centre Coupled Ocean-Atmosphere GCM (UKMO-
HadCM3); and the Japanese Model for Interdisciplinary Research on Climate version 3.2
[MIROCS3.2(hires)]. Datasets with proven high quality such as NCEP’s North American Regional Reanaly-
sis (NARR), and the Climate Prediction Center (CPC) U.S.-Mexico precipitation analysis are used as
targets for simulations.

Climatological precipitation is not easily simulated. While models capture winter precipitation very well
over the U.S. northwest, they encounter failure over the U.S. southeast in the same season. Summer
precipitation over the central United States and Mexico is also a great challenge for models, particularly the
timing. In general the UKMO-HadCM3 is closest to the observations.

The models’ potential in simulating interannual hydroclimate variability over North America during the
warm season is varied and limited to the central United States. Models like PCM, and in particular
UKMO-HadCM3, exhibit reasonably well the observed distribution and relative importance of remote and
local contributions to precipitation variability over the region (i.e., convergence of remote moisture fluxes
dominate over local evapotranspiration). However, in models like CCSM3 and GFDL-CM2.1 local contri-
butions dominate over remote ones, in contrast with warm-season observations. In the other extreme are
models like GISS-EH and MIROC3.2(hires) that prioritize the remote influence of moisture fluxes and
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neglect the local influence of land surface processes to the regional precipitation variability.

1. Introduction

Extreme weather and climate events have profound
impact on the societies and environment of the regions
affected. Events like Europe’s major heat wave during
the summer of 2003, the above-average Atlantic hurri-
cane activity in both 2003 and 2004, the first hurricane
ever in the South Atlantic in 2004, the above-normal

Corresponding author address: Alfredo Ruiz-Barradas, Depart-
ment of Atmospheric and Oceanic Science, University of Mary-
land, College Park, 3405 Computer and Space Sciences Bldg.,
College Park, MD 20742-2425.

E-mail: alfredo@atmos.umd.edu

© 2006 American Meteorological Society

rain and crops in the Sahel region during the 2003-04
cycle, and the persistent drought condition over west-
ern United States (e.g., see the extreme weather and
climate events Web site from the National Climate
Data Center online at http://lwf.ncdc.noaa.gov/oa/climate/
severeweather/extremes.html), are easily deemed as
evidence of the presence of global warming by the me-
dia and population.

Attending to the heterogeneity of the distribution of
the climate controls over the planet there is no basis to
expect that, under the scenario of a global climate
change, extreme events will be of the same type every-
where in the world. Thus, it is important to understand
the regional climates before ascertaining the effects of
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global climate change over specific regions. A clear un-
derstanding of the current and future climate can only
be achieved by analyzing observed data and conducting
modeling studies.

Interest in regional climate change, specially hydro-
climate, is intense due to the increasing societal needs
for sustainable water supply, management of water re-
sources, and mitigation/prevention of hazardous hydro-
climate episodes. Hence, the economic and social value
of regional hydroclimate predictions is unquestionable.
The scientific value is also enormous, especially if the
region is densely observed, for it can then provide an
opportunity for model validation. A region of great hy-
droclimate interest is North America, where water re-
sources are recharged during winter and early spring
months, and largely depleted during summer months.

The authors have recently concluded an analysis of
Great Plains hydroclimate variability focusing on the
anomalous atmospheric water balance in the warm-
season months in observations, reanalyses, and state-
of-the-art atmospheric simulations (Ruiz-Barradas and
Nigam 2005, 2006). The structure of precipitation and
the role of local and remote water sources—
evaporation and moisture fluxes, respectively—in pro-
ducing precipitation variability were examined. The
main finding is the dominance of remote water sources
over local ones in nature (as suggested for reanalyses
data and observed and observationally constrained
data) and quite the opposite in simulations.

In the present study, largely motivated and based on
the authors’ previous research, the diagnostic analysis
of hydroclimate variability during the warm season is
carried out on coupled simulations. Specifically, the re-
alism of North American hydroclimate variability is
evaluated in the coupled simulations of the current cli-
mate. At issue are the relative contributions of the at-
mospheric water balance terms in producing precipita-
tion variability over the central United States. The
models in the present analysis are state-of-the-art
coupled general circulation models (GCMs) participat-
ing in the Fourth Assessment Report of the Intergov-
ernmental Panel on Climate Change (IPCC).

Models analyzed include four U.S. models, a British
model, and a Japanese model. The U.S. models are the
Community Climate System Model version 3
(CCSM3), and the Parallel Climate Model (PCM) from
the National Center for Atmospheric Research
(NCAR); the Geophysical Fluid Dynamics Laboratory
Coupled Model version 2.1 (GFDL-CM2.1) from the
National Oceanic and Atmospheric Administration
(NOAA); and the Goddard Institute for Space Studies
model version EH (GISS-EH) from the National Aero-
nautics and Space Administration (NASA). The
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United Kingdom model is the Met Office’s Third
Hadley Centre Coupled Ocean—-Atmosphere GCM
(UKMO-HadCM3). The Japanese model is the high-
resolution Model for Interdisciplinary Research on Cli-
mate version 3.2 [MIROC3.2(hires)] from the Center
for Climate System Research at the University of To-
kyo (CCSR), the National Institute of Environmental
Studies (NIES), and the Frontier Research System for
Global Change (FRSGC).

The datasets used in hydroclimate validation are de-
scribed in section 2. The annual cycle of precipitation is
briefly described in section 3. The Great Plains precipi-
tation variability is discussed in section 4; in addition,
the frequency of anomalous events is compared. The
accompanying spatial patterns of precipitation, station-
ary moisture fluxes, and evaporation linked to precipi-
tation variability over the region are the focus in section
5; the relative contributions from moisture flux conver-
gence and evaporation to precipitation variability are
also compared in this section. The validity of the results
is further investigated in section 6 via autocorrelation
analysis. Concluding remarks are presented in section 7.

2. Datasets

The North American Regional Reanalysis (NARR)
dataset, from the National Centers for Environmental
Predictions (NCEP), is used in the models’ assessment.
The studies by Ruiz-Barradas and Nigam (2005, 2006)
set up the basis of the methodology followed, as well as
the target dataset used for the present analysis. The
regional reanalysis is a long-term, consistent, data as-
similation-based, climate data suite for North America
(see online at http://wwwt.emc.ncep.noaa.gov/mmb/
rreanl/; Mesinger et al. 2004). The regional reanalysis is
produced at high spatial and temporal resolutions (32
km, 45 layer, 3 hourly) and spans a period of 25 yr from
October 1978 to December 2003; it is based on the
April 2003 frozen version of NCEP’s mesoscale Eta
forecast model and its data assimilation system
(EDAS). NARR assimilates precipitation unlike the
global reanalyses from NCEP (Kalnay et al. 1996) and
the 40-yr European Centre for Medium-Range
Weather Forecasts (ECMWF) Re-Analysis (ERA-40;
see online at http://www.ecmwf.int/products/data/
archive/descriptions/e4/). The assimilation is, in fact,
successful with downstream effects, including two-way
interaction between precipitation and the improved
land surface model (e.g., Mitchell et al. 2004); this im-
plies an observationally constrained evaporation field
that is in line with some other observationally con-
strained products.

Evaluation of the NARR dataset was already done in
Ruiz-Barradas and Nigam (2006), and Nigam and Ruiz-



15 Aucust 2006

Barradas (2006) and expands on the consistency of the
dataset to be used as target of the simulations, espe-
cially in the context of interannual variability over
North America. For purposes of the present examina-
tion, the analysis on NARR is repeated on the same
resolution used in the simulations, that is, an R30 (96 X
80) Gaussian grid for the 1979-98 period.

The regional reanalysis is limited in time so an ancil-
lary, longer precipitation dataset is also used. The
dataset of choice for U.S.-Mexico precipitation is the
NOAA/Climate Prediction Center (CPC) retrospective
analysis of daily station data (see online at http:/
www.cpc.ncep.noaa.gov/products/precip/realtime/
retro.shtml; hereafter referred to as the U.S.—Mexico
dataset), which was extensively used for validation in
Ruiz-Barradas and Nigam (2005, 2006).

As mentioned earlier, simulations from six models
are assessed. However, three other models' were ana-
lyzed but not included due to space limitations and re-
dundancy of the results in the context of the present
paper. The six models, CCSM3 (published in the 1 June
special issue of the Journal of Climate), GFDL-CM2.1
(Delworth et al. 2006), GISS-EH (Schmidt et al. 2006),
PCM (Meehl et al. 2004), UKMO-HadCM3 (Gordon et
al. 2000; Pope et al. 2000), MIROC3.2(hires) (Hasumi
and Emori 2004), are representatives of major climate
research centers in the world.

Historical simulations of the twentieth-century cli-
mate are analyzed. Those are simulations where
coupled GCMs are being forced by observed solar ir-
radiance, volcanic and anthropogenic aerosols, and at-
mospheric concentrations of ozone, carbon dioxide,
and other well-mixed greenhouse gases (http://www-
pemdi.llnl.gov/ipec/climate_forcing.php).” In general,
the model simulations are century long starting in the
second half of the 1800s and ending in 1999.

The analysis period will focus on the more recent 48
yr (1951-98) of the century-long coupled simulations.
The warm-season months of June—July—August (JJA)
are the focal point of the analysis. Interannual variabil-
ity is analyzed using monthly anomalies, calculated with
respect to the 1951-98 monthly climatology. Simulated
fields were homogenized for all models extrapolating
them to an R30 (96x80) Gaussian grid. Stationary hori-
zontal moisture fluxes are calculated as in Ruiz-

! The GFDL-CM2.0: GFDL’s coupled model version 2.0, GISS-
ER: GISS’s ER coupled model, and GISS-AOM: GISS’s 4° X 3°
coupled model.

21t is not clear how many models used historical land-use
change as a forcing for their twentieth-century simulations. While
the GFDL models (CM2.0 and CM2.1) included it, CCSM3 did
not.
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Barradas and Nigam (2005), by computing the mass-
weighted vertical integral from the surface to 300 hPa in
both regional reanalysis and simulations.” Statistical
significance of correlations and regressions are evalu-
ated using a Student’s ¢ test at the 0.05 level.

3. Precipitation annual cycle

The annual march of monthly precipitation is ana-
lyzed here through harmonic analysis of the 12-month
climatology.* The interest is on the annual cycle so the
analysis is focused on the first harmonic as in Nigam
and Ruiz-Barradas (2006). Attention is paid to the am-
plitude and timing of the annual cycle in the different
datasets over the continent; mean annual precipitation
(i.e., mean of the 12-month climatology) is also com-
pared as background to the harmonic analysis plots
(Fig. 1). Amplitude of the annual cycle is indicated by
the length of the vector while phases are indicated by
the orientation of the arrows according to the inserted
scaling vector; thus, an arrow pointing to the south in-
dicates a maximum on 1 January, one pointing to the
west means a maximum on 1 April, one pointing to-
ward the north indicates a maximum on 1 July, and one
pointing to the east means a maximum on 1 October.

In general the amplitude of the observed annual
cycle, and very well represented here by NARR, dimin-
ishes and occurs earlier in the summer months from
tropical Mexico to the central United States (arrows in
Fig. 1a). Notable observed features include the follow-
ing: the maximum over the northwestern United States
in January, the maximum over the central United
States during June-July, a weak maximum over the
southern states during the late winter/early spring
months, and weak seasonal variability over the Atlantic
states. Additionally, in August there are maxima over
northwestern Mexico as well as over central and south-
ern Mexico; those amplitudes diminish from south to
north. The structure of the mean annual precipitation
in NARR (contours in Fig. 1a) is given by seasonal
contributions in both the northwestern and southern
United States during winter, and the central United
States and Mexico during summer, just as in observa-
tions (see Nigam and Ruiz-Barradas 2006 for further
details).

3 UKMO-HadCM3 does not provide data at the 925-hPa stan-
dard level but does it at the 950-hPa level instead.

* Climatologies are calculated for the common 1979-98 period
for both NARR and simulations. Minimum, and negligible, dif-
ferences appear if the 1951-98 period is used for the simulations.
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Models display differing degree of accuracy when
portraying the annual cycle of precipitation (Figs. 1b—
g). While all the models capture the timing of the winter
maximum over the northwestern United States, they
exhibit some difficulty in capturing the timing of the
summer maxima over the central United States and
Mexico. The annual cycle from tropical Mexico to the
central United States peaks erroneously from late
spring to early summer in both CCSM3 and PCM; the
amplitudes are more realistic in the former than in the
latter. The rest of the models have a better timing in
that region, specially MIROC3.2(hires). The observed
weak maximum in late winter—early spring over the
southern United States and the weak annual cycle over
the eastern U.S. coast pose additional problems for the
models as well. Those features are captured a bit later
and are too strong in the spring, in particular for GISS-
EH which peaks even later in the summer.

The structure of the mean annual precipitation by the
models has similar results than those in the annual
cycle. Simulations are reasonable over the northwest-
ern United States, with a winter maximum, but are
problematic to the east of the Continental Divide,
which has winter (over the southern United States) and
summer (over the central United States and Mexico)
maxima. The UKMO-HadCM3 model has the best re-
production of the observed features. Figures not dis-
played for winter and summer means show the diffi-
culty the rest of the models have in reproducing the
winter maximum of precipitation over the southern
United States as well as the distribution of precipitation
over the central United States during the summer.

4. Precipitation variability

A first look at precipitation variability is made
through a glimpse of the mean standard deviation of
precipitation during the warm-season months (JJA; Fig.
2). Emphasis is made on the continental features of the
field, although considerable differences exist over the
oceans. North America is characterized by two regions
of maximum precipitation variability (=1.5 mm day '):
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one over the central United States and the other over
eastern Mexico (Fig. 2a).

Models have limited success locating these maxima
of precipitation variability (Figs. 2b—g). The maximum
over the central United States is present but shifted to
the southwest in all the simulations, while the maxi-
mum over eastern Mexico is almost absent, with the
exception of the UKMO-HadCM3 and GISS-EH simu-
lations. Precipitation variability over the United States
reaches a maximum in the GFDL-CM2.1 simulation,
and a minimum in the PCM simulation.’

Knowing the relative success of the models in simu-
lating the maximum of variability over the central
United States, the study now will focus on this region.

a. Great Plains Precipitation index

The area exhibiting the local maximum in observed
precipitation variability over the central United States
(Fig. 2a) defines a coherent domain that can be used to
study the temporal variability of the region (Ruiz-
Barradas and Nigam 2005, 2006). The 10° latitude—
longitude box (35°-45°N, 100°-90°W) encompasses the
region. The areal average of precipitation anomalies in
the box defines the Great Plains Precipitation (GPP)
index for the warm-season months (JJA).

The GPP index in simulations is also defined in terms
of area-averaged precipitation anomalies over the 10°
latitude—longitude region defined from observations.
Although the box does not entirely enclose the local
maximum of standard deviation in the individual simu-
lations, it is not much of a problem for the analysis. The
alternate 10° box draw in the GFDL-CM2.1 panel
(dashed box in Fig. 2c) is used for a sensitivity analysis
to test the dependence of the results on the choice of

5 Large variability over the northwestern coast of Mexico and
southwestern United States seems to be a problem for PCM and
GFDL-CM2.1 models and probably, as suggested by the massive
incursion of precipitation from the Pacific Ocean over the conti-
nent, due to a very active intertropical convergence zone in the
eastern Pacific.

«—

FiG. 1. First harmonic of climatological precipitation and mean annual precipitation in reanalysis and coupled simulations (1979-98):
(a) NARR, (b) CCSM3, (c¢) GFDL-CM2.1, (d) GISS-EH, (e) PCM, (f) UKMO-HadCM3, and (g) MIROC3.2(hires). Vectors represent
the first harmonic while background isolines display the mean annual precipitation in mm day'. The insert vectors at the top of the
figure indicate the scaling of the magnitude in mm day ™' and the phase of the annual cycle: vectors pointing to the south indicate a
maximum on 1 January, pointing to the west means a maximum on 1 April, pointing toward the north indicates a maximum on 1 July,
and pointing to the east means a maximum on 1 October. Only magnitudes of the annual cycle equal to or larger than 0.5 mm day '
are displayed. Mean annual precipitation is contoured at the 1, 2, 3, 4, 6, and 9 mm day ! isolines. Shading indicates mean annual

precipitation equal or larger than 2 mm day ™.
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F1G. 2. Standard deviation of monthly precipitation anomalies during summer (JJA) in reanalysis
(1979-98) and coupled simulations (1951-98): (a) NARR, (b) CCSM3, (c) GFDL-CM2.1, (d) GISS-EH,
(e) PCM, (f) UKMO-HadCM3, and (g) MIROC3.2(hires). The marked box with continuous lines
delineates the Great Plains region defined by the maximum in observed precipitation variability in (a).
The box made of dashed lines in (c) contours the region of maximum precipitation variability for the
GFDL model that is used for a sensitivity analysis. The contour interval is 0.3 mm day ™' and values
equal to or greater than 1.2 mm day ' are shaded.
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TABLE 1. Monthly JJA SD of the GPP index in the 1951-98 period.

U.S.-Mexico dataset CCSM3 GFDL-CM2.1

GISS-EH PCM UKMO-HadCM3 MIROCS3.2 (hires)

JJA SD 0.91 1.00 1.12

0.72 0.63 0.92 0.78

the region defining the GPP index (refer to the appen-
dix for the analysis).

Realistic monthly precipitation variability over the
Great Plains is difficult for models to capture. Correla-
tion between observed and simulated monthly GPP in-
dices is almost nonexistent (—0.13 the highest). A com-
pact, and more favorable measure of the variability is
given by the mean standard deviation (SD) of the
monthly GPP index. In this comparison the U.S.—
Mexico dataset is preferred to the NARR dataset be-
cause of the shorter period of the latter.® With an ob-
served variability over the Great Plains region of 0.91
mm day ', Table 1 summarizes variability over the re-
gion: large variability in the GFDL-CM2.1 simulation
(SD = 1.12 mm day '), low variability in the PCM
simulation (SD = 0.63 mm day '), and nature-
matching variability in the UKMO-HadCM3 simula-
tion (SD = 0.92 mm day '); the CCSM3 simulation is
the second closest to the observed variability (SD =
1.00 mm day ).

The proximity of simulated SD to the observed one is
not a guarantee of an exact match of observed distri-
bution of wet and dry months. Frequency of months
with precipitation above (wet) or below (dry) climatol-
ogy is calculated from monthly GPP indices and is dis-
played as a histogram in bins of 0.5 mm day ' (Fig. 3).
The observed U.S.-Mexico dataset indicates a higher
number of dry months (76) than wet months (68),
largely confined to the =1.5 mm day ' range. The num-
ber of dry and wet months partially holds for the simu-
lations, except for PCM, which has more wet (77) than
dry (67) months, and UKMO-HadCM3, which has an
equal number of wet and dry (72) months. It is apparent
that the smaller the warm-season SD, the larger the
number of months concentrated in the +0.5 mm day
range [e.g., PCM, GISS-EH, and MIROCS3.2(hires)].
Large warm-season SD, as in the GFDL-CM2.1 simu-
lation, implies the presence of months with large nega-
tive (=|—3| mm day ') and positive (=4 mm day ")
precipitation anomalies. Alternatively, UKMO-HadCM3,
and CCSM3 perform better than the other models in
the =1 mm day ' range, but do not show the observed

% Correlation between NARR and U.S.-Mexico GPP indices is
0.99 for the common 1979-98 period.

marked decline in wet months from the 0.5-1 to the
1.5-2 mm day ' range.

b. Season-mean GPP index

It is expected that season-mean indices will demon-
strate better correspondence with observations than the
monthly indices. Attention is now shifted to smoothed
versions of the monthly indices (Fig. 4). The smoothing
is done via a 1-2-1 filter of the summer-mean index
anomalies; in this way, the preceding, current, and sub-
sequent summer means are included in the calculation
of the smoothed index enhancing interannual variabil-
ity in them. Plotted indices come from the U.S.-Mexico
dataset (continuous black line), the NARR dataset
(dashed black line), and simulations (color lines).

Temporal variability of the smoothed GPP index
from observations is not easily reproduced by simula-
tions. The proximity between indices from the U.S.—
Mexico and the NARR datasets is evidence of the suc-
cessful assimilation of precipitation in NARR.” Both
indexes capture the 1993 flood event and 1998 dry
event over the central United States; other dry episodes
are also evident during the mid 1950s and first half of
the 1970s in the index from the U.S.-Mexico dataset.
The only model capturing the 1993 wet event, as well as
the 1988 and early 1970s dry events is the UKMO-
HadCM3 (purple line); however, the 1993 event in the
model starts earlier than observed.

Temporal correlations between the observed and
simulated smoothed indices are displayed in Table 2. It
summarizes the synchronous temporal evolution of
the GPP indices contained in Fig. 4: simulations by
GFDL-CM2.1 (dark green line), CCSM3 (red line), and
MIROC3.2(hires) (yellow—green line) have very lim-
ited correlation with observations; PCM (orange line),
and GISS-EH (blue line) have modest correlation, and
UKMO-HadCM3 (purple line) has a reasonable high
correlation of 0.54. While it is not possible to attest to
the statistical significance of the correlations of the ma-
jority of the models, correlations with observations us-

7 Differences between GPP indices from U.S.-Mexico and
NARR datasets are minimum, or nonexistent, if the index from
the U.S.-Mexico dataset is calculated with respect to the 1979-98
climatology.
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FiG. 3. Histogram of precipitation events over the Great Plains as portrayed by the GPP index from (a) the U.S.-Mexico dataset, (b)
CCSM3, (¢) GFDL-CM2.1, (d) GISS-EH, (e) PCM, (f) UKMO-HadCM3, and (g) MIROC3.2(hires). For comparison purposes, the
histogram from the U.S.-Mexico index has been plotted as a black line in all panels. The x axis represents the anomalous events by
categories of 0.5 mm day ™' and the y axis shows the number of months that a given category of anomalies occurs.
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FIG. 4. Smoothed GPP index anomalies during the warm season (JJA) in observations and
coupled simulations: U.S.—Mexico (observed rain gauge), continuous black line; NARR,
dashed black line; CCSM3, red line; GFDL-CM2.1, dark green line; GISS-EH, blue line;
PCM, orange line; UKMO-HadCM3, purple line; MIROC3.2(hires), yellow—green line. The
smoothed index is obtained from a 1-2-1 averaging of the summer-mean anomalies. The
monthly, warm-season SD, and correlations among the smoothed precipitation indices are
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displayed in Tables 1 and 2, respectively.

ing GISS-EH (0.34) and UKMO-HadCM3 (0.54) mod-
els are statistically significant with 95% confidence.

5. Structure and linkages of precipitation
variability

In this section the structure and linkages of precipi-
tation variability with the atmospheric water balance
components over the Great Plains in the models are
contrasted with observations (via the regional reanaly-
sis) as in Ruiz-Barradas and Nigam (2005). At stake is
the comparative significance of those components (and
processes) in models and observations. The monthly
GPP index is regressed against monthly precipitation,
stationary horizontal moisture fluxes (from winds and
specific humidity), and evapotranspiration (from sur-
face latent heat) for the warm-season months (JJA)
during the 1979-98 period for NARR, and for the
1951-98 period for simulations. A statistical signifi-
cance at the 0.05 level is implied by the shading in the
figures.

a. Precipitation

The GPP index regressions against precipitation
anomalies from the regional reanalysis and simulations
are displayed in Fig. 5 with a contour interval of 0.3 mm
day'. Due to the definition of the GPP index, it is not
surprising that the structure of precipitation anomalies

in the regional reanalysis is confined to the Great Plains
region without detriment to precipitation over other
continental regions® (Fig. 5a).

Regressed simulated precipitation anomalies show a
consistent and confined structure in precipitation
anomalies with a maximum over the focus region of the
Great Plains (Figs. 5b—g). The exception to this is the
CCSM3 simulation whose precipitation structure ex-
tends meridionally too far to the south into Mexico; the
meridional elongation is also present in the PCM simu-
lation, although to a much lesser extent. It is also inter-
esting to note that, except for the UKMO-HadCM3, all
the models imply a decrease of precipitation over
northwestern Mexico.

b. Moisture fluxes

Vertically integrated stationary moisture flux anoma-
lies® and their convergences associated with the re-
gressed precipitation anomalies from the regional re-
analysis and simulations are shown in Fig. 6; as in pre-
cipitation regressions, the contour interval of 0.3 mm
day ™! is used for moisture flux convergence. Great
Plains precipitation variability in the regional reanalysis

8 The significance of precipitation anomalies over oceanic re-
gions is beyond the scope of the present study.

? Stationary fluxes refer to moisture transports by the monthly
mean circulation.

TABLE 2. Correlations among smoothed GPP indices in the 1951-98 period. The values set in bold indicate a significance of the
correlation at the 0.05 level following a Student’s ¢ test.

U.S.-Mexico dataset CCSM3 GFDL-CM2.1 GISS-EH PCM UKMO-HadCM3 MIROCS3. 2 (hires)

U.S.—Mexico dataset

1 -0.11 0.10

0.34 —0.25 0.54 -0.11
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F1G. 5. Warm-season regressions of the GPP index on precipitation anomalies from (a) NARR, (b)
CCSM3, (c¢) GFDL-CM2.1, (d) GISS-EH, (e) PCM, (f) UKMO-HadCM3, and (g) MIROC3.2(hires).
The index and regressions are from the same monthly JJA dataset, in each case. Contour interval is 0.3
mm day~'. Dark (light) shading denotes areas of positive (negative) rainfall anomalies statistically
significant at the 0.05 level; the zero contour is omitted.
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F1G. 6. Same as in Fig. 5, but on stationary moisture flux anomalies. Moisture flux convergence is
displayed as contours. Moisture fluxes and corresponding flux convergence anomalies are vertically
integrated (300 hPa-surface). Shading and contour interval are as in Fig. 5. Positive-negative anomalies
represent moisture flux convergence—-divergence anomalies. Fluxes smaller than 10 kg m~! s~! have
been masked out and those statistically significant at the 0.05 level have been drawn with a lighter color.
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is largely supported by the convergence of stationary
moisture fluxes; this apparently accounts for up to
three-fourths of the precipitation over the Great Plains
(Fig. 6a). A coherent, anomalous anticyclonic circula-
tion carries moisture northward from the Gulf of
Mexico and the Caribbean Sea. An anomalous cyclonic
circulation over the western half of the United States
prompts a weaker connection to the Pacific, via west-
erly fluxes over the southwestern states.

Regressed simulated moisture flux anomalies, and
their convergences, have less in common (Figs. 6b-g)
than the precipitation anomalies but still manage to
have a maximum of moisture flux convergence over the
focus region. Moisture fluxes from the Gulf of Mexico
into the central United States are apparent in GISS-
EH, PCM, UKMO-HadCM3, and MIROC3.2(hires)
simulations; the Caribbean connection, although weak,
is present only in the UKMO-HadCM3 simulation. The
connection to the Pacific via westerly fluxes over the
southwestern states in NARR is also weak in simula-
tions; none of the models simulate the anomalous cy-
clonic circulation over the United States, with the ex-
ception of MIROC3.2(hires) but not with the extension
present in the regional reanalysis. However, CCSM3
and, in particular, GFDL-CM2.1 simulations put a pre-
mium on moisture fluxes from the Pacific into the cen-
tral United States; while GFDL-CM2.1 has very weak
moisture fluxes from the Gulf of Mexico (smaller than
10 kgm~'s™ ", see caption for details), CCSM3 also has
them but they are driven by activity in the Pacific.

The structure of the simulated moisture flux conver-
gence in the models is less consistent among the differ-
ent simulations than it was in the simulated precipita-
tion. Distributions of moisture flux convergence over
the Great Plains range from the noisy and very large in
GISS-EH, to the almost identical to the regional re-
analysis by MIROC3.2(hires); simulated moisture flux
convergence by UKMO-HadCM3 is also larger than
that in NARR, while those by CCSM3, GFDL-CM2.1,
and PCM are slightly weaker than in the regional re-
analysis. Note that the simulated moisture flux diver-
gence over northwestern Mexico seems to explain the
simulated (and not observed) reduced precipitation
over that region, especially in CCSM3, GFDL-CM2.1,
and PCM.

c. Evaporation

The GPP index regressions on surface evaporation
anomalies from the regional reanalysis and simulations
are displayed in Fig. 7; here we are using the word
“evaporation” to refer to the sum of evaporation from
wet bare soil and canopy plus transpiration from veg-
etated surfaces. In this case, the 0.1 mm day ' contour
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interval is a third of that used for precipitation and
moisture flux convergence. Evaporation anomalies in
the regional reanalysis are modest over the Great
Plains region (Fig. 7a) and noticeably smaller than pre-
cipitation and moisture flux convergence anomalies.

Regressed simulated evaporation anomalies also
have few similarities among them (Figs. 7b—g). Great
Plains evaporation anomalies span from zero, or close
to zero, in GISS-EH to very large anomalies in CCSM3
and GFDL-CM2.1; evaporation anomalies in PCM,
UKMO-HadCM3, and MIROC3.2(hires) are modest.
The maximum in evaporation anomalies in regional re-
analysis and simulations is shifted toward the south-
west, with respect to the maximum in precipitation
anomalies. Note the closeness of the structures between
precipitation and evaporation anomalies simulated by
CCSM3 and GFDL-CM2.1.

d. Relative contributions

The previous description of regressed anomalies of
the main water balance components in the atmosphere
indicates a different hierarchy of processes that are im-
portant for precipitation variability over the Great
Plains in observations (NARR) and the different mod-
els. Although it is important to have a well-simulated
structure of anomalies, it is even more important to
have the relative contributions of the processes respon-
sible for precipitation variability as identified in obser-
vations. Observations, via the regional reanalysis, indi-
cate that precipitation anomalies over this region are
mostly due to convergence of remote moisture fluxes,
and to a smaller extent due to local evaporation of
previous precipitation. Thus, attending to the magni-
tude of the maximum anomalies, models seem to em-
phasize different processes as follows. In the first type
of models (e.g., CCSM3 and GFDL-CM2.1), the em-
phasis is on the large local recycling of precipitation. In
the second type of models (e.g., GISS-EH), the empha-
sis is on the remote sources of water inducing large
moisture flux convergence. In the third type of model
[e.g., UKMO-HadCM3, MIROC3.2(hires), and PCM],
the emphasis is still on the remote sources of water
converging over the region but the local recycling of
precipitation increases its role, similar to observations.

Another way to see these contributions is by taking
an area average of the regressed anomalies of precipi-
tation, vertically integrated moisture flux convergence,
and evaporation over the Great Plains region (35°-
45°N, 100°-90°W) as seen in Table 3. In the regional
reanalysis, moisture flux convergence dominates over
modest evaporation in the generation of precipitation;
the former accounts for up to three-fourths of precipi-
tation, while the latter accounts for up to a quarter of
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FIG. 7. Same as in Fig. 5, but on evaporation anomalies. Contour interval is 0.1 mm day'; dark (light)
shading denotes areas of positive (negative) evaporation anomalies statistically significant at the 0.05
level; the zero contour is omitted.
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TABLE 3. Area-averaged regressed anomalies of precipitation
(P), vertically integrated moisture flux convergence (MFC), and
evaporation (E) over the Great Plains (35°-45°N, 100°-90°W) in

mm day '

P MFC E
NARR 0.89 0.66 0.22
CCSM3 1.04 0.45 0.69
GFDL-CM2.1 1.13 0.40 0.59
GISS-EH 0.73 0.91 —0.04
PCM 0.63 0.46 0.04
UKMO-HadCM3 0.92 0.83 0.14
MIROC3.2(hires) 0.78 0.66 0.06

the precipitation. Area averages of the regressed simu-
lated anomalies also highlights the three different kind
of models.'® However, models are distributed in a
slightly different manner than before. Models where
large evaporation dominates over moisture flux conver-
gence in the generation of precipitation are CCSM3
and GFDL-CM2.1. Models where moisture flux con-
vergence dominates over reduced evaporation are
GISS-EH, PCM, and MIROC3.2(hires). The only
model where moisture flux convergence dominates
over modes evaporation in the generation of precipita-
tion, as in the regional reanalysis, is UKMO-HadCM3.

6. Precipitation recycling

The local recycling of precipitation via land surface
processes depends on antecedent precipitation and the
characteristics of the land surface over the region. It is
apparent from the previous sections that the models
have different degrees of recycling, but it is not clear
how much memory they carry from past precipitation.
While the recycling of precipitation may be high, it can
be a slow or rapid process depending on the land sur-
face processes that put back the precipitated water into
the atmosphere. Slow recycling of precipitation has a
stronger link with antecedent precipitation than fast re-
cycling does, or in other words, carries more memory
from past precipitation. An estimation of this memory
can be established by an autocorrelation analysis of
precipitation. The analysis is carried out on the monthly
GPP indices calculating the correlation between July’s
precipitation anomalies and the May, June, July, and
August precipitation anomalies for the 1951-98 period

19Note that taking the area average of the anomalies with dif-
ferent signs in the region can generate the wrong impression, as it
is the case for moisture flux convergence from GFDL-CM2.1,
evaporation from UKMO-HadCM3, and especially, from PCM
(which has comparable negative and positive anomalies).
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FiG. 8. Correlation between July’s GPP anomalies with May,
June, July, and August monthly precipitation anomalies for the
1951-98 period. Correlations from the retrospective U.S.-Mexico
precipitation analysis are shown using filled black circles; CCSM3,
open red circles; GFDL-CM2.1, open green squares; GISS-EH,
open blue diamonds; PCM, orange plus signs; UKMO-HadCM3,
purple multiplication signs; MIROC3.2(hires), open yellow—green
triangles. The horizontal light blue line marks the critical corre-
lation at the 0.05 significance level according to the Student’s ¢
test. Error bars in the June correlation for the U.S.-Mexico
dataset and models represent the standard error when calculating
the correlation.

(Fig. 8). July’s precipitation dependence on previous
months’ precipitation in observations from the U.S.—
Mexico dataset (black line) indicates a low correlation
(~0.2 with June and lower with earlier months); Au-
gust’s precipitation dependence on July’s precipitation
is almost nonexistent (~0.02). The observed low depen-
dence on previous months’ precipitation defines a nar-
row spikelike graph suggesting weak memory of past
precipitation over the Great Plains. Thus, a broader/
narrower JJA spike than the one from observed data
will indicate even higher/lower correlations as well as
stronger/weaker memory of antecedent precipitation.
The dependence of precipitation on that of the pre-
vious month in simulations adds another element to the
discussion of the previous section. The autocorrelation
of the GPP indices simulated by GFDL-CM2.1 (dashed
dark green line) and CCSM3 (dashed red line) have a
broader spike than that of the observed index (corre-
lations are at least 0.3 on both sides of the maximum in
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July); however, correlations with the GFDL-CM2.1 in-
dex are notoriously higher than those with the CCSM3
index (in spite of the larger mean evaporation anoma-
lies in CCSM3). The autocorrelation of the GPP indices
simulated by GISS-EH (dashed blue line) and
MIROC3.2(hires) (yellow—green line) have narrower
spikes than that from the observed index (correlations
are around —0.1 on both sides of the maximum in July).
Finally, the autocorrelation of the GPP indices simu-
lated by UKMO-HadCM3 (purple line) and PCM (or-
ange line) have comparable spikes to the spike from the
observed index, even though PCM has low mean
evaporation.

A Student’s ¢ test at the 0.05 level reveals that only
correlations larger than |+0.28| are statistically signifi-
cant; thus, autocorrelations from GFDL-CM2.1,
CCSM3, and PCM indices are the only ones that satisfy
this statistical constrain. However, because there is a
standard error associated with the correlations, it is not
possible to rule out the statistical significance of the
June—July correlations in UKMO-HadCM3 and U.S.—-
Mexico indices when considering that their standard
error makes their correlations surpass the critical cor-
relation.

The idea behind a high correlation at a 1-month lag
of a precipitation index is that precipitation in the pre-
vious month is stored in the upper layers of the soil and
then transpired from the vegetated surface to provide
the needed moisture for precipitation in the current
month; it is there that the memory of antecedent pre-
cipitation resides. Thus, one could expect to have large
evaporation anomalies, from canopy transpiration, as-
sociated with large correlations at a 1-month lag of the
precipitation index, as it is the case for the GFDL-
CM2.1 model. However, when significant precipitation
is not reaching the ground but it is intercepted by the
canopy, precipitation can be quickly evaporated from
the wet canopy and the memory of the soil is lost to
some extent; in this case, the dependence of the current
month’s precipitation on the previous months precipi-
tation is reduced. Thus, large evaporation anomalies,
from a wet canopy, cannot be expected to be associated
with large correlation at a 1-month lag of the precipi-
tation index, as it is the case for the CCSM3 model (see
also Wu and Dickinson 2005).

In those models where evaporation anomalies are
small there is not much memory from the moisture of
the soil to be passed from 1 month to another via tran-
spiration of the canopy, so the 1-month lag correlation
of their precipitation index is very low, as it is the case
for GISS-EH and MIROC3.2(hires).

Interestingly, some of the models (or their earlier
versions) analyzed here have been key to recent claims
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of strong coupling between soil moisture and precipi-
tation, or “hot spots” (Koster et al. 2004). The claims
are based on the Global Land-Atmosphere Coupling
Experiment (GLACE; see online at http://glace.gsfc.
nasa.gov) where the coupling strength in twelve atmo-
sphere—land surface models was analyzed. Surprisingly,
the GLACE conclusion regarding hot spots is drawn by
averaging the sensitivities of 12 models. The 12-model
average is, of course, easily impacted by the large sig-
nals of a few models that makes the multimodel aver-
age unrepresentative of the analyzed model population.
There is evidently considerable scatter in the strength
of land-atmosphere coupling in the GLACE models,
especially over the central United States (cf. Fig. 1 in
Koster et al. 2004). While the GFDL model has one of
the strongest couplings, the atmospheric components of
CCSM3 and UKMO-HadCM3 present a much weaker
coupling (Fig. 5 in Koster et al. 2006), in line with the
results presented here.

7. Concluding remarks

The present study has sought to ascertain the struc-
ture of warm-season hydroclimate variability over the
U.S. Great Plains and the extent to which the observed
variability features are represented in the state-of-the-
art climate simulations of the twentieth century. The
focus is on the analysis of interannual variability where
models are more challenged, however, attention is
briefly focused on the simulated annual cycle of pre-
cipitation too.

The analysis is largely based on, and driven by, pre-
vious research from the authors warm-season hydrocli-
mate variability studies over North America in AMIP
simulations and observations at seasonal and interan-
nual time scales. Curiosity arises not only because the
difficulties that some of the state-of-the art atmospheric
GCMs show in capturing the annual cycle of precipita-
tion (Nigam and Ruiz-Barradas 2006), but also in the
difficulties that those models have capturing the rela-
tive contributions by anomalous moisture fluxes and
evaporation important to the generation of precipita-
tion variability over the Great Plains (Ruiz-Barradas
and Nigam 2005, 2006).

There is a big interest in identifying those problems
in fully coupled GCMs over the season and region be-
cause the potential use of their simulations for future
climate change scenarios. In the current study four
American models from NCAR (CCSM3 and PCM),
NOAA (GFDL-CM2.1), and NASA (GISS-EH), a
British model (UKMO-HadcCM3), and a Japanese
model [MIROC3.2(hires)] are analyzed in the context
of Great Plains hydroclimate variability during the
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warm-season (JJA). Comparisons are made against
NCEP’s North American Regional Reanalysis, and the
U.S.—Mexico analyzed precipitation dataset.

The annual cycle of precipitation, and mean annual
precipitation present a surprising challenge to the mod-
els (considering that model tuning is usually made with
the observed annual cycle).

» Climatological winter precipitation is reasonably well
simulated over the U.S. northwest. Models simulate
reasonably well the annual cycle over the northwest-
ern United States and its mean annual precipitation
while they fail to capture the weak annual cycle over
the southeastern United States and its mean annual
precipitation; precipitation in those regions peaks
during middle and late winter, respectively.

e Climatological summer precipitation is more de-
manding. Models have problems capturing both
mean precipitation and its annual cycle over the cen-
tral United States and Mexico, which peaks in sum-
mer. Models like CCSM3, GFDL-CM2.1, and PCM
have the annual cycle in the central United States and
Mexico markedly ahead of time. In general, UKMO-
HadCMa3 is closer to observations than the others but
it is not perfect, especially in regards of the features
over the southeastern United States where the an-
nual cycle is a bit stronger than observations indicate.

Interannual variability of precipitation and its links to
the atmospheric water balance components are cen-
tered around the Great Plains Precipitation (GPP) in-
dex. The index is objectively constructed on the basis of
the standard deviation distribution of observed
monthly precipitation in the warm-season months. This
maximum in standard deviation of precipitation in gen-
eral is displaced southwestward in the simulations with
respect to the observed maximum. While the region
defining the Great Plains (35°—45°N, 100°-90°W), and
the GPP index, is based on the position of the maxi-
mum of standard deviation in observations, it is shown
(in the appendix) that using the region defined by the
maximum in standard deviation of simulated precipita-
tion only strengthens the validity of the results summa-
rized in the following paragraphs.

e Model evolution is problematic. Simulated monthly
GPP indices are temporally uncorrelated with the ob-
served monthly GPP index. Smoothing of the indices,
to enhance interannual variability, only marginally
increases the correlation between observed and simu-
lated smoothed indices, except for the UKMO-
HadCM3 model that has a statistically significant cor-
relation of 0.54.

e Large precipitation variability is consequence of the
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occurrence of rare extreme wet and/or dry events (as
in GFDL-CM2.1), while reduced precipitation vari-
ability is the consequence of the lack of those ex-
treme events and the increased number of small wet
and/or dry events (as in PCM).

The relative importance of processes contributing to
the generation of interannual variability of precipita-
tion over the Great Plains in the warm season is com-
pared in observations and simulations. Autocorrelation
analysis of the monthly GPP indices and their regressed
water balance components indicate the following hier-
archy of processes in the models:"!

¢ In models like UKMO-HadCM3 and PCM, moisture
flux converging from the Gulf of Mexico into the
region is more important than local evapotranspira-
tion of preceding precipitation, as in the NARR re-
sults. Precipitation variability as well as the structure
of anomalies of the water balance components in the
UKMO-HadCM3 model are closer to observations
than those in the rest of the models.

e In models like GISS-EH and MIROC3.1(hires) the
gap between contributions by moisture flux conver-
gence and local evapotranspiration is increased by
means of increasing moisture flux convergence from
the Gulf of Mexico, and diminishing (reducing to
near zero in GISS-EH) the local recycling of preced-
ing precipitation via evaporation.

¢ In the GFDL-CM2.1 model the local recycling of pre-
ceding precipitation via evapotranspiration is larger
than the convergence of moisture fluxes from remote
regions. This model emphasizes more moisture fluxes
from the Pacific than from the Gulf of Mexico—not a
feature present in the NARR results. The CCSM3
model behaves similarly to GFDL-CM2.1 model,
however, its land surface memory is weaker.

This study emphasizes the importance of remote water
sources (moisture fluxes) over local land surface pro-
cesses (evapotranspiration) in the generation of Great
Plains precipitation variability during the warm-season
months. This is clearly evident in observations repre-
sented by the regional reanalysis but only in some glob-
al models. Our finding on excessive land-atmosphere
interactions in some models are consistent with
GLACE results pertaining to these models, but not

" Evaluations of GFDL-CM2.0, GISS-AOM, and GISS-ER
models indicate that in the first two models the local recycling of
precipitation is the main process of precipitation variability, while
in the third model convergence of moisture fluxes is the most
important and overwhelming process for generating precipitation
variability over the Great Plains in the warm-season months.
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supportive of the drawn conclusion on the existence of
a strong coupling over the central United States. Re-
gardless of the statistical significance in the present
analysis, the physical insight is very consistent. An en-
hanced (neglected) recycling of precipitation implies
substantial (reduced) energy going into the regional
land surface component of the models. Investigation of
this issue is already under way as well as analysis of
precipitation variability during the cold-season months,
where evaporation plays less of a role and models seem
to be doing better (at least over the U.S. northwest).
This will improve the understanding of the water and
energy cycles over the region.

The Hadley Centre’s model is the one that better
approaches NARR’s hydroclimate variability over the
Great Plains during the warm season. This model will
be used to assess the impact of global climate change
scenarios over the region in an upcoming analysis.
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APPENDIX

Sensitivity to Models’ Region of Maximum
Rainfall Variability

The region of maximum precipitation variability as
defined by observations (Fig. 2a) has been used to
study simulated precipitation variability over the very
same region in the warm-season months. However, this
region is not necessarily the region of maximum pre-
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FiG. Al. Warm-season regressions of a shifted GPP index on
(a) precipitation, (b) stationary moisture fluxes, and (c) evapora-
tion anomalies from the GFDL-CM2.1 simulation. This shifted
index is defined along the maximum of standard deviation in the
GFDL-CM2.1 simulation (Fig. 2¢c, dashed line box), and noted in
this figure by the enclosed dashed box. The index is displaced
southwestward with respect to the region of maximum observed
in NARR (noted here as the continuous line box). As in previous
figures precipitation and moisture flux convergence are contoured
with the same 0.3 mm day ! interval, and evaporation with a 0.1
mm day ! interval; dark (light) shading denotes areas of positive
(negative) anomalies as in Figs. 5-7.
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cipitation variability in simulations (Figs. 2b—g), which
opens the question about the generality of the results.
To address this issue, and as an example, the analysis is
repeated for the GFDL-CM2.1 model whose westward
shift of the region of maximum precipitation variability
(as compared with observations) is typical of the simu-
lations. The region of maximum precipitation variabil-
ity of this model can also be enclosed in a 10° latitude—
longitude box (Fig. 2c, dashed box: 33°-43°N, 105°-
95°W), as the original definition of the Great Plains
region. The precipitation index is generated from area-
averaged precipitation anomalies over this shifted box
of maximum precipitation variability during the warm-
season months. Then it is regressed onto precipitation,
moisture fluxes, and evaporation anomalies.

The new index does not improve the structure of
anomalies associated to the precipitation variability of
the region. As expected, the regressed precipitation
anomalies (Fig. Ala) are centered over the region of
definition of the index and are larger than those with
the original GPP index (Fig. 5c). The regressed verti-
cally integrated moisture flux anomalies and their con-
vergence (Fig. Alb) are also larger than before (Fig.
6¢); the artificial link with the Pacific basin via moisture
fluxes is even stronger than it was before, and the con-
nection with the Gulf of Mexico is still absent. Evapo-
ration anomalies (Fig. Alc) remain of the same magni-
tude as before (Fig. 7c). It is also clear that according to
this displaced region, maximum anomalies are more
centered over the region than they were over the Great
Plains region.

The relative importance of the water balance com-
ponents over the shifted region does not change or the
significance of precipitation recycling via local evapo-
ration. In the mean, area-averaged anomalies are larger
than before: mean precipitation increases from 1.13 to
1.28 mm day ', mean moisture flux convergence in-
creases from 0.40 to 0.50 mm day !, and evaporation
increases from 0.59 to 0.67 mm day'. This picture of a
larger control by land surface processes on precipita-
tion variability is further corroborated by obtaining the
autocorrelation of the shifted index (as it was done be-
fore for the GPP index; Fig. 8). Now, the dependence of
July’s precipitation on previous months’ precipitation is
larger than before, with correlations of 0.5 for May, and
0.8 for June.

Thus, it is apparent that focusing on the individual
regions of maximum precipitation variability of the dif-
ferent models, in contrast to the region identified by
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observations, does not change the main results of the
present study but further strengthens them.
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