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ABSTRACT

This study examines the predictability of seasonal mean Great Plains precipitation using an ensemble of
century-long atmospheric general circulation model (AGCM) simulations forced with observed sea surface
temperatures (SSTs). The results show that the predictability (intraensemble spread) of the precipitation
response to SST forcing varies on interannual and longer time scales. In particular, this study finds that
pluvial conditions are more predictable (have less intraensemble spread) than drought conditions. This
rather unexpected result is examined in the context of the physical mechanisms that impact precipitation in
the Great Plains. These mechanisms include El Niño–Southern Oscillation’s impact on the planetary waves
and hence the Pacific storm track (primarily during the cold season), the role of Atlantic SSTs in forcing
changes in the Bermuda high and low-level moisture flux into the continent (primarily during the warm
season), and soil moisture feedbacks (primarily during the warm season). It is found that the changes in
predictability are primarily driven by changes in the strength of the land–atmosphere coupling, such that
under dry conditions a given change in soil moisture produces a larger change in evaporation and hence
precipitation than the same change in soil moisture would produce under wet soil conditions. The above
changes in predictability are associated with a negatively skewed distribution in the seasonal mean precipi-
tation during the warm season—a result that is not inconsistent with the observations.

1. Introduction

The U.S. Great Plains experienced large fluctuations
in precipitation during the last century. The 1930s and
1950s were, for example, characterized by severe
drought conditions, while the early 1940s and 1990s saw
relatively wetter conditions. The processes that contrib-
ute to such long-term (interannual to decadal) pluvial
or drought conditions in the Great Plains have not been
well established. A number of observational studies
have linked summer precipitation in the Great Plains to

changes in sea surface temperatures (SSTs). Trenberth
and Guillemot (1996) linked tropical Pacific SST and
convection anomalies associated with El Niño–
Southern Oscillation (ENSO) to the 1988 drought and
1993 floods in the central United States. Ting and Wang
(1997) found that decadal changes in U.S. summer pre-
cipitation are associated with SST anomalies in the
North Pacific Ocean. Livezey and Smith (1999) found
decadal covariability between U.S. surface temperature
and a pan-Pacific SST pattern that encompasses the
tropics and extratropics. Barlow et al. (2001) showed
that there are three modes of SST variability related to
long-term drought in the United States: an ENSO
mode, a decadal pan-Pacific mode, and a North Pacific
mode.

Recent studies employing long simulations with at-
mospheric general circulation models (AGCMs) forced
with observed SSTs (e.g., Hoerling and Kumar 2003;
Schubert et al. 2004a,b; Seager et al. 2005) also suggest
that changes in SSTs play an important role in forcing
the precipitation changes in the middle latitudes and
particularly in the Great Plains. These studies point to
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a number of physical mechanisms linking the changes in
the tropical SSTs to changes in precipitation over North
America. In particular, Seager et al. (2005) found that
tropical Pacific SST anomalies are the primary cause of
persistent droughts and wet conditions over western
North America, and that this occurs as the result of
SST-forced changes in the subtropical jets, transient ed-
dies, and the eddy-driven mean meridional circulation.
Schubert et al. (2004b) found that during the 1930s,
tropical Atlantic SST anomalies also played an impor-
tant role: the tropical Pacific SST anomalies forced
changes in the planetary-scale waves and Pacific storm
tracks (primarily during the winter and spring), while
the tropical Atlantic/Caribbean SST anomalies forced
changes in the Bermuda high and the associated low-
level moisture flux into the continent (primarily during
the summer and fall). In addition, land–atmosphere
feedbacks acted to magnify the initial precipitation re-
sponse to the SST.

The importance of land moisture conditions in the
generation of rainfall anomalies is supported by a num-
ber of observational studies (e.g., Namias 1991; Bell
and Janowiak 1995; Findell and Eltahir 1997; Koster et
al. 2003). Koster et al. (2000) underscore the unique

aspects of the Great Plains region that make rainfall in
the region particularly sensitive to changes in soil mois-
ture. Unambiguously quantifying the strength of soil
moisture feedback on precipitation using observations
alone, however, is difficult, if not impossible, and while
the strength can be quantified precisely in AGCMs,
these models (including the one used for this study)
often seem to overestimate it (Koster et al. 2003; Ruiz-
Barradas and Nigam 2005).

While the above model results show that there are
SST-forced changes (including the modifying impact of
land–atmosphere feedbacks) in the ensemble mean
precipitation, we consider here the question of whether
there are also changes in the intraensemble spread or
predictability of the precipitation. Our study is moti-
vated by the results in Fig. 1 (from Schubert et al.
2004b), showing the time history of Great Plains pre-
cipitation from an ensemble of National Aeronautics
and Space Administration’s (NASA) Seasonal-to-
Interannual Prediction Project (NSIPP-1) AGCM
simulations forced with twentieth-century observed
SSTs. The figure shows what appear to be periods with
reduced and enhanced spread among the ensemble
members. For example, the 1930s drought has consid-

FIG. 1. Time series of precipitation anomalies (mm day�1) averaged over the U.S. Great
Plains (30°–50°N, 95°–105°W). A filter is applied to remove time scales shorter than about 6
yr. The 14 black curves are the individual ensemble members of the C20C runs produced with
the NSIPP-1 model forced by observed SST and fixed CO2. The heavy solid curve is the
ensemble mean. The heavy dashed curve is from station observations. From Schubert et al.
(2004b).
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erable spread among the ensemble members, while the
early 1940s (marking the end of the drought) shows less
intraensemble spread.

We begin in section 2 by describing the model and
the simulations. The results are presented in sections 3
and 4. Section 5 describes the physical mechanism re-
sponsible for the changes in predictability. The discus-
sion and conclusions are given in section 6.

2. The AGCM simulations

Our study is based on a number of century-long
simulations carried out with the NSIPP-1 atmospheric
general circulation model run at a horizontal resolution
of 3° latitude by 3.75° longitude and 34 unequally
spaced � layers with high resolution (�200 m) in the
lower 2 km of the atmosphere. The dynamical core of
the model is described in Suarez and Takacs (1995).
The boundary layer scheme is a simple K-scheme,
which calculates turbulent diffusivities for heat and mo-
mentum based on Monin–Obukhov similarity theory
(Louis et al. 1982). The AGCM uses the relaxed Ar-
akawa–Schubert (RAS) scheme to parameterize con-
vection (Moorthi and Suarez 1992). The parameteriza-
tion of solar and infrared radiative heating is described
in Chou and Suarez (1994, 2000). The mosaic model
(Koster and Suarez 1996) is used to represent land pro-
cesses. Vegetation is prescribed with a climatological
seasonal cycle. Details of the NSIPP-1 model formula-
tion and its climate are described in Bacmeister et al.
(2000). The seasonal predictability of the model is de-
scribed in Pegion et al. (2000) for boreal winter and in
Schubert et al. (2002) for boreal summer.

The model simulations used here are the same as
those analyzed by Schubert et al. (2004b) and consist of

an ensemble of fourteen 100-yr (1902–2001) runs forced
by observed monthly SSTs (Rayner et al. 2002). The
runs differ only in their initial atmospheric conditions.
As such, the degree of similarity in the runs (the “sig-
nal”) provides us with an assessment of the predictable
component of the Great Plains climate variations, while
the disagreement among the runs (the “noise”) pro-
vides us with an estimate of the unpredictable compo-
nent of the climate variability. Another set of eight
simulations were performed that are identical to the
original 14 runs, except that they include estimates of
the time-varying CO2 (the original set had a fixed mod-
ern value of CO2). Since we found no significant impact
on the precipitation in the Great Plains from the effects
of the CO2 changes on the atmospheric radiative heat-
ing rates (this is of course separate from the impact of
CO2 that would already be included in the SST forcing),
these runs were included in our calculations. All to-
gether, these 22 runs were carried out as part of the
Climate of the Twentieth Century Project (Folland et
al. 2002) and are referred to here as the C20C runs.

The model results are compared with a Global His-
torical Climatology Network (GHCN) 5° latitude–
longitude gridded station precipitation dataset avail-
able for the period 1900–2001 (Vose et al. 1992).

3. Results from the C20C runs

Our previous work (Schubert et al. 2004a,b) showed
that the NSIPP-1 model does a credible job of repro-
ducing the observed link between low-frequency
changes in Great Plains precipitation and SSTs. Figure
2, for example, compares the correlations between the
observed precipitation and SST (left panel) with the
correlation between the simulated precipitation and

FIG. 2. Correlations between annual mean (left) observed (1901–2004) and (right) simulated (1902–2004) Great Plains precipitation
and annual mean SST. For the simulations, the values are the average of 14 correlations produced for each ensemble member.
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SST averaged over all ensemble members. The results
show that the model reproduces the relatively strong
correlations with the Pacific SSTs (in particular the
ENSO-like pattern), as well as the positive correlations
over the Indian Ocean (though these are not as exten-
sive as those found in the observations). There are
some differences in the tropical Atlantic, with the simu-
lation showing positive correlations while the observa-
tions show weak or slightly negative values. It is unclear
whether the positive correlations indicate an incorrectly
modeled physical connection between the tropical At-
lantic and Great Plains precipitation, or whether they
simply reflect a correlation between the SSTs in the
Pacific and Atlantic Oceans that is not picked up by the
more limited set of observations. In any event these
correlations are rather weak, and the overall results
give us confidence that the model is performing well
and that we can look further into the higher-order (sec-
ond moment) statistics involving the relationship be-
tween the SST and Great Plains precipitation.

a. Intraensemble spread and the ensemble mean

We focus here on the spread among the ensemble
members (the so-called intraensemble spread) as a
measure of predictability or robustness of the response
to the SST and its relationship with the ensemble mean.

It is important to note that we are not addressing the
full predictability problem, which must of course also
include the uncertainties that occur in predicting the
SSTs.

Figure 3 summarizes the correlations between the
ensemble mean and intraensemble variance. There is a
rather remarkable annual cycle in the correlations, with
negative correlations occurring in spring and summer
and positive correlations occurring in fall and winter.
The largest negative values occur in late spring and
summer, while the largest positive values occur during
the fall. The correlations between the ensemble mean
and the square of the coefficient of variation (defined
as the intraensemble standard deviation divided by the
ensemble mean) show all negative correlations, consis-
tent with what one might expect from, for example, a
gamma distribution. The positive correlations between
the ensemble mean and variance simply reflect the fact
that the precipitation statistics tend to have a positive
skewness (large variances are associated with large val-
ues), and normalizing the variance by the square of the
mean removes that dependence (it in fact makes the
correlations negative). The more interesting results to
explain are the negative correlations between the en-
semble mean and variance during the spring and sum-
mer. This apparently reflects a physical process that

FIG. 3. Various correlations of interannual variability of seasonal mean Great Plains pre-
cipitation. The solid line shows the correlations between the intraensemble variance and
ensemble mean. The dotted line shows the correlations between the coefficient of variation
and ensemble mean. The dashed line shows the correlations between the intraensemble
variance and Niño-3 SST, and the dot–dash line shows the correlations between the ensemble
mean and Niño-3 SST.
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produces negative skewness in the precipitation statis-
tics. We see that the correlations between the intraen-
semble variance of the Great Plains precipitation and
the Niño-3 index have an annual cycle that is very simi-
lar to that of the correlations between the intraen-
semble variance and the ensemble mean, reflecting the
fact that the ensemble mean precipitation is to a large
extent forced by the tropical Pacific SST. This connec-
tion is highlighted by the correlations between the en-
semble mean and the Niño-3 index: these are positive
throughout the year, with the strongest correlations oc-
curring during the spring and fall seasons. We will dis-
cuss the seasonality of the skewness of the precipitation
statistics further in section 5 (see, e.g., Fig. 11)

b. Composite fields

The negative correlation during the spring and sum-
mer (the rainy seasons) suggests that pluvial conditions
are more predictable than drought conditions in the
Great Plains. In this section we look into the nature of
the physical mechanisms that might produce the nega-
tive correlations between the intraensemble variance
and the ensemble mean. We begin by examining the
meteorology associated with those years that have ei-
ther very large or very small intraensemble variance.
We first composite the SST anomalies based on the
values of the coefficient of variation of Great Plains
precipitation. In particular, we form one SST composite
by averaging together those years with coefficient of
variation values greater than one standard deviation,
and another SST composite by averaging together
those years with coefficient of variation values less than
negative one standard deviation. Figure 4 shows the
composites for each season. In view of the strong nega-
tive correlations during April–June (AMJ; Fig. 3), we
focus on that “season” instead of the usual March–May
(MAM) season. All but December–February (DJF)
show a coherent global signal associated with the
changes in intraensemble spread in the Great Plains
precipitation. These seasons [AMJ, June–August
(JJA), September–November (SON)] show what ap-
pear to be La Niña– (El Niño) like SST anomalies char-
acterized by negative (positive) anomalies in the tropi-
cal Pacific surrounded by positive (negative) anomalies
to the north and south. The La Niña anomalies occur
for the large variability cases, while the small variability
cases are associated with the El Niño anomalies. On the
other hand, during DJF the SST composites are
weaker, suggesting that any differences in the precipi-
tation variability in the Great Plains are not linked to
SST changes during that season.

The above results link La Niña or cold tropical Pa-

cific SST to both a reduction (in the mean) and greater
variability in the Great Plains precipitation, while El
Niño or warm tropical Pacific SSTs are associated with
both an enhancement (in the mean) and less variability
in the Great Plains precipitation for all but the winter
season, consistent with the correlations shown in Fig. 3.
The basic question then is whether this apparent rela-
tionship between the SST anomalies and variability in
the Great Plains precipitation is the result of direct
SST-forced changes in the variability of the atmo-
spheric circulation, or whether it is tied to differences in
local land–atmosphere processes that are an indirect
consequence of the SST anomalies through its impact
on the mean land surface conditions (dry or wet). Since
the negative correlation between the mean and vari-
ance is strongest during AMJ, we will in the following
focus on that season with the goal of understanding the
physical mechanisms responsible for such a relation-
ship.

We next look at composites of the global 200-mb
height field during AMJ (Fig. 5). The results show the
expected ENSO-like responses characterized by a
wavelike response to the tropical Pacific. The La Niña
anomalies consist of positive height anomalies in the
middle latitudes that would tend to suppress storm de-
velopment in the North Pacific and/or divert the storm
tracks away from the continental United States. The El
Niño anomalies, in contrast, consist of negative height
anomalies in the middle latitudes that would tend to
enhance storm development in the North Pacific and/or
facilitate the storms entering the continental United
States. Schubert et al. (2001) show that a strong La
Niña tends to have greater intraensemble variability in
the circulation over the North Pacific and North
America, while a strong El Niño has less variability.
The differences in the variability are the result of dif-
ferences in the stability of the wintertime East Asian
jet. Such a difference in the variability of the large-scale
winter (and perhaps spring) circulation could poten-
tially lead to the negative correlations between the
mean and variance of the precipitation found here.

The top panel of Fig. 6 shows the differences in the
200-mb height variability between years with large and
those with small AMJ Great Plains precipitation vari-
ability. The results show that, while there is increased
variability over Canada and the northeastern United
States, the variability over the western United States
extending into the Great Plains is in fact reduced, so it
is unlikely that changes in large-scale variability are
playing a direct role. While we did not find a strong
negative correlation between the mean precipitation
and its variance for winter (DJF), it may be that the
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relationship comes primarily through the impact on the
spring precipitation variability of the antecedent (win-
ter) variability. To see if that is the case, we show in the
bottom panel of Fig. 6 the differences in the January–

March (JFM) 200-mb height variability between years
with large and those with small AMJ Great Plains pre-
cipitation variability. Here again, while there are in-
creases over the North Pacific, Alaska, and the Pacific

FIG. 4. SST anomaly (°C) composites based on the years with (left) the largest (�1 std dev) and (right)
smallest (��1 std dev) values of the coefficient of variation of Great Plains precipitation (1902–2004).
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Northwest, we do not see any other significant impact
over the United States. We find similar results for the
changes in the JFM precipitation variability (not
shown), which show some reduction in variability along
the West Coast and the Southeast.

The above results suggest that we must look to local
processes for understanding the physical mechanisms
producing the changes in variability. This includes
changes in land–atmosphere interactions and possibly
changes in the variability of the low-level winds associ-
ated with the low-level jet (LLJ). Figure 7 shows the
differences in the precipitation, evaporation, and 925-mb

wind variability between years with large and those
with small AMJ Great Plains precipitation variability.
The increase in precipitation variability (top panel)
over the Great Plains is not surprising since that simply
reflects how the composites were developed. It is inter-
esting that there is also a very clear signal in the evapo-
ration, with an increase in evaporation that extends
over the same domain as the increase in precipitation
variability. The third panel shows that there is also an
increase in the low-level wind variability, though that is
very small and so it is unlikely to impact the results.

In view of the above results we next focus our atten-

FIG. 5. The 200-mb height anomaly (AMJ) composites based on the years with the (top)
largest (�1 std dev) and (bottom) smallest (��1 std dev) values of the coefficient of variation
of Great Plains precipitation (1902–2004). The contour interval is 4 m. Dashed contours
represent negative values. Light shading for values greater than 8 m; dark shading for values
less than �8 m.
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tion on the land surface processes operating during
AMJ.

4. Idealized SST experiments

In this section we attempt to reproduce the changes
in precipitation variability during AMJ in a set of con-
trolled AGCM simulations in which we force the model
with the two polarities of the AMJ composite SST pat-
tern shown in the top panels of Fig. 4. In one polarity
(left top panel, negative anomalies in the tropical Pa-
cific) the SST anomalies are associated with enhanced

intraensemble Great Plains precipitation variability,
while in the other polarity (right top panel, positive
anomalies in the tropical Pacific) the SST anomalies are
associated with reduced intraensemble Great Plains
precipitation variability.

We carry out 100 simulations (1 March–30 June) for
each SST anomaly pattern. The 100 runs for each SST
pattern differ only in the initial (1 March) atmosphere
and land initial conditions: these are taken at random
from existing century-long simulations. Both sets of
runs are then repeated but with the soil moisture feed-
backs disabled in the AGCM. In these runs we fix the

FIG. 6. Differences in the (top) AMJ and (bottom) JFM intraensemble std dev (�) of the
200-mb height field computed as the mean � of the years with the largest (�1 std dev) minus
the mean � of the years with the smallest (��1 std dev) values of the coefficient of variation
of AMJ Great Plains precipitation (1902–2004). The contour interval is 2 m. Shading indicates
differences that are significant at the 20% level of an F test.
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land surface model’s evaporation efficiency or “�” (the
ratio of the evaporation to the potential evaporation) to
its seasonal climatology, as described in Koster et al.
(2000). The potential evaporation is the maximum rate
at which the atmosphere can receive water (as con-
trolled by near-surface humidity gradients, wind speed,
etc.).

The impact of the two SST patterns on U.S. precipi-
tation is shown in Fig. 8, plotted as the difference be-
tween the two sets of runs. The top panels show the
impact on the ensemble seasonal mean and the bottom
panels show the impact on the variance of the seasonal
means. The right panels are for the cases in which the
soil moisture feedbacks are disabled. We see the ex-
pected precipitation deficit in Great Plains precipita-
tion (upper left panel) consistent with our previous
studies on the impact of the tropical Pacific SSTs (e.g.,
Schubert et al. 2004b). The precipitation deficit extends
to the Southeast, the West, and into northern Mexico.
The variance difference (lower left panel) is positive
over much of the Great Plains, especially over the
southern states. Differences are shaded where they are
significant at the 5% level based on an F test. Signifi-
cant differences also occur over the Caribbean Sea and
the Pacific Northwest. The right panels show that with-
out soil moisture feedback the mean precipitation defi-
cit is reduced (consistent with, e.g., Schubert et al.
2004b), and the enhanced precipitation variability in
the Great Plains is completely absent. We note that the
other regions of enhanced variability over the Caribbe-
an Sea and the Pacific Northwest remain, indicating
that the variability in those regions is not associated
with land surface processes.

Figure 9 is the same as in Fig. 8 but for the evapora-
tion. Here (top left panel) we see a reduction in evapo-
ration over the same regions that we saw a reduction in
precipitation, with the largest reductions occurring over
the southern Great Plains. Enhanced evaporation oc-
curs off the East Coast and in the Gulf of Mexico. Much
of the southern Great Plains and the Southeast shows
enhanced evaporation variability. Comparisons with
the geographical distribution of the change in precipi-
tation variability (Fig. 8) suggest a strong link between
the changes in variability of these two quantities. The
impact of disabling the soil moisture feedbacks is to
eliminate most of the changes over land, including the
evaporation deficits (top right panel) and enhanced
variability over the Great Plains (lower right panel).

5. A physical mechanism

The above results show that soil moisture feedbacks
are necessary for producing the changes in precipitation
variability in the Great Plains during AMJ, and that the
change appears to be strongly linked to changes in the
variability of evaporation. In the following, we outline
the physical processes by which dry conditions (precipi-
tation deficits) can be associated with enhanced pre-
cipitation variability, while wet conditions (precipita-
tion surplus) can be associated with reduced precipita-
tion variability in the Great Plains.

FIG. 7. Difference in the AMJ intraensemble standard deviation
(�) of selected quantities computed as the mean � of the years
with the largest (�1 std dev) minus the mean � of the years with
the smallest (��1 std dev) values of the coefficient of variation of
AMJ Great Plains precipitation (1902–2004). (top) Precipitation
(contour interval is 0.1 mm day�1), (middle) evaporation (contour
interval is 2 W m�2), and (bottom) 925-mb �-wind component
(contour interval is 0.05 m s�1). Shading indicates significance as
in Fig. 6.
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Figure 10 shows a scatterplot relating near-surface
soil moisture to the evaporation divided by net radia-
tion or “evaporative fraction” (e.g., Shuttleworth 1991).
The use of evaporative fraction instead of evaporation
for this plot is motivated by the following: in a simpli-
fied sense, evaporation is controlled by two things, the
dryness of the soil and the incident energy on the sur-
face. If we were to plot instead evaporation against soil
moisture, we would get a lot of scatter, because some
points on the plot would be high due to high net radia-
tive energy, and some would be low due to low net
radiative energy. By “normalizing” the evaporation by
the available energy (the net radiation) before produc-
ing the scatterplot, we hone in on the relevant relation-
ship with soil moisture, the relationship that links vari-
ability in the land moisture state to variability in evapo-
ration and thus to droughts and pluvials.

The crosses in Fig. 10 are the AMJ mean values from
a large number of simulations with the NSIPP-1 AGCM,
including the 22 C20C runs and several 100� yr simu-

lations forced with climatological SSTs. The scatter of
points (the black line is a cubic fit) shows that the slope
of the apparent relationship is relatively steep for small
soil moisture values and decreases as we move toward
wetter soil conditions. Such a shape is not unexpected.
The curvature stems from the fact that when the soil is
relatively dry, evaporation is limited by the ability of
the soil to provide water to the atmosphere, whereas
when the soil is very wet, it can provide water easily and
evaporation is limited instead by the atmosphere’s abil-
ity to accept the water (e.g., Budyko 1974; Manabe
1969; Eagleson 1978). Evaporative fraction is therefore
sensitive to soil moisture variations when soil moisture
is low and is relatively insensitive to such variations
when soil moisture is high. The curvature shown in the
figure reflects the transition between these two hydro-
climatological regimes.

Because of this curvature, a given change in soil
moisture has a larger impact on the evaporative frac-
tion in the dry regime than it does in the wet regime.

FIG. 8. Difference in the (top) mean (�) and (bottom) variance (�2) of the AMJ precipitation computed from
the idealized SST runs. The differences are computed as the variance of 100 April through June simulations forced
with the SST field shown in the top left panel of Fig. 4 minus the variance of 100 April through June simulations
forced with the SST field shown in the top right panel of Fig. 4. The right panels are for the runs in which soil
moisture feedbacks are disabled (see text for details). The runs are initialized with arbitrary 1 Mar atmosphere and
land states from long Atmospheric Model Intercomparison Project (AMIP) style simulations. Units are mm day�1

in the top panels and (mm day�1)2 in the bottom panels. Shading indicates significance at the 5% level based on
an F test.
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This is illustrated clearly by our two sets of simulations
with the idealized SST. The red dots in Fig. 10 show the
100 AMJ values for the cases forced with negative SST
anomalies in the tropical Pacific (left top panel of Fig.
4), while the blue dots are for the cases forced with
positive SST anomalies in the tropical Pacific (right top
panel of Fig. 4). The results show how the dryer con-
ditions for the red dots put them on a steeper part of
the curve so that the change in evaporative fraction (as
represented by the separation of the horizontal lines) is
considerably larger than that for the blue dots with es-
sentially the same change in soil moisture (as repre-
sented by the separation of the vertical lines, set to
twice the standard deviation of the soil moisture val-
ues). We note that both sets of runs have basically the
same soil moisture variability.

The above results link changes in soil moisture to
changes in the evaporative fraction that in turn lead to
changes in precipitation. Since the link between soil
moisture and evaporative fraction is stronger for dryer
soil values (at least up to a point, since if the soil gets
too dry it presumably will have less variability since it is
bounded from below by zero), we argue that the dryer
soils associated with drought conditions tend to pro-
mote greater evaporation variability and thus greater

precipitation variability than do the wetter soils associ-
ated with pluvial conditions. The response of precipita-
tion to soil moisture variations is particularly strong in
the Great Plains in this model (Koster et al. 2000), as it
is in several models (Koster et al. 2006a).

Of course, a key question is whether the same mecha-
nism operates in nature. Our ability to identify signa-
tures of the mechanism in the observational data is
hampered by two things. First, the AGCM used here is
known to exaggerate the strength of land–atmosphere
coupling in the Great Plains (Koster et al. 2003), so that
signatures present in the observational data are ex-
pected to be weaker (though still nonzero) than those
implied by the model results. Second, and more impor-
tantly, the observational data are limited. Nature pro-
vides us with only a single “realization,” and thus ob-
servations-based “intra-ensemble variances” for
drought and pluvial conditions cannot be computed.
While a key consequence of the negative correlation
between the mean and variance is a negative skewness
for the precipitation, and while this is a quantity that
can be directly computed, the observational data span
only about a 100 yr and have large uncertainties (par-
ticularly in the early years), diminishing our ability to
determine reliable values.

FIG. 9. Same as Fig. 8, but for evaporation. Units are W m�2 in the top panels and (W m�2)2 in the bottom
panels.
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We note, however, that an earlier study of historical
observational temperature data (Koster et al. 2006b)
provides evidence that the shape of the curve in Fig. 10
does indeed affect the statistics of real-world evapora-
tion in a manner consistent with the proposed mecha-
nism. In addition, despite the aforementioned difficul-
ties with the historical record, the observational pre-
cipitation data, when averaged over the Great Plains,
do show a tendency for negative skewness during JJA
(Fig. 11, top left panel), with a value of �0.08 computed
from the data directly and a value of �0.16 computed
from the fitted Weibull distribution (compared to
�0.43 for the model, top right panel). The observa-
tions-based skewness, however, is not negative during
AMJ [though it is slightly negative during May–July
(MJJ)], the season analyzed above for the AGCM. This
may be because, as mentioned above, land–atmosphere
feedback in this AGCM is overestimated. In the
AGCM, feedback during AMJ is reduced relative to
that in JJA but is still significant, and the curvature
effect (Fig. 10) is particularly strong. The net result is a

strong negative correlation between precipitation mean
and variance. In the real world, on the other hand,
land–atmosphere feedback during the colder AMJ sea-
son may simply be too small for the curvature to have
an impact. Most of the cold season, in fact, does exhibit
a positive skewness in both the observed and simulated
precipitation distribution. Figure 11 (bottom panels)
shows, for example, the histograms for October–
December when both the observations and the model
show a clear positive skewness.

Despite the exaggeration inferred for the simulation,
these results provide some insight into a mechanism
that must be considered when evaluating the predict-
ability of drought and pluvial conditions in the Great
Plains, and potentially in other regions of the world
where there is substantial coupling between the land
and atmosphere (Koster et al. 2004).

6. Discussion and conclusions

This study examined the causes of the temporal
changes in intraensemble variance of the seasonal mean

FIG. 10. The plus symbols show the scatter of soil moisture vs the ratio of evaporation/net
radiation, that is, evaporative fraction, for AMJ from the 22 C20C runs (1902–2004), several
100� yr runs with climatological (1902–2004 average) SST, and the two 100-member AMJ
idealized SST ensemble runs (the red dots highlight the results from the 100 AMJ simulations
forced with the SST pattern shown in the top left panel of Fig. 4, while the blue dots highlight
the results from the 100 AMJ simulations forced with the SST pattern shown in the top right
panel of Fig. 4). The black curve is a cubic fit to the results from all the runs. The vertical lines
show 1 std dev in the red (blue) soil moisture values centered on the mean of the red (blue)
value. The horizontal lines show the corresponding change in the evaporative fraction (0.035
for red and 0.022 for the blue) associated with the 1 std dev change in the soil wetness (0.037
for red and 0.036 for blue).
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Great Plains precipitation simulated by the NSIPP-1
AGCM when forced with the twentieth-century ob-
served SSTs. A key finding is that the correlation be-
tween the ensemble mean and the intraensemble vari-
ance of the seasonal mean precipitation has negative
correlations during the warm season. The negative cor-
relations are unexpected for a quantity such as precipi-
tation that tends to have a positively skewed distribution.

An analysis of the simulations suggested that the
negative correlations are linked to differences in the
local land–atmosphere interactions, and not to any dif-
ferences in the large-scale atmospheric dynamics during
dry and wet years. In particular, we showed how differ-
ences in the strength of the soil moisture feedbacks
under changing soil conditions can lead to greater
changes in evaporation (and therefore precipitation)
for a given change in soil moisture when the soil is
relatively dry. Whether this mechanism operates in na-
ture depends on whether nature has a relationship be-
tween soil wetness and evaporation similar to that
shown in Fig. 10. Our calculations of skewness from the
observational data suggest that this may be the case,
though the degree of negative skewness during the
warm season is considerably less than that of the model

simulations. In a related study, Koster et al. (2006b)
examined the impact of the relationship in Fig. 10 on
the higher moments of near-surface air temperature.
The shape of the relationship was found to have pro-
found impacts on the spatial distributions of the tem-
perature moments in the model. These temperature sig-
natures were also found (to a large degree) in the ob-
servational data, suggesting that the relationship in Fig.
10 is indeed operating in nature.

The above results have potentially important impli-
cations for predicting drought. They suggest, for ex-
ample, that predictions of the demise of an existing
drought might be more skillful than predictions of the
onset of drought, assuming land moisture conditions at
the beginning of the forecast period are unknown. It is
interesting to note that a number of the major droughts
of the twentieth century (e.g., the 1930s Dust Bowl
drought) ended with a major El Niño event, and so
predicting the demise of a drought will likely depend on
our ability to predict both the El Niño event and the
remote atmospheric–land response to the SSTs.

Acknowledgments. This work was supported by the
NASA Energy and Water cycle Study (NEWS) pro-

FIG. 11. Histograms of seasonal mean Great Plains (30°–50°N, 95°–105°W) precipitation (mm day�1) for (top)
JJA and (bottom) October–December (OND) with superimposed fits to the Weibull distribution. The left panels
are for the observations (1901–2004), and the right panels are for the model simulations (22 ensemble members,
1902–2004). Skewness values shown are computed from the fitted distributions. For comparison, the corresponding
skewness values computed using (A1) are for the observations (JJA: �0.085, OND: 0.42) and for the model (JJA:
�0.42, OND: 0.47).
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gram, and the NASA Modeling and Analysis Program
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APPENDIX

Skewness Calculations

Skewness is a measure of the asymmetry of a prob-
ability density function and is defined as the ratio of the
third moment to the third power of the standard devia-
tion. We estimate the skewness of a quantity x for a
sample of size n by

g1 	
n
n � 1

n � 2 � �
i	1

n

�xi � x3

��
i	1

n

�xi � x2�3�2� . �A1

As an additional estimate of skewness, we also first fit
the data to the Weibull probability distribution—a dis-
tribution that is commonly used to fit hydrologic data
(e.g., Jawitz 2004) and that appears to be a good fit to
our seasonal mean simulated and observed precipita-
tion data.
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