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ABSTRACT

The variability of summer precipitation in the southeastern United States is examined in this study using
60-yr (1948-2007) rainfall data. The Southeast summer rainfalls exhibited higher interannual variability with
more intense summer droughts and anomalous wetness in the recent 30 years (1978-2007) than in the prior
30 years (1948-77). Such intensification of summer rainfall variability was consistent with a decrease of light
(0.1-1 mm day ') and medium (1-10 mm day ') rainfall events during extremely dry summers and an in-
crease of heavy (>10 mm day ') rainfall events in extremely wet summers. Changes in rainfall variability
were also accompanied by a southward shift of the region of maximum zonal wind variability at the jet stream
level in the latter period. The covariability between the Southeast summer precipitation and sea surface
temperatures (SSTs) is also analyzed using the singular value decomposition (SVD) method. It is shown that
the increase of Southeast summer precipitation variability is primarily associated with a higher SST variability
across the equatorial Atlantic and also SST warming in the Atlantic.

1. Introduction

The southeastern United States is one of the fastest
growing regions in the nation. Water supplies in this
area are increasingly stressed, especially during sum-
mer. The year-to-year fluctuations in summer rainfall
over the Southeast thus have vital influence on regional
hydrology, agriculture, and related industries. During
the past three decades, summer droughts repeatedly
struck the Southeast, causing devastating socioeconomic
impacts on this region. For example, the 1986 Southeast
summer drought caused billions of dollars of damage in
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agriculture (Bergman et al. 1986; Karl and Young 1987).
The 2000 drought caused a 40% reduction in Georgia’s
crop production and $739 million in economic loss
in a single state (McKissick et al. 2000). The recent
2007 drought ranked as the worst in 100 years and
pushed water shortages to a crisis point. This extreme
drought was followed by floods in Georgia in late sum-
mer 2009.

The recurrence of severe droughts in recent decades
raises the question as to whether the variability of pre-
cipitation in the Southeast has changed. If so, what factors
may contribute to such changes? This study aims to
characterize the shift in summer rainfall variability in the
U. S. Southeast and to explore the link between changes in
rainfall variations and the variability of sea surface tem-
perature (SST).
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Compared to warm season rainfall in the Great Plains
(e.g., Namias 1983; Chang and Wallace 1987; Laird et al.
1996) and the North American monsoon region (Higgins
et al. 2003), the variability of Southeast summer precip-
itation has received less attention. In terms of seasonal
mean precipitation and its variability, however, summer
rainfall in the Southeast constitutes an important part of
warm season precipitation over the continental United
States. As shown in Fig. 1a, summer U.S. precipitation is
characterized by abundant rainfall (>4 mm day ') along
the southeastern coast. The seasonal mean precipitation
increases from less than 1 mm day ™' in the Southwest to
more than 5 mm day ! in the southeast corner. In the
central and eastern United States, precipitation is gen-
erally above 3 mm day . Figure 1b shows the variance
of summer precipitation. High interannual variability is
found in both the central and southeastern United States.
A better understanding of the Southeast summer pre-
cipitation variability is thus essential for (i) improving
prediction of U.S. warm season rainfall and (ii) address-
ing whether trends in rainfall are related to the periodic
natural variability of the climate system or are due to
warming of tropical oceans associated with anthropo-
genic causes.

Previous studies have not reached a consensus on
what causes variability of the summer rainfall over the
southeastern United States, especially the impact of At-
lantic SST anomalies. For example, recent observational
and modeling studies indicate that summer droughts and
associated rainfall anomalies in the Southeast are less
persistent (Mo and Schemm 2008) and they are primarily
controlled by internal atmospheric variability (Seager
et al. 2009). It is also found that there is no significant
correlation between Southeast summer precipitation and
SSTs computed over a long period (Seager et al. 2009).
However, other studies suggest that the interannual var-
iation of Southeast summer precipitation may be corre-
lated with SSTs over a shorter period (2-3 decades), but
its relation to SST varies on multidecadal scales (Hu and
Feng 2001).

Enfield (1996) illustrated that tropical North Atlantic
SST anomalies have a significant impact on Southeast
rainfall at interannual time scales that is independent of
Pacific SSTs. Long-term droughts and associated rainfall
and river flows in the Southeast are also linked to the
Atlantic multidecadal oscillation (AMO) (Enfield et al.
2001; McCabe et al. 2004). Associated with a warm phase
of the AMO, the intensity of precipitation tends to in-
crease in Florida and the southeast coastal region (Curtis
2008). The basin-scale changes in Atlantic SSTs are shown
to be an important forcing of North American summer
multidecadal climate variability (Sutton and Hodson
2005), including changes in precipitation and temperature
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FIG. 1. June-August (a) mean (mm day ') and (b) variance
(mm? day ™ ?) of U.S. precipitation based on rainfall data from 1948
to 2007. The box (25°-36.5°N, 76°-91°W) indicates the region of
land used to construct the Southeast precipitation index.

in the Southeast. This study aims to characterize the in-
tensification of Southeast summer rainfall variability, in-
cluding more severe droughts in recent decades, and its
connection to the variation of tropical Atlantic SSTs. We
note that the inferred associations between rainfall and
SST variability do not imply causality, and may be a dif-
ferent manifestation of long-term natural variability of the
coupled climate system.

2. Data and method

The data used in this study consist of precipitation,
atmospheric wind field, and SSTs from 1948 to 2007.
Summer seasonal means are obtained by averaging to-
gether the monthly means of June-August (JJA). An
anomaly is defined as the deviation of a seasonal mean
from its 60-yr long-term climatology. The U.S. precip-
itation data are taken from the National Oceanic and
Atmospheric Administration (NOAA) Climate Predic-
tion Center (CPC) U.S. Unified Precipitation for 1948-98
and from the real time U.S. Daily Precipitation Analysis
for 1999-2007. Both datasets are on a 0.25° X 0.25°
(latitude X longitude) grid. The atmospheric winds are
from the National Centers for Environmental Prediction—
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis product (Kalnay et al. 1996) on a
2.5° X 2.5° grid. The SSTs are the NOAA Extended Re-
constructed SST (ERSST version 3) (Smith et al. 2008)
with a 2° X 2° (latitude X longitude) resolution.
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The relationship between Southeast summer precipi-
tation and SSTs is examined by using singular value
decomposition (SVD) (Bretherton et al. 1992). This sta-
tistical technique objectively identifies pairs of spatial
patterns of precipitation and SSTs with maximum tem-
poral covariance between the two fields (e.g., Ting and
Wang 1997, Wang and Ting 2000). Linear and multiple
linear regressions are employed to composite and re-
construct anomalous atmospheric circulation and pre-
cipitation based on one or multiple base time series. The
significance of the statistical results is estimated by the
Monte Carlo technique (e.g., Wilks 1995).

3. Results
a. Variability of Southeast summer precipitation

To describe the variability of summer rainfall in the
Southeast, a precipitation index is constructed by aver-
aging June—August monthly-mean precipitation anom-
alies in an area from 76° to 91°W, 25° to 36.5°N. The area
covers seven southeastern states, including Alabama,
Florida, Georgia, Mississippi, North Carolina, South
Carolina, and Tennessee. Whether the area-averaged
rainfall anomalies represent the interannual variability
of seasonal mean precipitation in the Southeast is ex-
amined by calculating the correlation between the pre-
cipitation index and JJA seasonal mean precipitation at
every grid point over the United States. The correlation
map (not shown) displays coherent and significant cor-
relations in all the seven southeastern states.

The normalized index time series for the 60 years
(1948-2007) is shown in Fig. 2a, with one standard de-
viation corresponding to 0.64 mm day . The precipi-
tation index displays higher interannual variability with
more wet and dry extremes in the second half of the
period (1978-2007). In the first 30 yr (1948-77), there
were only two wet and two dry summers with rainfall
anomalies exceeding one standard deviation. In the sec-
ond 30 yr, however, there were six wet and five dry sum-
mers with rainfall anomalies greater than one standard
deviation. The summer precipitation in the second half
of the period contributes to the total rainfall variance by
68%, in contrast to 32% in the first 30 yr.

To quantify characteristics of droughts, shown in
Figs. 2b and 2c are the corresponding time series of JTA
mean standardized precipitation index (SPI) (McKee et al.
1993) for 3-month and 9-month time scales, that are in-
dicative of short and long-term droughts. A July 9-month
SPI, for example, is an index based on the 9-month av-
erage of precipitation from November of the previous
year to July of the current year. Consistent with the
precipitation index, the two SPI time series also indicate
the occurrence of more frequent extremely wet and dry
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FIG. 2. Normalized time series of JJA mean (a) precipitation
anomalies averaged over the southeastern United States (25°-
36.5°N, 76°-91°W) with the CPC rainfall data (bars) and those
averaged over the seven Southeast states with station observations
(line with open circle) and time series of JJA mean (b) 3-month
and (c) 9-month SPI. Black bars in (a)-(c) represent wet (positive)
and dry (negative) summers with normalized precipitation anom-
alies and SPI values exceeding 1, respectively, indicated by dashed
lines. A vertical line divides the two 30-yr periods. (d) Time series
of 30-yr moving variance for the normalized Southeast summer
rainfall index (solid black), 3-month SPI (solid gray), and 9-month
SPI (dotted).

summers for both short and longer time scales in the
latter period than in the early period.

Figure 2d shows the time series of 30-yr moving vari-
ance of the precipitation index, as well as for the 3-month
and 9-month SPI. The variance of each index time series
is characterized by a similar trend. The upward trend
in precipitation variance indicates that the variability of
summer precipitation in the Southeast increased steadily
from the 1960s through the 1990s.

It is noted in Fig. 2a that summer rainfall deficits
themselves were not the worst for the three Southeast
summer droughts mentioned earlier (1986, 2000, and 2007)
and precipitation anomalies were less than one standard
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FIG. 3. Percentage of summer days in four rain-rate classes. In each category the black bar is
the 60-yr climatological mean and gray bars are the composites of five driest and five wettest
summers in the 1948-77 (light gray) and 1978-2007 (dark gray) periods. The percentage at the
top of each pair of bars indicates the significance level of the difference in each pair of com-
posites between the two periods, with F denoting failure of the significance tests, estimated by
the Monte Carlo tests with the bootstrap resampling technique.

deviation in JJA 1986 and 2007. The 9-month SPI, how-
ever, displays the largest negative values in the three
summers (Fig. 2¢), indicating that prolonged rainfall def-
icits starting from prior seasons contributed to the severe
summer droughts, rather than only the rainfall deficits in
the summer season.

Since the 60-yr rainfall data consist of measurements
based on different observational platforms—for exam-
ple, from both pre- and postsatellite and radar eras—the
results presented in Fig. 2 may be sensitive to the changes
of the techniques in measuring precipitation over time.
To examine this potential effect, a similar precipitation
index is constructed using rain gauge observations alone
from 164 stations that are available in the U.S. Historical
Climatology Network (USHCN) (Williams et al. 2007)
with a relatively homogeneous distribution over the seven
southeastern states, which is also shown in Fig. 2a. The
precipitation index based on the station data is very sim-
ilar to that based on the CPC precipitation data, with
higher rainfall variability in the recent three decades
confirming that the Southeast summer rainfall variabil-
ity has, indeed, intensified since the late 1970s.

The station data from the USHCN has a much longer
record, and the Southeast summer precipitation index is
extended backward to 1900 and a similar 30-yr moving
variance is computed (not shown). It is interesting to
note that the interannual variance of Southeast summer
precipitation decreased from the early twentieth century
to the 1960s and then started to increase afterward.

The relationship between the changes in the charac-
teristics of the interannual variability of seasonal mean

summer precipitation and the frequency and intensity of
daily rainfalls is examined by classifying the daily rain
rates of summer extremes and then comparing them to
corresponding long-term values. Figure 3 shows the fre-
quency distribution of summer days with different daily
rain rates for the entire 60 summer seasons compared to
those of the five wettest and five driest summers in the
1948-77 and 1978-2007 periods. A day with precipita-
tion less than 0.1 mm day ' is defined as a nonrainy day.
For rainy days rainfall intensities are divided into three
classes: 0.1 ~ 1,1 ~ 10, and >10 mm day_l. In each rain-
rate class, the number of days between June and August
with the appropriate rain rate is averaged over all the grid
points in the Southeast domain (25°-36.5°N, 76°-91°W)
for the years of interest.

The analysis indicates that over the 60 yr, 35% of the
summer days are nonrainy days. The distributions of sum-
mer days in the three rain-rate classes are 18% (0.1 ~ 1
mm day '), 34% (1 ~ 10 mm day '), and 13% (>10
mm day '), respectively. The overall statistics for in-
dividual 30-yr periods (not shown) are similar to those of
the 60 yr. However, there are considerable differences
in the characteristics of daily rainfall for the extremely
dry and wet summers over the two 30-yr periods. As
shown in Fig. 3, the number of nonrainy days increases
(decreases) in dry (wet) summers. The percentage of
nonrainy days varies 9% between the wet and dry sum-
mers in the first 30-yr period and increases to 18% in the
second 30-yr period. During the extreme summers, the
number of rainy days with small rain rates (0.1 ~
1 mm day ') does not differ much from the long-term
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mean. However, the number of days with larger rain rates
(>1 mm day ') is consistently higher in wet summers
and lower in dry summers. The difference in the rain rate
distribution between wet and dry summers is greater in
the second half of the period than in the first half, in-
dicating more extreme rainfall variability for the daily
time scale and is consistent with greater variability of
seasonal means (Fig. 2a). These changes in the rain rate
distribution between the two 30-yr periods are above
the 10% significance level for dry composites, except for
the heavy rain-rate class (>10 mm day ') and above the
15% significance level for wet composites, except for the
light rain-rate class (0.1-1 mm day '), as estimated by
the Monte Carlo tests with the bootstrap resampling
technique (e.g., Wilks 1995).

An increase in frequency and intensity of heavy precip-
itation has previously been observed over the contiguous
United States during the past three decades (Groisman
et al. 2004). The trend in intense precipitation has been
linked to increasing greenhouse gas concentrations
(Groisman et al. 2005). The result in Fig. 3 suggests that
such a trend in intense rainfall contributes, in part, to the
observed increase in summer rainfall variability in the
Southeast.

As an important factor in the total continental-scale
warm season rainfall in the United States, Southeast
summer precipitation is fundamentally controlled by
the large-scale atmospheric circulation (Liu et al. 1998).
Figure 4 shows both upper- and lower-level circulation
anomalies associated with Southeast summer rainfall
deficits obtained based on linear regressions of the 60-yr
data versus the Southeast summer precipitation index
(Fig. 2a). The drought-related circulation is dominated
by positive upper-troposphere height anomalies over the
central United States and negative zonal wind anomalies
over the southern states (Fig. 4a), highlighting the north-
ward shift of the upper-level jet. At the lower level, the
anticyclonic circulation enhances the Great Plains low-
level jet and moisture transport from the Gulf of Mexico
to the Midwest, but causes a deficit of moisture flux from
the Gulf to the Southeast. The circulation pattern and
associated low-level divergence field are consistent with
dry conditions in the Southeast and wet conditions in the
Midwest. The out-of-phase relationship between precip-
itation anomalies in the Southeast and the Midwest is one
of the major patterns of warm season rainfall variability
in the United States and has been identified in previous
studies (e.g., Ting and Wang 1997). In the summers of
1993 and 2007, for example, while the Midwest suffered
from devastating floods, the Southeast experienced se-
vere droughts.

The change in characteristics of Southeast summer
rainfall variability is also closely associated with changes
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in the upper-level atmospheric circulation variability.
Figure 5 shows the 200-hPa zonal wind variance for the
two 30-yr periods. There is a significant southward shift
of the center of maximum zonal wind variance from
45°N in the early period to 40°N in the late period.
Consequently, the zonal wind variability at jet stream
level is increased over the southern states in the second
30 yr, which is significantly correlated with the South-
east precipitation (Fig. 4a). The changes in the circula-
tion variability are thus dynamically consistent with the
intensification of Southeast summer rainfall variability.

b. Covariability with SSTs

Are changes in the rainfall variability in southeastern
United States also related to changes in other features in
the climate system, for example, changes in SSTs? To
explore this possibility, SVD analyses are performed by
analyzing the covariance matrices of summer season
U.S. rainfalls and SSTs in the adjacent ocean basins (i.e.,
Pacific and Atlantic). Table 1 lists the statistics for the
first SVD mode with the Pacific SSTs and two leading
modes with the Atlantic SSTs, including the percentage
of squared covariance explained by each mode, the
temporal correlation between each pair of expansion
coefficients, and the variance in individual fields that is
explained by each mode. The spatial patterns of these
SVD modes are shown in Fig. 6 by their homogeneous
correlation maps (Wallace et al. 1992).

Most previous studies attribute interannual changes
of U.S. summer rainfall to the influence of the El Nifio—
Southern Oscillation (ENSO), despite that such an
influence is much weaker in summer than in winter.
Although this study focuses on the potential influence of
Atlantic SSTs, we analyze the relationship between U.S.
summer rainfall and Pacific SSTs, first to gain perspec-
tive for our subsequent discussion on the Atlantic SSTs.

For the Pacific SSTs, the first SVD mode is charac-
terized by the El Nino SST pattern, with large positive
correlations in the eastern and central equatorial Pacific,
as well as along the west coast of North America, and
negative correlations in the central North Pacific (Fig.
6a). The time series of the expansion coefficient (Fig. 7a)
is dominated by interannual variation. The corresponding
precipitation (Fig. 6b) displays wet conditions in the
northern plains and the Midwest and dry conditions in
the Southeast. This is the canonical summer precipita-
tion pattern associated with ENSO, also identified by
the same SVD analysis in Ting and Wang (1997). This
mode explains 40% of the squared covariance between
the Pacific SSTs and U.S. precipitation, but only explains
7% of the total summer precipitation variance over
the United States and 5% over the southeastern U.S.
domain.
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FIG. 4. Composites of JTA seasonal mean anomalous (a) 200-hPa height (shading) and zonal wind (contour) and (b) 850-hPa wind

(vector), 925-hPa divergence (contour) and U.S. precipitation (shading) associated with one standard deviation of rainfall deficit in the
Southeast summer rainfall index. The anomaly fields are obtained based on linear regressions against the 60-yr Southeast summer pre-
cipitation index. Contour intervals are 0.2 m s ! in (a) and 1077 s™! in (b), with positive contours in red, negative in blue, and zero
contours omitted. The statistical significance of the composite anomalies is estimated by the Monte Carlo tests. Regions of positive and
negative (c) 200-hPa height and (d) zonal wind anomalies exceeding the 5% significance level are indicated by red and blue shadings,
respectively. Regions of positive and negative (e) 850-hPa zonal and (f) meridional wind anomalies exceeding the 5% significance level are
circled by red and blue lines, respectively. (e),(f) Green (orange) shadings indicate regions of positive (negative) U.S. rainfall anomalies

exceeding the 5% significance level.

For the Atlantic SSTs, the first SVD explains 35% of
the squared covariance between the Atlantic SSTs and
U.S. precipitation. The SST pattern (Fig. 6¢) features
warm SST anomalies across the tropical and North At-
lantic with a maximum amplitude in the eastern portion
of the basin. The time series of the expansion coefficient
shows a nearly linear increase of such a warming (Fig. 7b).
This Atlantic warming is also correlated with SST anom-
alies in the Indo-Pacific warm pool, the region experi-
encing significant warming in the past 60 yr (e.g., Wang

and Mehta 2008). The first mode of precipitation, which
explains 10% of the total summer U.S. precipitation var-
iance and 14% of the local variance in the Southeast, has
a well-defined pattern with positive correlations in the
Southeast and the southern plains (Fig. 6d). Associated
with the Atlantic warming, summer precipitation in the
Gulf states, centered in Texas, is above normal.

The second SVD mode explains 19% of the squared
covariance. The SST pattern (Fig. 6¢) displays a band of
positive correlations centered at the equator, which closely
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FIG. 5. Interannual variance of 200-hPa zonal wind anomaly for
JJA in (a) 1948-77 and (b) 1978-2007. Values greater than 6 (m s~ !)?
are shaded and contoured with a contour interval of 2 (m s~ )%

resembles the spatial pattern of the Atlantic zonal mode
(Zebiak 1993) and its interannual variability increase
since the mid-1970s (Fig. 7c). Additionally, a zonal band
of positive correlations is found in the North Atlantic
centered at 45°N. The precipitation pattern (Fig. 6f)
shows coherent negative correlations in the Southeast,
where the summer precipitation index (Fig. 2a) is con-
structed, and positive correlations in the Midwest. This
mode accounts for 9% of the total U.S. summer precip-
itation variance and 17% of the local variance of south-
eastern U.S. summer rainfall. When the Atlantic zonal
mode is in its warm phase, there is a tendency for de-
creased summer rainfalls across the Southeast. The re-
lationship is consistent with the finding of Enfield (1996),
which links tropical North Atlantic SSTs and Southeast
rainfall at interannual time scales.

The temporal correlation between the Pacific SST and
associated U.S. precipitation time series (Fig. 7a) is 0.63,
highest among the three modes (Table 1). However, this
mode explains the least precipitation variance for the
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southeastern U.S. region. The SST time series (Fig. 7a,
dark bars) displays large positive and negative fluctua-
tions in El Nifo (e.g., 1957, 1965, 1972, 1983, 1987, 1992,
1993, and 1997) and La Nifa (e.g., 1950, 1955, 1964,
1970, 1971, 1973, 1975, 1988, and 1999) years, respec-
tively. A trend toward warmer SSTs starting in the late
1970s is also discernible, as reported by Trenberth and
Hurrell (1994). The U.S. precipitation time series shows
a trend similar to that of SSTs, indicating a possible in-
crease of wetter conditions in the northern plains and
the Midwest, and drier conditions in Georgia, North
Carolina, and South Carolina in more recent years.

The correlation between the pair of the first SVD
mode time series of Atlantic SSTs and U.S. precipitation
(Fig. 7b) is 0.60. Both SSTs and precipitation are dom-
inated by an upward trend, with a shift of SST anomalies
from a cold phase to a warm phase in the early 1980s.
This coincides with the sign change of the global-mean
SST anomaly around the same time (Bernstein et al. 2008).
To some extent, this Atlantic SST mode resembles the
AMO, especially when the warming trend is removed
from Fig. 7b. The detrended time series of SSTs (not
shown) is characterized by warm phases prior to the mid-
1960s and after the mid-1990s and a cold phase in the
1970s and 1980s, similar to the AMO SST index in Sutton
and Hodson (2005). The precipitation pattern, with above
normal rainfall in the Southeast and East Coast and be-
low normal rainfall in the northern plains and the Pacific
Northwest (Fig. 6d), also resembles the composite rainfall
pattern between the AMO warm and cold phases (Sutton
and Hodson 2005). This mode may contribute to the in-
crease of wet summers since the mid-1980s.

The correlation between the SST and U.S. summer
rainfall time series for the Atlantic mode 2 (the Atlantic
zonal mode) in Fig. 7c is 0.58. However, this mode ex-
plains most of the summer precipitation variability in the
southeastern United States (17%) among all three SVD
modes. The SST and precipitation fluctuations have al-
most doubled since the late 1970s, indicating that in-
creased variability of the Atlantic zonal mode may make
an important contribution to the increased summer rain-
fall variability over the Southeast (Fig. 6f).

How each SVD mode contributes to the observed in-
crease of summer rainfall variability over the southeastern
United States is illustrated in Table 2 by comparing the

TABLE 1. Statistics of three leading SVD modes of SSTs and precipitation (prcp). The percentage of precipitation variance is listed for
both the contiguous United States and the Southeast domain (in parentheses).

Square covariance (%)

Temporal correlation

SST variance (%) Precipitation variance (%)

PCF SST-U.S. prcp mode 1 40
ATL SST-U.S. prcp mode 1 35
ATL SST-U.S. prcp mode 2 19

0.63 35 7(5)
0.60 23 10 (14)
0.58 15 9 (17)
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FIG. 6. Homogeneous correlation maps of the (a),(b) first SVD mode between Pacific (PCF) SSTs and U.S. precipitation (Prcp), and the
(c),(d) first and (e),(f) second SVD modes between Atlantic (ATL) SSTs and U.S. prcp. Correlation coefficients greater than 0.3 are
shaded, which exceed the 5% significance level estimated by the Monte Carlo tests. The dashed-line boxes indicate regions of SSTs used in
the SVD analyses.

contributions of the two 30-yr periods to the total vari-
ance of each SVD time series over the entire 60 yr. The
increase of the Atlantic SST variability in the recent
30 yr—both in the warming trend and the zonal mode—is
consistent with the increase of the precipitation variability
in the corresponding modes over the same period. Both
SVD modes have stronger loadings over the Southeast in
the precipitation field than the first SVD mode with the
Pacific SSTs (Fig. 6). Although all three SVD modes of
U.S. precipitation increase the rainfall variance from the
first 30 yr to the second 30 yr, the intensification of the
Southeast summer rainfall variability is most likely related
to the higher Atlantic SST variability in the recent three
decades.

In addition, the higher Atlantic SST variability in the
late period also accounts for the change of the atmo-
spheric circulation variability between the two 30-yr
intervals (Fig. 5). Figure 8 shows the 200-hPa zonal wind
variance associated the Pacific ENSO mode, the SST
warming trend, and the Atlantic zonal mode over the
two 30-yr periods. They are reconstructed with linear
regressions versus the SST time series of each SVD
mode. There are significant increases in the upper-level
zonal wind variability over the central and southern
United States in the second 30 yr associated with the
two Atlantic SST modes (Figs. 8d and 8f). These changes
contribute to the observed southward shift of the region
of maximum zonal wind variability and the larger zonal
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FIG. 7. Normalized time series of the (a) first SVD mode between PCF SSTs (dark bar) and
U.S. Prep (light bar), and the (b) first and (c) second SVD modes between ATL SSTs (dark bar)

and U.S. Prep (light bar).

wind variability over the southern states in the latter
period (Fig. 5).

The SVD analyses capture the relation of the U.S.
precipitation to the Pacific and Atlantic SSTs. Both Pa-
cific and Atlantic SSTs are also found to covary with
runoff (McCabe and Wolock 2008) and the Palmer
drought severity index (Apipattanavis et al. 2009) in
North America. The correlation of the ENSO SST time
series (Fig. 7a) with the time series of the two Atlantic
SST modes (Figs. 7b and 7c) are 0.13 and —0.04, respec-
tively. This indicates that the two Atlantic SST modes are
largely independent of the ENSO mode. The correlation
between the detrended time series of the two Atlantic SST

modes is 0.27, suggesting that the interannual variability
of the two Atlantic modes is relatively independent.
Although all three SVD precipitation patterns (Fig. 6,
right) have loadings in the Southeast, they are distinctive
in the centers of action. The rainfall patterns coupled
with the ENSO SSTs and the SST warming trend (Figs.
6b and 6d) emphasize more rainfall variability in the
eastern and western parts of the southeastern U.S. do-
main, respectively, whereas the rainfall pattern coupled
with the Atlantic zonal mode (Fig. 6f) focuses on the
central part of the Southeast.

Lastly, how the SST-coupled precipitation patterns
contribute to the Southeast rainfall variability is assessed

TABLE 2. Percentage of the total variance in each SVD time series over the two 30-yr intervals.

SST variance (%)

Prcp variance (%)

SST variance (%) Prcp variance (%)

First 30 yr First 30 yr Second 30 yr Second 30 yr
PCF SST-U.S. prcp mode 1 51 35 49 65
ATL SST-U.S. prcp mode 1 35 39 65 61
ATL SST-U.S. prcp mode 2 39 37 61 63
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FIG. 8. Interannual variance of 200-hPa zonal wind anomaly associated with the (a),(b) ENSO mode, (c),(d) SST
warming trend, and (e),(f) ATL zonal mode for JJA in (left) 1948-77 and (right) 1978-2007. Values greater than 0.5
(m s~ ")? are shaded and contoured with a contour interval of 0.25 (m s~ ')%

by reconstructing the Southeast precipitation index based
on multiple linear regressions against the three SVD pre-
cipitation time series. As shown in Fig. 9, the reconstructed
total rainfall anomalies reproduce well the observed pre-
cipitation variation with a correlation R = 0.92. Among
the three SVD modes, the Atlantic zonal-mode-related
precipitation change contributes most to the Southeast
rainfall variability (R = 0.87). The warming trend also
has a significant contribution (R = 0.63), whereas the
ENSO mode contributes the least (R = 0.39). Note that
the threshold for the correlation coefficients exceeding
the 1% significance level is 0.29 based on Monte Carlo
tests. Among the 15 wet and dry summers with the pre-
cipitation index exceeding one standard deviation (Fig.
2a, black bars), the ENSO mode only dominates the 1993
drought. The rest of the 14 summers are dominated by the
Atlantic zonal mode. On average, for the 15 summers, the
precipitation pattern correlated with the Atlantic zonal
mode accounts for 70% of the reconstructed Southeast
rainfall anomalies, while those correlated with the warm-
ing trend and the ENSO mode account for 22% and 8%,
respectively.

4. Conclusions and discussions

Our analysis of the 60-yr rainfall data reveals that the
interannual variability of summer precipitation in the
southeastern United States intensified in the recent three
decades (1978-2007) when compared to the earlier three
decades (1948-77), leading to stronger summer droughts
and pluvials. Such intensification of summer rainfall vari-
ability is contributed by a larger decrease of light to me-
dium rainfall events in dry summers and an increase in
frequency of heavy rainfall in wet summers in the latter
30-yr period. Changes in rainfall characteristics are also
accompanied by a southward shift of the region of max-
imum zonal-wind variability at the jet stream level.

The SVD analysis is applied to the 60-yr summer U.S.
precipitation with the Pacific SSTs and the Atlantic SSTs
separately. Three precipitation patterns are objectively
identified, all of which have significant loadings in the
Southeast. The Atlantic zonal mode has the strongest
loading in the southeastern United States (17%) and ac-
counts for 70% of the precipitation variation, as repre-
sented by these three modes. The Atlantic warming mode
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FIG. 9. Observed (bar) and reconstructed (open square) South-
east summer precipitation index based on multiple linear regressions
vs the time series of the three SVD precipitation modes. Open circle,
triangle, and closed circle indicate rainfall anomalies associated with
individual SVD prcp modes that are coupled with the ENSO SST,
the SST warming trend, and the ATL zonal mode, respectively.

ranks second in terms of its influence on Southeast sum-
mer rainfall variations (14%) and may have important
contributions to the increased intensity of wet summers
since the mid-1980s. The two Atlantic SST modes show
higher interannual variability in the recent 30 yr, consis-
tent with the intensification of Southeast summer rainfall
variability, and account for the observed southward shift
of the upper-level maximum zonal wind variability in the
latter period. In contrast, the ENSO mode contributes
the least (5%) to the summer rainfall variation in the
southeastern United States. The SST anomalies associ-
ated with this mode do not show increased variability;
thus, this mode contributes marginally to the increased
variation of Southeast U.S. summer rainfall in the recent
three decades.

The intensification of the Southeast summer precipi-
tation variability is closely linked to higher Atlantic SST
variability in the recent three decades. However, the
question of what causes the increase of the Atlantic SST
variability and the Southeast rainfall variability, especially
in terms of natural climate variability and anthropogenic
forcing, remains to be answered. Using tree ring records,
Stahle and Cleaveland (1992) suggested that decade-long
extreme droughts may have been a prominent feature in
the southeastern United States over the past 1000 years.
Recent studies also show that the AMO as the natural
mode has been an important driver of multidecadal
droughts in the United States (McCabe et al. 2004;
Sutton and Hodson 2005). Possible mechanisms may
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also involve changes in atmospheric mean circulation in
response to the warming of tropical North Atlantic SST
(Kushnir et al. 2010) and consequentially lead to a shift
of zonal wind variability (Figs. 5 and 8).

On the other hand, the 1978-2007 period corresponds
with an overall warming of global tropical SST, and the
pattern of the SST warming in the Atlantic resembles
that of the linear warming trend observed and simulated
by climate models with increasing atmospheric CO,
during the last few decades (Hegerl et al. 2007). Thus,
both the increase of the Atlantic SST variability and the
Southeast rainfall variability could be a manifestation
of global warming in the observational record. In fact,
the Intergovernmental Panel on Climate Change (IPCC;
Bernstein et al. 2008) projected that in the twenty-first
century increasing heavy rains and extreme droughts
will be one of the consequences of global warming. A
global coupled climate model also shows that the increase
in greenhouse gases would produce more frequent and
more intense heat waves in the southern United States
(Meehl and Tebaldi 2004), which could lead to higher
rates of evaporation, drying out the soil, and increasing
the probability of severe droughts. Further modeling and
diagnostic studies are needed to understand the reasons
behind recent changes in the precipitation characteristics
in the U. S. Southeast and to discern if changes are due
to natural variability in climate system, and are thus re-
versible, or are due to anthropogenic causes and are ex-
pected to continue and intensify.
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