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ABSTRACT

Recent studies demonstrate that ocean—atmosphere forcing by persistent sea surface temperature (SST)
anomalies is a primary driver of seasonal-to-interannual hydroclimatic variability, including drought events.
Other studies, however, conclude that although SST anomalies influence the timing of drought events, their
duration and magnitude over continental regions is largely governed by land-atmosphere feedbacks. Here the
authors evaluate the direct influence of SST anomalies on the stochastic characteristics of precipitation and
drought in two ensembles of AGCM simulations forced with observed (interannually varying) monthly SST
and their climatological annual cycle, respectively. Results demonstrate that ocean-atmosphere forcing
contributes to the magnitude and persistence of simulated seasonal precipitation anomalies throughout the
tropics but over few mid- and high-latitude regions. Significant autocorrelation of simulated seasonal
anomalies over oceans is directly forced by persistent SST anomalies; over land, SST anomalies are shown to
enhance autocorrelation associated with land-atmosphere feedbacks. SST anomalies are shown to have no
significant influence on simulated drought frequency, duration, or magnitude over most midlatitude land
regions. Results suggest that severe and sustained drought events may occur in the absence of persistent SST
forcing and support recent conclusions that ocean—atmosphere forcing primarily influences the timing of
drought events, while duration and magnitude are governed by other mechanisms such as land—atmosphere
feedbacks. Further analysis is needed to assess the potential model dependence of results and to quantify the
relative contribution of land-atmosphere feedbacks to the long-term stochastic characteristics of pre-
cipitation and drought.

1. Introduction
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Drought affects virtually all human and environmen-
tal systems. Despite tremendous investments in water
resources planning and management, drought remains
the costliest of natural disasters—in the United States
alone, drought causes an average of $6-$8 billion (U.S.
dollars) per year in direct and indirect economic effects
(e.g., Wilhite and Buchanan-Smith 2005). Many regions



JUNE 2010

in the United States and abroad are becoming increas-
ingly vulnerable to drought as a result of population and
industrial growth, hardening water demands, and contam-
ination of surface and groundwater supplies (California
DWR 2000). Moreover, anthropogenic climate change is
altering the hydrologic cycle at global and regional scales
(e.g., Barnett et al. 2008); recent studies suggest that cli-
mate change is likely to result in drier conditions over
continental interiors during summer as well as increased
occurrence of extreme drought events (Bates et al. 2008).
However, the potential effects of climate change on the
stochastic characteristics of precipitation and drought—
including probability distributions of drought duration
and magnitude—cannot be confidently assessed with-
out better understanding the fundamental mechanisms
of drought.

The immediate cause of drought is below-normal
precipitation over a given region for a sustained period
of time (e.g., Keyantash and Dracup 2002; Wilhite and
Buchanan-Smith 2005). However, it is widely accepted
that the short time scales and chaotic nature of the at-
mosphere generally limit the persistence of internal at-
mospheric perturbations—including precipitation-bearing
weather systems—to subseasonal time scales (e.g., Lorenz
1963; Palmer 2000). It has therefore been hypothesized
that persistent atmospheric and hydroclimatic anomalies—
including drought events—are driven primarily by mech-
anisms external to the atmosphere (e.g., Van den Dool and
Chervin 1986; Palmer 2000; Hoerling and Kumar 2003;
Schubert et al. 2004a,b).

Numerous studies have demonstrated significant re-
lationships between sea surface temperature (SST) and
hydroclimatic variability. For example, observed pre-
cipitation and streamflow anomalies over many regions
around the world are significantly correlated with the
El Nino-Southern Oscillation (ENSO; Ropeleski and
Halpert 1987; Redmond and Koch 1991; Dracup and
Kahya 1994; and many others). With respect to drought,
Seager (2007) showed that six historical periods of wide-
spread drought conditions across North America—
including the 1930s “‘Dust Bowl”” drought, which affected
more than 60% of the United States—each coincided
with persistent ““La Nina like”” SST anomalies in the tro-
pical Pacific (i.e., warm SST anomalies in the western
tropical Pacific and cool SST anomalies in the eastern
tropical Pacific). Other studies suggest that decadal-scale
variability in extratropical SST contribute to decadal var-
iability in drought frequency and magnitude (McCabe
et al. 2004; Hidalgo 2004).

A number of modeling studies have further demon-
strated the strong influence of SST anomalies on both
the timing and magnitude of precipitation anomalies
over much of the globe (Koster et al. 2000; Shukla et al.
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2000; Zwiers et al. 2000; Straus et al. 2003). In the con-
text of drought, Hoerling and Kumar (2003) used an
ensemble of atmospheric general circulation model
(AGCM) experiments to show that widespread mid-
latitude drought conditions during 1998-2002 were
largely driven by persistent La Nifia conditions in con-
junction with warm SST anomalies in the Indian Ocean.
Similarly, Schubert et al. (2004b) and Seager et al. (2005)
showed that ensembles of AGCM simulations forced
with observed twentieth-century SST reproduced much
of the observed low-frequency variability in twentieth-
century precipitation over the U.S. Great Plains, in-
cluding the timing and duration of major droughts of
the 1930s and 1950s. These studies suggest that ocean—
atmosphere forcing by persistent SST anomalies is a pri-
mary driver of seasonal-to-interannual hydroclimatic
variability over much of the globe, including severe and
sustained drought events.

In addition to ocean—atmosphere forcing, recent studies
have shown that land-atmosphere feedbacks also con-
tribute to the magnitude and persistence of precipitation
anomalies and drought events over continental regions.
Findell and Eltahir (1997) and Eltahir (1998) demon-
strated significant positive correlation between observed
soil moisture and subsequent precipitation over the U.S.
Great Plains during summer. Koster et al. (2003) com-
pared the mean, variance, and autocorrelation of observed
precipitation to those of precipitation from AGCM sim-
ulations carried out with and without land-atmosphere
feedbacks. Their results suggest that land—-atmosphere
feedbacks play an important role in governing the magni-
tude and persistence of precipitation anomalies over land.
Similar modeling studies suggest that land—atmosphere
feedbacks contribute to the magnitude and persistence of
extreme events such as droughts and heat waves (Hong
and Kalnay 2000; Schubert et al. 2004a; Fischer et al. 2007,
Pegion and Kumar 2008).

Despite numerous studies on the relative contributions
of ocean—atmosphere forcing and land-atmosphere feed-
backs to the duration and magnitude of individual drought
events, the influence of ocean—-atmosphere forcing on
the long-term stochastic characteristics of precipitation
anomalies and drought—as opposed to individual drought
events—has not been evaluated. In this study, we evalu-
ate the influence of ocean—-atmosphere forcing on sto-
chastic characteristics of precipitation and drought that
are commonly used in water resources planning and
management, including seasonal mean precipitation, the
magnitude and persistence of precipitation anomalies,
and the frequency, duration, and magnitude of drought
events at seasonal-to-multiyear time scales.

The relatively short historical record and sparse ob-
servational coverage over much of the globe largely
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precludes observational drought analysis. In addition,
the inherent coupling of ocean, land, and atmosphere
processes complicates observation-based analyses of the
physical mechanisms of drought. By contrast, AGCMs
allow us to extend the data record by carrying out mul-
tiple realizations and provide spatially and temporally
complete records of (simulated) climate variables. AGCMs
also allow us to isolate the influence of SST forcing through
numerical experiments with idealized SST boundary con-
ditions. We therefore evaluate the effect of SST anomalies
on seasonal precipitation and drought characteristics by
comparing two ensembles of AGCM simulations forced
with observed (interannually varying) monthly SST and
their climatological annual cycle, respectively.

2. Model and data

We analyze precipitation and drought characteris-
tics in two ensembles of simulations with version 1 of
the National Aeronautics and Space Administration
(NASA) Seasonal-to-Interannual Prediction Project
(NSIPP) AGCM, NSIPP-1. NSIPP-1 is a gridpoint model
with a finite difference dynamical core (Suarez and Takacs
1995). A simple K scheme calculates turbulent diffusivities
for heat and momentum in the boundary layer based on
Monin—-Obukov similarity theory, and convection is pa-
rameterized using the relaxed Arakawa—Schubert scheme
(Arakawa and Schubert 1974; Moorthi and Suarez 1992).
Land surface processes are represented by the Mosaic
land surface model, with vegetation parameters described
by a climatological cycle as detailed in Koster and Suarez
(1996). Details of NSIPP-1 model formulation and its cli-
mate are described in Bacmeister et al. (2000).

NSIPP-1 was developed with particular emphasis on
accurate simulation of tropical ocean—atmosphere inter-
action, midlatitude stationary waves, and extratropical
response to tropical SST anomalies. While NSIPP-1 does
exhibit biases in the magnitude of seasonal means and
variances over some regions, pattern correlations be-
tween seasonal mean precipitation fields from the Global
Precipitation Climatology Project (GPCP) observational
dataset' (Adler et al. 2003) and NSIPP-1 simulations are
0.84 for December—February (DJF) and 0.79 for June—
August (JJA); spatial correlations between observed and
simulated variance fields are 0.82 for DJF and 0.73 for
JJA. All pattern correlations are statistically significant
(by normal approximation to Fisher’s z transform, sub-
sampled to account for spatial autocorrelation; @ =
0.05). Autocorrelation of simulated seasonal precipitation
anomalies is significantly different from observed over

! All comparisons to the GPCP observational dataset were car-
ried out for the period 1980-2001.
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less than 5% of the globe and less than 7% of global land
areas, and the differences are not field significant (as per
Livezey and Chen 1983; « = 0.05). Lastly, observed and
simulated correlations between seasonal precipitation
anomalies and seasonal SST anomalies over the Nifio-
3.4 region of the tropical Pacific—a common ENSO
index—are significantly different over less than 15% of
the globe for both DJF and JJA, and differences are not
field significant (as per Livezey and Chen 1983; o =
0.05). NSIPP-1 thus reproduces quite well the salient
features of observed seasonal precipitation and ENSO
teleconnections when forced with observed SST.

The two ensembles evaluated here were carried out at
the NASA Goddard Space Flight Center as part of the
Climate of the 20th Century project (Folland et al.
2002). The first ensemble consists of 14 simulations of
the twentieth century (1902-2001) forced with prescribed
observed monthly-mean SST (hereafter referred to as
observed SST simulations); the second consists of four
50-yr simulations with the same model but forced with
the climatological annual cycle of twentieth-century SST
(hereafter referred to as climatological SST simulations).
Because droughts are by definition rare events, all rele-
vant and available simulations were used to maximize the
degrees of freedom in hypothesis tests of differences in
drought characteristics between ensembles. It should be
noted that all hypothesis tests used in this study explicitly
account for differences in ensemble size; results of hy-
pothesis tests between the climatological SST ensemble
and an equal size subset of the observed SST ensemble
are qualitatively identical to those presented later, though
the extent of statistical significance is reduced because of
the reduction in degrees of freedom.

All simulations were carried out with identical atmo-
spheric composition and solar insolation. Within each
ensemble, simulations were forced with identical SST
boundary conditions; ensemble members differ only in
their atmospheric initial conditions, which were slightly
perturbed in each case. Prescribed SST boundary con-
ditions were derived from the Met Office Hadley Centre
Sea Ice and Sea Surface Temperature dataset version 1
(HadISST1) global SST and sea ice dataset (Rayner
et al. 2003), and land surface boundary conditions were
determined interactively by the Mosaic land surface
model. For computational feasibility, simulations were
run at a relatively coarse resolution of 3.0° latitude X
3.75° longitude with 34 unevenly distributed vertical
levels. The observed SST simulations used here were
previous analyzed by Schubert et al. (2004b, 2008), and
were found to capture much of the low-frequency vari-
ability in precipitation over the U.S. Great Plains, in-
cluding the Dust Bowl drought of the 1930s and the
severe drought of the 1950s.
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Seasonal precipitation was calculated by aggregating
daily precipitation in each simulation over each of four
seasons: DJF, March-May (MAM), JJA, and September—
November (SON). Seasonal anomalies were subsequently
calculated by removing the respective seasonal means,
taken as the average over all observed SST simulations for
the 1961-90 base period.

Drought conditions were defined at the n = 3-,12-, 24-,
and 48-month time scales using the standardized pre-
cipitation index (SPI; McKee et al. 1993; Guttman 1999).
SPI is essentially a statistical transformation of the prob-
ability density function of the n-month total precipitation
at a given location and time of year to a standard normal
(Gaussian) distribution. SPI thus has a clearly defined
physical basis in terms of cumulative moisture availabil-
ity, as well as a sound statistical basis in terms of the
standard normal distribution. For each time scale n,
month k (k = 1,2, ...,12), and model grid cell, a gamma
distribution was fit to the distribution of total precip-
itation for the 1961-90 base period, pooled over all ob-
served SST ensemble members. Precipitation values were
converted to cumulative density values based on the fit-
ted gamma distributions; SPI values were subsequently
calculated by transforming cumulative densities to stan-
dard normal Z values (Guttman 1999; Hayes et al. 1999;
Lloyd-Hughes and Saunders 2002). The median value of
total precipitation over a given period thus corresponds to
a SPI value of zero, with the 10th and 90th percentiles of
total precipitation corresponding to SPI values of —1.645
and 1.645, respectively.

A threshold of SPI = —1.0 is commonly used to define
moderate drought conditions and is used here to define
drought events in each simulation (Hayes et al. 1999;
NOAA 2009; WRCC 2009). For each time scale, discrete
drought events were identified as beginning when SPI
falls below —1.0 and ending when SPI returns to zero
(e.g., Maidment 1993; McKee et al. 1993; Keyantash and
Dracup 2002; Sheffield et al. 2004; Andreadis et al. 2005;
Quiring and Goodrich 2008). For each event, drought
duration was defined as the number of consecutive months
between drought onset and termination and drought
magnitude was defined as the average monthly precip-
itation deficit over this duration (i.e., the mean monthly
precipitation anomaly during a drought event). It should
be noted that spatial aspects of drought are not consid-
ered in this analysis.

Time series of simulated SPI over the U.S. Great
Plains region from the first observed SST simulation are
shown in Fig. 1 to illustrate the time scales of variability
considered. While SPI is clearly a meteorological index,
the flexibility of SPI with respect to time scale makes it
amenable to monitoring multiple aspects of drought.
Root zone soil moisture anomalies and agricultural
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drought indices, for example, are strongly correlated
with SPI at time scales of 1-3 months, while streamflow
is strongly correlated with SPI at time scales of 9-12
months (e.g., McKee et al. 1993; Seiler et al. 2002; Sims
et al. 2002; Nalbantis and Tsakiris 2009). SPI at 1-3
month time scales is also correlated with vegetation
productivity as measured by the normalized difference
vegetation index (NDVT; Ji and Peters 2003). At 24- and
48-month time scales, SPI is correlated with variations in
groundwater levels and is representative of accumulated
multiyear moisture deficits associated with persistent
droughts and low-frequency hydroclimatic variability
(McKee et al. 1993; Mishra and Desai 2005). SPI is thus
gaining popularity among the drought monitoring and
research communities due to its flexibility, transparency,
and sound physical and statistical bases (Keyantash and
Dracup 2002; M. Svoboda 2008, personal communica-
tion; K. T. Redmond 2006, personal communication).

3. Comparison of seasonal precipitation
characteristics

Precipitation is a significant driver of the terrestrial
hydrologic cycle—including soil moisture, surface water,
and groundwater availability—and interannual precipi-
tation variability affects a broad range of human and
natural systems. Water resources planning and manage-
ment are founded on the stochastic characterization of
regional precipitation and drought, and three precipita-
tion characteristics are of critical importance: seasonal
mean precipitation, its interannual variance, and the per-
sistence of seasonal anomalies. While a number of studies
have evaluated correlations between precipitation anom-
alies and SST and the influence of SST on interannual
variability of precipitation, the influence of SST anomalies
on long-term mean precipitation and persistence of pre-
cipitation anomalies has not been evaluated. In this sec-
tion, we assess the effect of SST anomalies on the stochastic
characteristics of seasonal precipitation by comparing the
observed and climatological SST ensembles; the effect of
SST anomalies on stochastic characteristics of drought is
evaluated in section 4.

a. Seasonal mean precipitation

To evaluate the influence of SST anomalies on seasonal
mean precipitation, we conduct a two-tailed Mann—
Whitney (MW) test. Because seasonal precipitation is not
normally distributed over much of the globe, the stan-
dard 7 test is not strictly valid (von Storch and Zwiers
1999; Zar 1999); the MW test is a nonparametric test
of the difference between the center (mean) of sample
distributions and is applicable in cases where the stan-
dard 7 test is not valid. We apply the MW test at each
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FIG. 1. Time series of SPI over the U.S. Great Plains from simulation 1 of the observed SST
ensemble for the (a) 3-, (b) 12-, (c) 24-, and (d) 48-month time scales.

model grid cell with the two-tailed null hypothesis H,:
X Observed—SSTk —  Climatological—SST.k* WHETE Xopcerveq—ssT 4
and X, o gical_SST  AT€ seasonal mean precipitation for
season k averaged over all observed and climatological
SST simulations, respectively.

Figure 2 shows the difference in seasonal mean pre-
cipitation (mm) between observed and climatological
SST ensembles, masked (gray) where differences are not
statistically significant at the & = 0.05 level. Significant
differences occur over 23.5% (24.6%) of the cosine-
weighted global area (global land area) for DJF, 23.7%
(24.9%) for MAM, 20.0% (21.4%) for JJA, and 22.6%
(22.7%) for SON. Significant differences are located
predominately over tropical-subtropical boundaries,
suggesting that interannual variability of SST affects
long-term mean circulation patterns, including patterns
of tropical convection, subtropical subsidence, and
midlatitude moisture convergence. With the exception
of DJF, the largest regions of significant difference occur
over the tropical-subtropical transition regions, where
absolute differences exceed S0 mm per season, as much
as a 50% change in seasonal precipitation.

Differences are generally not consistent across sea-
sons. For DJF and JJA, approximately half of the
significant differences are positive (Xgugrveq_ssti =
)_CClimatologicalfsST,k) and half are negative. For MAM,
precipitation is greater in the observed than climato-
logical SST simulations for 75.3% of the total area of
significant differences, while for SON it is greater over

only 18.5%. Because tropical convection influences mois-
ture transport and precipitation over much of the globe,
asymmetry in the influence of SST anomalies on mean
precipitation between MAM and SON is likely due to
SSTs being warmest during MAM and coolest during
SON and the dependence of tropical moist convection
on absolute SST (rather than SST anomalies) via the
Causius—Clapeyron relation (e.g., Graham and Barnett
1987).

Significant differences in seasonal mean precipitation
between observed and climatological SST ensembles is
indicative of asymmetry in the precipitation response to
SST forcing over some regions—that is, the precipita-
tion response to positive SST anomalies is not equal and
opposite to its response to negative SST anomalies.
Results imply that changes in SST variability—in addi-
tion to mean SST—will affect long-term seasonal mean
precipitation over these regions. However, the lack of
significant differences over most regions supports pre-
vious results that suggest the precipitation response to
SST anomalies is predominately linear over much of the
globe (e.g., Quan et al. 20006).

b. Interannual variance

By definition, seasonal precipitation anomalies—and
ultimately droughts—result from interannual variability
of seasonal precipitation about its climatological mean.
Previous modeling studies have shown greater interannual
precipitation variability in simulations carried out with
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FIG. 2. Differences in seasonal mean precipitation (mm) between observed and climatological SST simulations for (a) DJF, (b) MAM,
(c) JTJA, and (d) SON. Values are masked (gray) where differences are not statistically significant according to the MW test (a = 0.05).

observed (interannually varying) SST boundary condi-
tions compared to simulations carried out with clima-
tological SST (e.g., Koster et al. 2000). Here we compare
the magnitude of precipitation anomalies between ob-
served and climatological SST ensembles as a precursor
to evaluating the influence of SST anomalies on drought
magnitudes (see next section).

Like the ¢ test, the standard variance ratio test is sen-
sitive to nonnormality; we therefore compare interannual
variability of seasonal precipitation between observed
and climatological SST ensembles using a nonparametric
rank sum (RS) test of dispersion. The RS test is equiva-
lent to applying the MW test to the absolute deviations of
seasonal precipitation (von Storch and Zwiers 1999).
Because we expect SST forcing to increase interannual
variability (e.g., Koster et al. 2000), we test the one-sided
null hypothesis Ho: 0¢eryea—ssT = T Climatological -SST.k*
where 0rved-sstA AN O imarological—ssT.« AT€ Variances
of seasonal precipitation in the observed and climato-
logical SST ensembles for season k, respectively.

Figure 3 shows the ratio of O%bserved—SST,k to
UzClimatological—SST,k for each season, masked where
TObserved_ssTx 1S Not significantly greater than
O Climatological_ssTx (@ = 0.03). Significant differences are

widespread and spatially coherent, with 49.2% (43.1%)
of the globe (global land) exhibiting a significant dif-
ference for DIJF, 55.3% (50.3%) for MAM, 55.5%
(47.3%) for JJA, and 46.3% (47.3%) for SON. Over the
tropical Pacific, interannual variability in the observed
SST ensemble is more than 5 times that in the climato-
logical SST ensemble, and variability in the observed
SST ensemble is more than 2 times that in the climato-
logical SST ensemble throughout much of the tropics
during all seasons. Variability in the observed SST en-
semble is between 25% and 50% greater than in the
climatological SST ensemble over several midlatitude
land regions, particularly in the Southern Hemisphere.
Results are similar to those in previous studies (e.g.,
Koster et al. 2000).

c. Persistence of seasonal anomalies

The persistence of precipitation anomalies from one
season to the next is fundamental to the occurrence of
sustained droughts and wet spells, and autocorrelation
analysis is an important component of water resources
planning and management. While a number of recent
studies suggest that SST anomalies are a primary driver
of seasonal-to-interannual hydroclimatic variability over
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FIG. 3. Variance ratio between observed and climatological SST simulations (02, .. veq_ SST/a%hmamlogmll sst) for (a) DJF, (b) MAM, (c)

JJA, and (d) SON, masked (gray) where o2, oq_sst 1S DOt significantly >o%

much of the globe, the influence of SST anomalies on
the persistence of precipitation anomalies has not been
directly evaluated. Here we compare the lag-1 autocor-
relation of seasonal precipitation anomalies averaged over
the observed and climatological SST ensembles. Sea-
sonal anomalies are calculated as detailed in section 2;
autocorrelations are calculated aggregated over all four
seasons as per von Storch and Zwiers (1999). Using the
normal approximation to Fisher’s z-transform test (e.g.,
Zar 1999), we evaluate the statistical significance of
lag-1 autocorrelations from each ensemble—that is, we
test the one-sample null hypothesis Hy: r; = 0.0, where
rq is the lag-1 autocorrelation of seasonal anomalies
over a given ensemble. We then compare lag-1 auto-
correlations in the observed and climatological SST
ensembles; because we expect SST forcing to increase
persistence, we test the one-sided null hypothesis H,:
T1,0bserved-SST = 71 Climatological-SST-

Figures 4a and 4b show the global distributions of
1,0bserved-ssT  and 7 1,Climatological-SST» respectively,
masked where values are not significantly greater than
zero (a = 0.05). For comparison, Fig. 4c shows the lag-1
autocorrelation of seasonal SST anomalies in the
HadISST forcing dataset. Seasonal autocorrelation in
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Jimatological_ssT 0ased on the RS test of dispersion (a = 0.05).

the observed SST simulation exceeds 0.65 over the
tropical Pacific and exceeds 0.3 throughout much of the
tropics; autocorrelation decreases rapidly with latitude,
with values generally ranging from 0.0 to 0.2 over mid-
and high latitudes. By contrast, autocorrelation in the
climatological SST simulation does not exceed 0.25 over
any region. In the observed SST ensemble, seasonal
autocorrelation is significantly greater than zero over
50.7% of the globe (44.7% of global land), including
most of the tropics and large midlatitude land and ocean
regions. In the climatological SST ensemble, seasonal
autocorrelation is significant over only 2.7 % of the globe
(5.1% of global land). Significant autocorrelation in the
climatological SST ensemble largely coincides with “‘hot
spots” of land-atmosphere coupling identified in pre-
vious studies (Koster et al. 2003, 2004), suggesting that
autocorrelation in this ensemble is largely driven by
land-atmosphere feedbacks.

Analysis of autocorrelation by season (i.e., persistence
from winter to spring and summer to fall, respectively)
shows similar results to those in Figs. 4a and 4b over
oceans but clear differences over land. Most notably,
significant autocorrelation over central North America
and South America occurs only from summer to fall in
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FIG. 4. Lag-1 autocorrelation of seasonal precipitation anomalies
from (a) observed (71 opserved-sst) and (b) climatological (71 climatological-
sst) SST ensembles, averaged across all ensemble members. (c) Lag-1
autocorrelation of seasonal SST anomalies from HadISST forc-
ing dataset. Values are masked (gray) where not significantly >0
(Fisher’s z transform, a = 0.05).

both ensembles, while significant autocorrelation over
southern Africa and Australia occurs only from winter
to spring. Results are consistent with the influence of
land-atmosphere feedbacks, which are strongest during
summer when the land surface is predominately moisture
limited and soil moisture thus has the greatest influence
on the surface energy balance. However, the magnitude of
autocorrelation and spatial extent of statistical significance
over land remains greater in the observed SST ensemble
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FIG. 5. Mean drought frequency (drought events per century) of
drought events defined using the 12-month SPI from (a) observed
and (b) climatological SST ensembles, and (c) the percent difference
between the two (observed SST - climatological SST).

compared to the climatological SST ensemble during
both seasons, suggesting that SST anomalies also con-
tribute to the persistence of precipitation anomalies over
some midlatitude land regions.

Comparing autocorrelations between the observed
and climatological SST ensembles, 71 opserved-ssT 1S Sig-
nificantly greater than 7y ciimatologicai-ssT OVer 42.8% of
the globe. As expected, significant differences generally
occur over regions that exhibit significant autocorrelation
in the observed SST ensemble but not in the climatological
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SST ensemble. Autocorrelation in the observed SST en-
semble is greater than that in the climatological SST en-
semble over most land regions, though differences are
generally not statistically significant over midlatitudes.

Figure 4 supports the hypothesis that persistent SST
anomalies are the dominant driver of seasonal persis-
tence of atmospheric anomalies over much of the globe.
While significant persistence over several midlatitude
land regions in the climatological SST ensemble sup-
ports the previous conclusion that land-atmosphere
feedbacks contribute to persistence over these regions,
the large increase in magnitude and spatial extent of sig-
nificant autocorrelation over these regions in the ob-
served SST ensemble suggests that ocean—atmosphere
forcing also contributes to seasonal persistence over land.
However, the lack of significant persistence over most
mid- and high-latitude regions in both the observed SST
and climatological ensembles is indicative of the short
time scales and chaotic nature of atmospheric variability
over these regions. While SST anomalies can persist from
seasons to years, simulated precipitation anomalies over
most mid- and high-latitude regions are statistically in-
dependent from one season to the next. Serial indepen-
dence implies that persistent, multiseason periods of below
(or above) normal precipitation occur primarily by chance
over these regions.

4. Comparison of drought characteristics

Previous studies have shown significant correlation
between SST anomalies and drought occurrence over
several regions around the globe, and recent case studies
suggest that SST anomalies played a major role in several
severe historical droughts, including the severe droughts
of the 1930s, 1950s, and 1990s over the U.S. Great Plains.
However, the influence of SST anomalies on the long-
term stochastic characteristics of drought—including
empirical distributions of drought frequency, duration,
and magnitude—has not been evaluated.

a. Drought frequency

Figure 5 shows the frequency of drought events in the
observed and climatological SST ensembles for drought
events based on the 12-month SPI (see section 2), along
with the percent difference between the two ensembles.
Drought frequencies were calculated as the average
number of drought events per 100 years in each en-
semble. By definition, the probability of drought during
any given month based on SPI (i.e., probability of SPI =
—1.0) is 0.159. Spatial variability in drought frequency
within each ensemble is therefore related to regional
differences in the persistence of drought events (i.e.,
greater frequency is associated with shorter droughts),
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while differences in drought frequency between en-
sembles result from the SST-forced changes in pre-
cipitation characteristics.

The global pattern of drought frequency in both en-
sembles clearly corresponds to the global pattern of
autocorrelation (Figs. 4a and 4b). In the observed SST
ensemble, high autocorrelations of precipitation anom-
alies throughout the tropics and central North America
result in an increase in drought durations and a corre-
sponding decrease in drought frequencies over these
regions; in the Climatological ensemble, drought fre-
quencies are uniformly high over most of the globe with
the exceptions of central North America, portions of
Africa and the Middle East, and northern Australia,
corresponding to regions of significant autocorrelation
of seasonal precipitation anomalies. Correspondence
between global distributions of autocorrelation and
drought frequencies defined at the 12-month time scale
highlight the strong relationship between seasonal pre-
cipitation characteristics and drought characteristics on
annual and interannual time scales.

Drought frequencies in the observed SST ensemble
are generally less than in the climatological SST ensem-
ble, though several regions of higher drought frequency
in the observed SST ensemble occur over mid- and high
latitudes. Differences in drought frequency exceed 50%
throughout much of the tropics, where SST anomalies
have the strongest influence on persistence of precipita-
tion anomalies. Over mid- and high-latitudes, differences
are less than 15% over most land regions with the ex-
ception of parts of central North America, central South
Anmerica, and the Middle East. Over these regions, higher
persistence of seasonal precipitation anomalies contributes
to an increase in drought duration and consequently a de-
crease in drought frequency; however, as shown later,
differences in drought duration are not statistically sig-
nificant over these regions. The small difference in drought
frequency over mid- and high latitudes suggests that
drought events occur as often “‘by chance”—that is,
without SST forcing—as under SST-forced conditions.
Results are similar for droughts defined at the 3-, 24-,
and 48-month time scales (not shown).

b. Drought duration

Empirical distributions of drought duration were
compared between ensembles using the MW test, RS
test of dispersion, and Kolmogorov—-Smirnov (KS) test.
As discussed earlier, the MW and RS tests are non-
parametric tests for differences between the centers
(i.e., means) and dispersions (i.e., variances) of sample
distributions, respectively. On the basis of results pre-
sented earlier, we expect that SST anomalies will drive
an increase in both the mean and dispersion of simulated
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drought durations; we therefore test the one-sided null

hypotheses Hy: Dpoorved_ssT =

O ObservedSST = 0D Climatological> WNeT€ Dy oy ssr and

B

D Gimatolo sical AT€ the mean drought durations for the ob-
served and climatological SST ensembles, respectively,
and U%),Observed—SST and U%),C]jmatological are the variances
about their respective means.

The KS test is a widely used goodness-of-fit test, but it
may also be applied to compare empirical distributions
between samples (e.g., von Storch and Zwiers 1999; Zar
1999). The KS test is based on the maximum absolute
difference between cumulative frequencies; while rela-
tively weak, its sensitivity to differences in both the center
and the tails of the distributions make it a worthwhile,
albeit conservative, complement to the MW and RS tests.
The KS test assumes the general null hypothesis that
the distribution of drought durations in the observed
SST ensemble is equal to that in the climatological SST
ensemble.

Figure 6a shows the difference in mean drought du-
ration for droughts defined using the 12-month SPI;
values are masked (gray) where Dy, . <o is not
significantly greater than Dy ojogica_sst (MW test;
a = 0.05). As expected, Dy . iveq_ss 1S Significantly
greater than D, ogical—SST throughout much of the
tropics, with differences exceeding 25 months over some
tropical ocean regions. Here EObsewedeST is also sig-
nificantly greater over several land regions, most nota-
bly India, eastern Australia, central South America, and
the Pacific Northwest region of North America. Mean
drought duration is significantly greater in the observed
SST ensemble over 41.9% of the globe, including 32.8%
of global land areas. Results are similar for droughts
defined at other time scales, with the fraction of global
area exhibiting significant differences generally de-
creasing with increasing time scale (45.4%, 34.0%, and
28.3% at the 3, 24, and 48-month time scales, re-
spectively; not shown).

Figure 6b shows the variance ratio of drought dura-
tions between ensembles, again, for drought events de-
fined at the 12-month time scale; values are masked
where EObscwcdiSST is not significantly greater than
0D Climatological_sst (RS test; & = 0.05). Similar to mean
durations, significant differences encompass 47.5% of
the globe, including 40.2% of global land areas. Vari-
ability in drought duration in the observed SST ensem-
ble is more than 5 times that of the climatological SST
ensemble over many tropical ocean regions and more
than 2 times that of the climatological SST ensemble
over several land regions. Significant differences are much
more widespread at the 3-month time scale, with 89.0%
of the globe exhibiting significantly greater variability
in drought durations in the observed SST ensemble;

D imatological a0d Ho:
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0.3
FI1G. 6. Hypothesis tests between empirical distributions of
drought duration from observed SST and climatological SST en-

sembles for drought events defined using 12-month SPIL (a) Differ-
ence in mean drought duration (months), masked (gray) where

0 0.1 0.2 0.4 0.5

D g served_sst 18 DOt significantly greater than D, o ogical —SST MW
test, @ = 0.05). (b) Variance ratio (0 opserved_ss1/7 D Climatologicat’ 4~
mensionless), masked where 03 gurveq_sst 1S DOt significantly
greater than o%cmnamlogical (RS test, @ = 0.05). (¢) Maximum abso-
lute difference d between cumulative distributions of drought dura-
tion (dimensionless), masked where differences are not statistically

significant (KS test, o = 0.05).
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significant differences encompass 38.4% and 34.7% of
the globe for droughts defined at the 24- and 48-month
time scales, respectively (not shown). As discussed later,
differences in dispersion are due to an increase in the
occurrence of persistent droughts in the observed SST
ensemble compared to the climatological SST ensemble.

Figure 6¢c shows the KS test statistic d for droughts
defined at the 12-month time scale, calculated as the
maximum absolute difference between empirical cu-
mulative frequency distributions of drought durations in
the observed and climatological SST ensembles, re-
spectively (e.g., von Storch and Zwiers 1999); values are
masked where there is no significant difference (a =
0.05). Similar to the MW test, significant differences
occur primarily over the tropics. Significant differences
are, again, more widespread for droughts defined at the
3-month time scale, encompassing 72.7% of the globe; at
the 24- and 48-month time scales, significant differences
encompass 21.1% and 17.1% of the globe, respectively
(not shown).

Closer inspection of drought durations reveals that
significant differences in drought duration over mid- and
high-latitude land regions are driven predominately by
a small increase in the occurrence of persistent drought
events. For example, the frequency of drought durations
greater than 12 months (based on the 12-month SPI)
over these regions in the observed SST ensemble is be-
tween 9 and 14 events per century, and the frequency of
drought durations greater than 24 months is between 3
and 6 events per century; in the climatological SST en-
semble, the frequency of durations greater than 12 and
24 months is generally between 7 and 11 events per
century and between 2 and 5 events per century, re-
spectively. Thus while persistent drought events occur in
the absence of SST forcing, SST anomalies tend to in-
crease their frequency throughout the tropics and some
mid- and high-latitude regions.

c. Drought magnitude

Empirical distributions of drought magnitude were
compared as for drought durations. As discussed in
section 2, drought magnitude is defined as the mean
monthly precipitation deficit during a drought event.
For the MW and RS tests, we test the one-sided
null hypOtheseS H MObserved7$ST - MChmatologlcalfSST
and 0 Oberved_SST = M Climatological_ssT»  Where
M perved—sst A0 M pnaorogical_sst ar€ the mean drought
magnitudes for the observed and climatological SST
ensembles, respectively, and 07 opervea_sst  and
UJZW,Climatological—SST are the interannual variances about
their respective means.

Figure 7a shows the difference in mean drought mag-
nitude between ensembles for droughts defined using
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FIG. 7. As in Fig. 6, but for drought magnitudes.
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the 12-month SPI, masked where M, . .4 ssp 1S DOt
significantly greater than M, ogical -SST* Significant
differences occur throughout the troplcs with drought
Momerve 4_ssT more than 25 mm month~! greater than
M pserved_ss OVET the tropical Pacific. Regions of sig-
nificant difference over midlatitudes are small and
scattered, with differences in drought magnitude of 5—
10 mm month ', SST anomalies contribute to a signifi-
cant increase in drought magnitude over just 37.8% of

the globe, including 35.0% of global land areas. Results
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are similar for the 3-, 24-, and 48-month time scales, with
significant differences over 60.0%, 34.4%, and 30.0% of
the globe, respectively (not shown).

Results of the RS test for drought magnitudes are
shown in Fig. 7b. At the 12-month time scale,
T31.0bserved—ssT 1S more than twice o7 cmatological—ssT
over the equatorial oceans. However, differences are
statistically significant over just 21.2%, including 20.9%
of global land areas. In particular, significant differences
occur over few mid- and high-latitude land regions.
Results are similar at other time scales, with 20.9%,
21.8%, and 19.9% of the globe exhibiting significant
differences at the 3-, 24-, and 48-month time scales, re-
spectively (not shown).

Results of the KS test for drought magnitudes are
shown in Fig. 7c. Significant differences are again con-
fined to the tropics and scattered grid cells over mid and
high-latitudes, with 35.0% of the globe exhibiting sig-
nificant differences (e« = 0.05). Results are similar for
droughts at other time scales, though the spatial extent
of significant differences is substantially greater at the
3-month time scale, with 73.4%, 31.6%, and 26.2% of
the globe exhibiting significant differences at the 3-, 24-,
and 48-month time scales, respectively (not shown).

At time scales of 12 months and longer, significant
differences in drought durations and magnitudes be-
tween ensembles are largely confined to the tropics and
midlatitude ocean regions, with few significant differ-
ences over midlatitude land regions. At the 3-month
time scale, significant differences are much more wide-
spread. Results suggest that SST anomalies have
a strong influence on the duration and magnitude of
short-term seasonal droughts. While SST anomalies
contribute to a small increase in the occurrence of per-
sistent drought events over some mid- and high-latitude
land regions, they have no significant effect on drought
characteristics over most regions outside of the tropics.
However, the noisy spatial patterns of significant differ-
ences from all three tests are indicative of two inherent
challenges in drought analysis—namely, droughts are
by definition rare events and distributions of drought
characteristics are noisy and strongly skewed. Even after
compiling drought characteristics across ensemble mem-
bers, detection of significant differences remains a chal-
lenge. Nonetheless, our results suggest that SST anomalies
do not significantly contribute to the persistence or mag-
nitude of multiyear drought events over most mid- and
high-latitude regions.

5. Discussion

Here we use two ensembles of AGCM simula-
tions forced with differing SST boundary conditions to
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investigate the influence of ocean—-atmosphere forcing
by SST anomalies on the long-term stochastic charac-
teristics of precipitation and drought commonly used
in water resources planning and management. Our re-
sults suggest that persistent SST anomalies significantly
influence the long-term stochastic characteristics of pre-
cipitation throughout the tropics but over few midlati-
tude land regions. In the model used here, SST anomalies
significantly influence seasonal mean precipitation over
approximately 25% of the globe, suggesting that the
precipitation response to SST anomalies is asymmetric
over these regions (i.e., the precipitation response to pos-
itive SST forcing is roughly equal and opposite to the re-
sponse to negative SST forcing). Differences in seasonal
means occur mostly over transitions between charac-
teristically wet and dry regions, including tropical-
subtropical boundaries, and they suggest that a asymmetric
response to SST anomalies results in a shift in large-
scale features of the mean circulation. Consistent with
previous studies (Koster et al. 2000), SST anomalies
drive a significant increase in interannual variability
of precipitation—and thus the magnitude of seasonal
anomalies—over approximately 50% of the globe in the
simulations evaluated here, including most of the tropics
as well as some midlatitude regions.

Ocean—atmosphere forcing is shown to be the primary
driver of season-to-season persistence of simulated
precipitation anomalies throughout the tropics. SST
anomalies have a weak influence on persistence over
mid- and high latitudes; persistence is generally greater
in simulations forced with observed SST compared to
those with climatological SST, but the increase is sta-
tistically significant over few regions. The weak in-
fluence of SST anomalies on seasonal persistence over
mid- and high latitudes stems from the chaotic nature
of the atmosphere and stochastic nature of the midlati-
tude response to SST anomalies. Seasonal precipitation
anomalies can be thought of as the sum of a SST-forced
signal component, a land-atmosphere feedback com-
ponent, and a (predominately high frequency) chaotic
noise component (e.g., Rowell 1998; Koster et al. 2000;
Zwiers et al. 2000). Outside of the tropics, precipitation
variability is dominated by its noise component, with a
significant influence of land-atmosphere feedbacks over
some continental regions; precipitation response to SST
anomalies, while statistically significant over many re-
gions, is relatively small (e.g., Zwiers et al. 2000; Wu and
Kirtman 2006). Thus while SST anomalies may persist
from seasons to years, the persistent SST-forced signal is
overshadowed by the large high-frequency noise com-
ponent of seasonal precipitation over these regions and
thus has no significant impact on season-to-season per-
sistence of precipitation anomalies.
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The weak influence of SST anomalies on the mean,
amplitude, and persistence of simulated seasonal pre-
cipitation anomalies over mid- and high latitudes results
in no significant change in the empirical distributions of
drought frequency, duration, and magnitude between
ensembles over these regions. As discussed earlier, nu-
merous studies have shown significant relationships be-
tween SST anomalies and hydroclimatic variability on
seasonal-to-decadal time scales. Similarly, a number of
recent studies have shown a strong association between
persistent SST anomalies and periods of widespread,
persistent, and severe drought conditions (Hoerling and
Kumar 2003; Schubert et al. 2004b; Seager et al. 2005;
Seager 2007). These studies suggest that persistent SST
anomalies are a significant driver of low-frequency hy-
droclimatic variability, including drought. By contrast,
our results suggest that the large noise variance of sea-
sonal precipitation anomalies and stochastic influence of
SST anomalies on large-scale atmospheric circulation
limit the influence of SST anomalies on extratropical
precipitation and drought characteristics to seasonal
time scales. For interannual and longer time scales, our
results thus support recent conclusions that SST anom-
alies influence the timing of drought onset, while the
magnitude and persistence of drought is predominately
governed by other mechanisms—namely, land—atmosphere
feedbacks (Hong and Kalnay 2000; Schubert et al. 2004a,
2008; Seager et al. 2008).

Importantly, our results demonstrate that in the AGCM
used here, severe and sustained drought events may occur
in the absence of anomalous SST forcing. While the
frequency of multiyear droughts is slightly greater in the
observed SST ensemble compared to the climatological
SST ensemble, the occurrence of several severe and
sustained droughts per century in the climatological SST
ensemble suggests that these extreme events may arise due
to chaotic atmospheric dynamics and land—-atmosphere
feedbacks alone. As shown in previous studies (Schubert
et al. 2004a,b), the timing of drought events is strongly
correlated between different simulations from the ob-
served SST ensemble; however, it should be noted that
the duration and magnitude of individual events varies
widely between simulations—that is, the duration and
magnitude of drought events are not reproducible based
on SST boundary forcing. Results, again, support recent
conclusions that the primary influence of SST anomalies
is on the likelihood of drought during a given season and
therefore on the timing of drought onset.

As noted in section 1, climate change is significantly
altering the hydrologic cycle at global and regional
scales. Results presented in this study are based on simu-
lations of twentieth-century climate. Under future climate
conditions, the physical mechanisms of hydroclimatic
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variability—including the relative contributions of ocean—
atmosphere forcing and land-atmosphere feedbacks to
the magnitude and persistence of drought events—may
change because of changes in atmospheric heat and water
vapor content (Santer et al. 2007), Hadley circulations
(Seager et al. 2007; Seidel and Randel 2007), and the sur-
face energy balance. Ocean heat uptake may significantly
affect mean SST and their interannual variability, with
subsequent effects on large-scale circulation and pre-
cipitation characteristics. In addition, the magnitude of
land-atmosphere feedbacks is likely to increase during
summer, which is associated with temperature-driven
drying of soils and a stronger influence of soil moisture
on the surface energy balance under increasingly mois-
ture-limited conditions; however, increased drying may
reduce the persistence of soil moisture anomalies and
thus the time scale of land-atmosphere feedbacks. Fur-
ther research is needed to evaluate the influence of SST
anomalies on hydroclimatic variability under changing
climate conditions.

Lastly, it should be noted that the results presented
here are based on idealized numerical experiments and
therefore cannot be directly confirmed by observations—
indeed, the ability to perform such idealized experiments
is a valuable property of models. As discussed in section 2,
the NSIPP-1 AGCM was developed with particular em-
phasis on tropical ocean—-atmosphere interaction, mid-
latitude stationary waves, and extratropical response to
tropical SST anomalies (Bacmeister et al. 2000), and the
observed SST simulations analyzed here largely re-
produce salient features of observed seasonal precipita-
tion anomalies. However, previous studies have shown
that the midlatitude response to SST boundary forcing
varies substantially among models, particularly at the
regional scale (Shukla et al. 2000). Comparison of land—
atmosphere coupling strength between models has also
shown large differences over midlatitude continental
regions, including particularly strong land—atmosphere
feedbacks in the NSIPP-1 AGCM (Koster et al. 2004).
Excessive land-atmosphere coupling in NSIPP-1 may
mask the influence of SST anomalies on midlatitude
drought characteristics. Similar studies with other models
are needed to evaluate the potential model dependence
of our results.

6. Conclusions

In the context of drought management, three ques-
tions are critical: When will the next drought begin?
How long will it persist? And how severe will it be?
Hydrologists and water resources managers have tradi-
tionally treated seasonal-to-interannual hydroclimatic
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variability as purely random, and stochastic character-
ization of precipitation and drought is a critical com-
ponent of water resources planning and management.
For example, the design and operation of water re-
sources systems and the allocation of water supplies
is largely based on empirical distributions of precipita-
tion and drought characteristics (e.g., Sadeghipour and
Dracup 1985; Frick et al. 1990; Wilhite and Buchanan-
Smith 2005; Steinemann and Cavalcanti 2006). How-
ever, recent studies demonstrating significant relationships
between SST anomalies and drought occurrence have
spurred much interest among both the forecasting and
operations communities in the application of sea-
sonal climate forecasts to drought planning and man-
agement, including the development and application
of multiyear drought outlooks (e.g., Schubert et al.
2007).

Ocean—atmosphere forcing by persistent SST anom-
alies is the primary physical basis for today’s state-
of-the-art seasonal climate forecasts and long-range
drought outlooks (e.g., Saha et al. 2006; Quan et al. 2006;
Schubert et al. 2007; Livezey and Timofeyeva 2008).
Numerous studies have shown that SST-based forecast
systems are capable of predicting SST-forced changes in
the probability distribution of seasonal precipitation
during a given season—and therefore the likelihood of
drought onset—over a number of midlatitude land re-
gions. Our results suggest, however, that prospects for
long-range SST-based forecasts of drought duration and
magnitude are limited. While SST-based forecasts have
the potential to significantly benefit short-term (1-3 month)
water supply operations, long-term drought planning
and management should be founded on robust char-
acterization of the stochastic behavior of precipitation
and drought.

Lastly, our results highlight an important difference be-
tween the climate science and water resources approaches
to characterizing climate variability and drought. Water
managers often rely on drought indices and ““triggers” to
implement drought management strategies (e.g., Wilhite
and Buchanan-Smith 2005; Steinemann and Cavalcanti
2006; M. Roos 2006, personal communication). This
threshold-based framework provides a practical and ob-
jective means of characterizing the stochastic nature of
drought events; however, it does not account for the
stochastic nature of the underlying processes. Notably,
the threshold-based approach is not amenable to prob-
abilistic seasonal forecast information. In addition to
improving the skill and reliability of long-lead seasonal
forecasts, forecasters and decision makers must work
together to develop a common framework to integrate
seasonal climate forecasts into drought planning and
management.
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