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[1] Effects of the Arctic oscillation (AO) on summer rainfall variability in the central
United States are examined in order to improve understanding and prediction of the
interannual variation in the summer rainfall. Major results show persistent AO effects that
resulted in less summer rainfall in the central United States during the positive phase
of the AO and more rainfall during the negative AO phase. These effects are most
prominent at the interannual time scale. The key physical processes connecting the AO
with the rainfall variations are shown in changes in latitudinal location of the midlatitude
upper tropospheric westerly jet over North America, the transverse circulation around
the jet, and the low-level moisture flux divergence in the central United States. Diagnostic
analyses show that the change of the jet stream location may have resulted from the
AO-induced eddy heat and momentum forcing on the mean zonal flow in the upper
troposphere. The eddy-mean flow interactions caused a northward shift of the jet in the
positive phase of the AO. The associated anomalies of downward motion and moisture
divergence in the lower troposphere over the central United States suppressed rainfall
development. A set of reversed anomalies developed in the negative phase of the AO,

encouraging summer rainfall.
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1. Introduction

[2] Interannual summer rainfall variations in the central
United States are influenced by several major factors. The
most recognized and studied one is the El Nifio—Southern
Oscillation (ENSO). During El Nifio, or La Nifla, extensive
anomalies in distributions of the sea surface temperature
(SST) and atmospheric convection in the tropical Pacific
Ocean region disturb the midlatitude atmospheric circula-
tion in North America [e.g., Horel and Wallace, 1981; Held
et al., 1989]. Alternations of the nearly opposite effect of El
Nifio and La Nifia contribute to the interannual variations in
circulation and precipitation in North America. Some
detailed ENSO influences on the precipitation variations
have been examined [e.g., Ropelewski and Halpert, 1986;
Ting and Wang, 1997; Hu and Feng, 2001a, 2001b; Weaver
and Nigam, 2008]. A particularly important circulation
anomaly for increasing precipitation was found to be a
strengthened northerly flow over the central United States.
and an extended trough from the central to south central
United States during El Nifio [7ing and Wang, 1997; Hu
and Feng, 2001a]. This trough interacted with the southerly
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low level jet (LLJ) from the Gulf of Mexico to the central
United States, enhancing moisture flow and precipitation
[e.g., Higgins et al., 1997; Hu and Feng, 2001b].

[3] The LLJ, as another major factor, also strongly affects
the summer rainfall variation in the central United States by
its own variability [Helfand and Schubert, 1995; Mo et al.,
1995]. Intense LLJ and strengthened moisture flow, when
aided with persistent local soil moisture anomalies, have
resulted in extended and intense summer rainfall in the
central and south central United States, causing severe
floods such as the 1993 flood [Helfand and Schubert,
1995; Mo et al., 1995; Paegle et al., 1996; Trenberth and
Guillemot, 1996, Mo et al., 1997].

[4] Tt is intriguing that the influences of these factors on
the central United States summer rainfall also have been
varying in time. The ENSO effect was strong, explaining
about 31% of the variance of the summer rainfall in the
central United States during the time period of 18711916
and 1948—1978, but virtually diminished in 1917-1947
and from 1979 through recent years [Hu and Feng, 2001a].
Although the LLJ showed enhanced influence on the central
U.S. summer rainfall in the period when ENSO effect
languished, the influence was not persistent but episodic
[Hu and Feng, 2001b]. These variations in the effects of
ENSO and LLJ lead to the question of what could have
been the factor or mechanism that may have sustained the
interannual summer rainfall variation in the central United
States when none of the LLJ and the ENSO effects was at
work. Such a mechanism could explain the observed
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persistent interannual variation in summer rainfall in the
central United States.

[s] One such factor is the Arctic oscillation (AO)
[Thompson and Wallace, 1998], also known as the “North’s
El Nifio” [Kerr, 2001], which has a strong interannual
component. The background and importance of the AO
effect have been elaborated by Thompson and Wallace
[1998, 2000], who show that in the positive phase of the
AO the circulation in the midlatitude and high-latitude
regions has an anomalously strong polar vortex and a
northward shift of the midlatitude westerly jet stream. In
the negative phase, the AO is characterized with a strong
blocking over Greenland and/or Alaska and a trough in
midlatitude North America. These anomalous atmospheric
circulations affect the storm track, frequency and intensity
of synoptic weather events, and precipitation in midlatitude
and high-latitude North America [Thompson and Wallace,
2001; Wettstein and Mearns, 2002; Higgins et al., 2002;
McAfee and Russell, 2008; Archambault et al., 2008;
Klingaman et al., 2008; Knight et al., 2008]. In addition,
Higgins et al. [2000] show that during the period from 1964
to 1993 atmospheric circulation anomalies associated with
the AO and ENSO accounted for nearly all the observed
fluctuations in boreal winter precipitation in the contiguous
United States. These results prompted them to suggest that
the U.S. cold season precipitation prediction can be consid-
erably improved if, in addition to the tropical Pacific SST
effect, the AO effects can be understood and accurately
described in the prediction models.

[6] While the AO effect is strong in boreal winter
Thompson and Wallace [2000] show that the AO also
explains 16% of the total variance of the warm season
atmospheric circulation in the midlatitude and high-latitude
regions. This number is comparable to the 21% of the total
variance of the atmospheric circulation that AO can explain
during the northern winter. Thus, although the AO is weaker
in northern summer than in winter the anomalous circula-
tion associated with the AO may still have played signifi-
cant roles in variations of the summer atmospheric
circulation. Such roles of the AO in weather and climate
in the boreal summer have been shown in several recent
studies. For example, Gong and Ho [2003] show that the
AO influences the summer monsoon rainfall in East Asia.
Ogi et al. [2005] use a revised AO index and show that the
AO played an important role in configuring the circulation
anomalies responsible for the heat waves in Europe and
Russia in 2003. Because the AO describes anomalies in
circumpolar circulation, these effects of the AO on summer
precipitation and temperature in East Asia and Europe
suggest similar influences of the AO on the warm season
circulation and precipitation in North America.

[7] While these results are showing the AO effects on
warm season precipitation and temperature variations, the
warm season AO itself has little predictability. In other
words, the AO index of a future month has little predict-
ability from the AO index of the previous month(s). Thus,
the spring AO index may not be a predictor of the summer
AO index and summer precipitation and temperature.
Although this predictability is unavailable it remains
important to examine the simultaneous AO effects on
regional precipitation and temperature in the warm season.
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These effects and their underlying processes can help
improve our understanding of development of warm season
precipitation and temperature anomalies (such as the 2003
heat waves in Europe). This understanding can be used to
improve predictions of summer rainfall when the AO
becomes predictable, through other processes or variables.
[8] In this paper we present the analysis results showing
the AO effects on the summer rainfall variation in the
central United States. The data and methods used in
the analyses are described in section 2. Major results of
the analyses are presented and discussed in section 3.
Possible underlying mechanisms that facilitate the AO
influence on the warm season precipitation are proposed
and evaluated in section 4. Section 5 contains a summary
and discussion. Findings of this study help set a framework
that will guide our further investigation and understanding
of the processes and their interactions contributing/causing
the interannual as well as longer time scale variations in
warm season precipitation in the central United States.

2. Data and Methods

[¢] Because of the skewed distribution of precipitation
data and the requirement for normal (Gaussian) distribution
of data in most of the statistical analyses we use the
standardized precipitation index (SPI) to describe precipita-
tion variations/anomalies in this study. As shown by McKee
et al. [1993], the SPI time series is a transformed precipi-
tation time series but has a normal distribution. The SPI is
calculated at a given location using observed precipitation
records for a desired period, e.g., a month or a season. This
SPI time series is fitted to a probability distribution and then
transformed into a time series with a normal distribution
[Edwards and McKee, 1997]. Positive (negative) SPI indi-
cates greater (less) than median precipitation. In this study,
monthly SPI data series at 344 climate divisions in the
contiguous United States from 1895 to 2007 were obtained
from the U.S. National Climatic Data Center (NCDC)
(http://www1.ncdc.noaa.gov/pub/data/cirs/drd964x.
sp01.txt). These SPI data were developed at NCDC using
stations’ monthly precipitation data which were evaluated
and quality controlled. Details of the quality control proce-
dures were described by Karl and Biebsame [1984]. In
addition to the SPI data, we also acquired the quality
controlled divisional monthly precipitation data in the
central United States. Using these precipitation data, we
calculated the monthly SPI for each state using area
weighted monthly precipitation from the climate divisions
in a state, and also computed the monthly SPI for the central
United States using area weighted monthly precipitation
from the 43 climate divisions in Illinois, Iowa, Kansas,
Missouri, and Nebraska.

[10] Two AO indices are used in this study, covering
different periods from 1899 to 2007. The first index is the
leading mode of the empirical orthogonal function (EOF) of
the monthly mean sea level pressure (SLP) anomalies north
of the 20°N parallel [Thompson and Wallace, 1998, 2000].
Data of this index from 1899 to 2001 are obtained from the
online source at http://jisao.washington.edu/data/aots/. The
second index is developed at the NOAA Climate Prediction
Center (CPC). This index is constructed by projecting the
daily 1000 mb height anomalies poleward of 20°N onto the
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leading EOF of the monthly mean 1000 mb height during
1979-2000. Data of this index from 1950 to 2007 are
obtained from NOAA CPC web site http://www.cpc.noaa.
gov/products/precip/CWlink/daily ao_index/ao_index.
html.

[11] These two AO indices are highly correlated and their
correlation coefficient is 0.98 for their common period of
1950—2001. This high correlation warrants us to extend the
AO index based on the SLP from 2001 to 2007 using the
index from the NOAA CPC, using a linear regression
method. High AO index values characterize lower than
average polar cap sea level pressure, stronger lower-
stratospheric polar vortex, and stronger zonal winds along
the 35°N—-55°N latitudes [Thompson and Wallace, 1998,
20001].

[12] The National Center for Environmental Prediction-
National Center for Atmospheric Research (NCEP-NCAR)
reanalysis data [Kalnay et al., 1996] are used to examine the
atmospheric circulation and moisture flux associated with
the AO-induced anomalies in North America. The moisture
flux is integrated between the sigma levels 19-28 (surface
to roughly 700 hPa) in the data. The monthly mean zonal
and meridional wind (u, v) and vertical motion (w) in the
pressure coordinates are used to analyze variations in
the midlatitude westerly jet stream and vertical motion in
the study region.

[13] To assist our understanding of how the AO may
affect the summer rainfall in the central United States, we
examine the eddy heat and momentum forcing on the mean
zonal flow [Eliassen and Palm, 1961; Lindzen and Holton,
1968], testing the hypothesis that the eddy flux anomalies
developed in different phase of the AO interact with the
mean zonal flow in the midlatitude and modify the jet
stream which further influences the warm season weather
and rainfall in the central United States. The eddy forcing is
calculated using the localized Eliassen-Palm (E-P) flux
theory [Trenberth, 1986, 1991], based on the geostrophic
E-P diagnostics [Eliassen and Palm, 1961; Edmon et al.,
1980] with the advantage of including the ageostrophic
effect on local mean flows. The NCEP-NCAR reanalysis
daily data are used in calculations of the eddy heat and
momentum fluxes. Before calculating these fluxes a 2—8 d
band-pass filter was applied to the reanalysis data, similar to
that used by Trenberth [1991]. The filtered data contain the
mesoscale to synoptic-scale weather disturbances. Thus,
eddy fluxes computed from these filtered data can assist
us to examine how the synoptic disturbances, particularly
those associated with the AO, may have interacted with the
midlatitude jet stream in different AO phases and how the
resulting circulation anomalies may have affected summer
rainfall in the central United States.

[14] The localized E-P flux vector is defined as [ Trenberth,
1986]

E,,:cosgb{%(ﬁ—ﬁ),—w,—(gﬁ—i—m)} (1)

where, T is the air temperature and ¢ the latitude. The
overbar in (1) indicates the time mean, the prime is
departure from the mean, f is the Coriolis’ parameter, and
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o = —(0T/0p) + kT/p is the static stability. Because '/ is
much smaller than the other terms in (1), it has often been
neglected [Trenberth, 1991]. The effect of eddies on the
mean zonal flow is described in

V- E,, (2)

where

V= ! ﬁ L 3coszb2
" lacosé OX acos ¢ do "Op|”

Equation (2) states that the E-P flux divergence (convergence)
causes acceleration (deceleration) of the westerly mean
zonal flow. Changes in such divergence pattern could cause
variations in the intensity and position of the westerly jet
stream and influence synoptic processes and development
of precipitation.

[15] To aid our understanding of the eddy-mean zonal
flow interactions and their effects on synoptic processes and
precipitation we also acquired the surface cyclone data from
Serreze et al. [1997]. These data are composed of 6 hourly
observations from the NCEP-NCAR reanalysis SLP and
cover the period from 1948 to 2001. The selected cyclones
had life span of at least 12 h. For these long-lived cyclones,
their occurrences in a grid area of 5.0° x 5.0° latitude and
longitude are counted and used to measure the cyclone
frequency in the central United States. This cyclone fre-
quency is used to describe the influence of the AO on the
synoptic weather and precipitation anomalies in the central
United States.

[16] The statistical methods used in this study are corre-
lations and regression. Because the time series of the AO
and SPI may be autocorrelated, the autocorrelation must be
removed before the cross correlation can be calculated and
its significance tested. We follow the approach of Livezey
[1995] and Janowiak et al. [1998] to remove the autocorre-
lation. In this procedure, the “effective time” of autocorre-
lation between two sample series, a(f) and b(f) from the SPI
time series, say, is computed from

u i
e =1+23 (1-2) @) ()

In (3), TE is the effective number of years (summer
seasons) of autocorrelation of the two sample series, a(f)
and b(¢), p, and p, are the i-th year lagged autocorrelations
for a(f) and b(¢), n is the sample length of the original time
series, and N is the total number of lags (N = n/2, i.e., one
half of the sample length). For the AO and SPI time series,
we use n = 108 and N = 54. According to the value of TE
the SPI time series is “trimmed” by removing the correlated
data and eventually contains m( = n/TE) independent
samples. The same procedure is applied to the AO index
time series. The correlation coefficient of the trimmed SPI
and AO time series is then computed. The significance of
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Figure 1. (a) Correlation between the summer Arctic oscillation (AO) and the summer standardized

precipitation index (SPI) at the 344 climate divisions in the contiguous United States from 1900 to 2007.
Shading indicates correlation significant at the 95% confidence level using a two-tailed ¢ test (same
significance test was applied to the rest of the results). (b) Interannual variations of the summer AO index
and the SPI in the central United States during 1900—2007.

the correlation (selected at 95% confidence level) is
evaluated using a two-tailed # test with m — 2 degrees of
freedom (see Livezey [1995] and Janowiak et al. [1998] for
further details of this method).

[17] To focus on the interannual variations, a 9 point
(year) binomial high-pass filter is applied to the AO index,
SPI, and the atmospheric circulation and moisture flux data.

A 9 year filter will keep variations shorter than 10 years in
the filtered data series.

3. Influence of the AO on Central U.S. Summer
Rainfall

[18] Influence of the AO on summer rainfall variations
in the central United States is indicated by the result in
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Figure 2. Spatial patterns of the correlation between the summer AO index and the summer SPI for

(a) 1900—-1948 and (b) 1949-2007. Shading indicates correlation significant at the 95% confidence
level.
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Table 1. Relationship Between the Summer Antarctic Oscillation Index and the State-Averaged Standardized Precipitation Index in the
Five States of the Central United States for the Period From 1900 to 2007*

SPI Anomaly
in SPI Anomaly

Unfiltered Filtered Data Positive AO in Negative AO Difference in

States Data Result Result Phase Phase SPI Anomaly
Illinois —0.305 —0.420 —0.153 0.327 —0.439
Towa —0.233 —0.417 —0.166 0.297 —0.463
Kansas —0.294 —0.321 —0.263 0.336 —0.599
Missouri —0.363 —0.373 —0.291 0.344 —0.636
Nebraska —0.375 —0.316 —0.349 0.452 —0.801
Five-states mean —0.376 —0.457 —0.311 0.422 —0.733

#Columns 2 and 3 show the correlation between the standardized precipitation index (SPI) and the Arctic oscillation (AO) from unfiltered and filtered
data series, respectively. Columns 4 and 5 show state-averaged SPI anomaly during the positive and negative AO phase, respectively. Their differences are
given in column 6. Bold type indicates that the correlation or the difference is significant at the 95% confidence level using a two-tailed ¢ test.

Figure la, which shows the correlations between the June—
July—August (JJA) SPI at the 344 climate divisions in the
contiguous United States and the summer AO index from
1900 to 2007. Statistically significant negative correlations
between the two are found in the area of Montana,
Wyoming, western portions of North and South Dakota,
Nebraska, Kansas, Missouri, and Illinois. These results
indicate less summer rainfall in the central United States
and the northern Great Plains during the positive phase of
the AO and more rainfall during the negative phase of the
AO.

[19] Persistence of this negative correlation between the
AO and the SPI in the central United States is indicated by
the result in Figure 1b. The two time series plotted in
Figure 1b show an out-of-phase relation of the two indices
over the study period, although there are a few exceptions.
These fairly consistent out-of-phase variations indicate that
alternations of the AO have been associated with consistent
fluctuations in the SPI (though the amplitude varied). These
features in the variations support a strong linear relationship
between the AO and the central U.S. summer SPI although
the interacting processes resulting in these coherent varia-
tions may be highly nonlinear.

[20] Correlations between the summer SPI and the AO in
various time periods during 1900—2007 also were calculated.
In addition, the spatial pattern of the correlation of the
summer SPI with the AO index was examined in those
different time periods. Two of such results are shown in
Figures 2a and 2b. The patterns of the correlation in these
two periods are similar, and they also are very similar to that
in Figure la. Although the areas of significant negative
correlation in Figure 2a are smaller than those in Figures 2b
and la, possibly because of the fewer number of stations
and observations in the early part of the 20th century [Karl
and Biebsame, 1984], this similarity indicates a strong and
significant negative correlation of the summer AO and the
SPI in the central United States. It also indicates that the
influence of the AO on the summer rainfall has been fairly
consistent over the past 108 years. An additional fact
supporting the AO influence is that the severe floods in
the central United States in 1902, 1915, 1951, and 1993 all
occurred when the AO was in strong negative phase, and
that the severe droughts in the region in 1953, 1976, 1983,
and 1988 happened during the strong positive phase of the
AO.

[21] For the five individual states in the central United
States their summer SPI correlation with the AO index
during 1900—2007 ranges from —0.23 to —0.37, all signif-
icant at the 95% confidence level (Table 1). Furthermore,
the correlation is stronger at the interannual time scale,
except for Nebraska (see the second column in Table 1).
This strong covariance of the SPI and the AO at the
interannual time scale could arise because the AO has the
largest power at such time scale [Thompson and Wallace,
1998]. Moreover, because the AO-induced eddy forcing
also is strong at the interannual time scale, as will be shown
in section 4, the strong covariance of the AO and the SPI
suggests a strong effect of the AO on interannual variations
in the summer SPI and rainfall of the central United States.

[22] In columns 4 and 5 of Table 1, we also show the state
averaged SPI anomaly in different phases of the AO. The
difference of the averaged SPI anomaly in opposite phases
of the AO is summarized and shown in column 6, demon-
strating significant change in dryness and wetness in these
states in accordance with the AO. In these comparisons, the
positive (negative) phase of the AO is defined when the AO
index is greater than or equal to 1.0 (less than or equal to
—1.0) standard deviation of the AO variation. It is also
interesting to note that the anomalies of the summer SPI in
the negative phase of the AO are usually larger than the SPI
anomalies in the positive phase. This asymmetry may
suggest a stronger effect of the AO on the summer rainfall
variation during the negative phase of the AO.

4. An Explanation of the AO Effect

[23] The results presented in section 3 show a persistent
effect of the AO on interannual summer rainfall variations
in the central United States. They also pose the question of
what processes may have connected the AO and the
circulation and rainfall anomalies in the study region. To
address this question, we examined the 200 hPa zonal wind
variation and its relation with the AO and the SPI anoma-
lies. A major reason for this analysis is that the westerly jet
stream, serving as a guide of the storm track, is strongest in
the upper troposphere and its latitudinal location and
structure influence the storm development and precipitation
in North America [e.g., Trenberth, 1986; Mo et al., 1995;
Trenberth and Guillemot, 1996]. The interrelationships of
the AO, 200 hPa zonal wind (U200), and the central U.S.
SPI variations are shown in Figure 3. The climatology of
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Figure 3. (a) Climatology of 200 hPa zonal wind for the period 1948—2007. (b) Changes in summer

200 hPa zonal wind corresponding to a unit deviation of the summer AO index at interannual time scale
during 1948—-2007. The AO index was normalized before regression. (¢) Same as Figure 3b but —SPI in
the central United States (SPI is multiplied by —1 so it has the same sign as precipitation). The contour
interval is 5 m/s in Figure 3a and 0.5 m/s in Figures 3b and 3c. Shading in Figure 3a is the jet core and
shading in Figures 3b and 3c indicates the regression significant at the 95% confidence level.

U200 is shown in Figure 3a for comparison purpose. The
change in the U200 corresponding to a unit deviation of the
AO index at interannual time scale is shown in Figure 3b,
and the influence of changes in U200 on the warm season

SPI in the central United States during 1948-2007 is
illustrated in Figure 3c. The most noticeable feature in
Figures 3b and 3c is that both the variations in the summer
AO index and SPI have strong association with the U200.
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During the positive phase of the AO, U200 strengthened in
the north side of the climatological position of the midlat-
itude jet stream and weakened on the south side of the jet.
Meanwhile, U200 weakened considerably over the central
and north central United States. The weakened U200 over the
central United States is closely associated with the decrease
of summer precipitation in the region (Figure 3c). On the
other hand, during the negative phase of the AO, the
midlatitude westerly jet is stronger and displaced south of
its climatological summer position, and the central United
States is wetter. These associations indicate a negative
relationship between the central U.S. summer rainfall and
the AO. This connection is through their interactions with
the upper tropospheric zonal wind and the jet stream. It is
important to further point out that the northward shift of the
200 hPa jet stream and subsequent weakening of the U200
over the central United States were found as the major
factors contributing to the 1988 U.S. summer droughts. A
reversed anomaly in the same region also was found in
strong association with the 1993 floods in the central and
south central United States [Bell and Janowiak, 1995;
Trenberth and Guillemot, 1996]. These findings suggest
that by influencing the upper tropospheric westerly jet
stream and storm track the AO could have played important
roles in development of extreme rainfall events and the
interannual variation of the central U.S. summer rainfall.

[24] It is also reasonable to question if, instead of the
northward shift of the westerly jet, a double-jet structure
would emerge in response to the positive AO. In such a
case, a new westerly jet emerges to the north of the existing
midlatitude jet. An example of such double-jet structure was
reported by Ogi et al. [2005], who suggested that the double
jet strongly influenced the development of the synoptic
pattern for the 2003 summer heat waves in Europe. A
reexamination of the 2003 summer circulations in the
Northern Hemisphere showed that the double-jet structure
only appeared during the short period from 17 July to
6 August 2003, which was the period when heat waves
developed in Europe [Ogi et al., 2005]. A high-latitude jet
also emerged in North America around 70°N—75°N and this
jet was much weaker than the jet over Europe. This high-
latitude jet disappeared, however, on monthly to seasonal
time scales. This brief appearance of this high-latitude jet
may suggest it as a synoptic-scale disturbance instead of
seasonally persistent circulation feature associated with the
AO and affecting seasonal rainfall in North America.

[25] The observed changes in the midlatitude jet stream
during the AO (Figure 3) can be achieved by influence on
the mean zonal flow from eddy heat and momentum forcing
associated with the AO, in a way similar to the eddy effects
on the mean zonal flow elaborated by Edmon et al. [1980]
and Trenberth [1986]. To examine the effect of the eddy
forcing on variations in the westerly jet stream during the
AO we applied the E-P flux diagnostics described in section
2. According to the diagnostics, a divergence of the eddy
flux would strengthen the westerly mean zonal flow and the
jet, and a convergence would weaken the mean flow and the
jet. The divergence and convergence of eddy fluxes for each
summer during 1948—-2007 were calculated. Before show-
ing them in Figure 4, these divergence and convergence
have been smoothed using a spherical harmonic filter
[Sardeshmukh and Hoskins, 1984; Mo et al., 1995] with a
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triangular truncation at wave number 16 to capture the
synoptic-scale variations. Thus, the results will show the
effects on the mean zonal flow from synoptic-scale eddy
disturbances in different phases of the AO.

[26] Figure 4a shows the changes in horizontal compo-
nent of the E-P flux divergence, which describes the eddy
barotropic forcing on the mean zonal flow. Figure 4b shows
the changes in the vertical component of the E-P flux
divergence, which describes the eddy baroclinic forcing
on the mean zonal flow. These changes all correspond to
a unit change in the AO index during the positive AO phase.
The result in Figure 4a shows that during the positive AO
phase there is large convergence in horizontal E-P flux in
most of North America except for the region from the
central United States to northern Canada. Meanwhile, the
vertical E-P flux (Figure 4b) has significant convergence in
the central United States. This region of convergence
extends to the eastern United States and has another center
in the midlatitude North Atlantic. While these results
indicate that the barotropic and baroclinic eddy forcing tend
to balance each other in individual years, their net forcing
after averaging over the period from 1948 to 2007 shows
that the baroclinic eddy forcing has been dominant during
the positive phase of the AO. This net effect could be an
indication that there is stronger polarward transport of heat
during this AO phase [Trenberth, 1991; Mo et al., 1995].
Although the net E-P flux convergence shown in Figure 4c
is not significant over the central United States, it is
adequate in showing that the eddy forcing works to weaken
the westerly jet stream in the positive phase of the AO. This
area of E-P flux convergence also coincides with the area of
the maximum negative zonal wind anomaly shown in
Figure 3b.

[27] To the north of this area of eddy flux convergence
and weakening of the mean zonal flow is a broad region of
strong net divergence of E-P flux. Zonal wind in this region
is strengthening (Figure 4¢). The strengthened zonal flow in
this area is consistent with the findings from prior studies
showing the strengthened polar vortex during the positive
phase of the AO [Thompson and Wallace, 1998, 2000]. The
strengthened zonal flow in higher latitude and weakened
zonal flow in midlatitude North America result in a shift of
the westerly jet to a northern position from its climatological
mean summer location.

[28] To understand how the northward shift of westerly
jet stream and the underlying eddy processes may have
contributed to decrease in summer rainfall in the central
United States, we examined the circulation anomalies asso-
ciated with the shift of the jet. The major results are
summarized in Figure 5. As shown in Figure 5, when the
westerly jet stream shifts to a northern location positive
pressure anomaly develops in the central United States
between 35°N—45°N. In this region subsidence motion
develops in the troposphere, particularly strong in the mid
and lower troposphere. The subsidence motion plays several
roles in suppressing summer rainfall in the central United
States. It discourages development of strong convection
which is a major source of summer rainfall in the region.
The low-level divergence driven by the subsidence also
weakens the low-level southerly flow from the Gulf of
Mexico to the central United States. In Figure 5, the sup-
pressed southerly low level flow during the positive phase
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Figure 4. Changes in summer (a) horizontal, (b) vertical, and (c) total E-P flux divergence at 200 hPa
corresponding to a unit deviation of the AO index on interannual time scale during 1948—-2007. The
contour interval is 0.05 m/s per day. Regions of changes significant above the 95% confidence level are

shaded.

of the AO is shown by the anomalous northerly flow
between 850 and 1000 hPa from 30°N—40°N. As a conse-
quence, divergence of low-level moisture flux enhances as
indicated in Figure 6, causing drying in the central United
States.

[29] In addition, along with the northward shift of the
westerly jet during the positive AO is the change in

the storm track position. The departing storm track and
the anomalous subsidence motion in the central United
States (Figure 5) suppress the potential for development
of synoptic weather events, which are the other major
source of the region’s summer precipitation in addition to
convective storms. The decrease in synoptic weather events
in the central United States during the positive AO phase is
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shown by the result in Figure 7. The reduced number of
cyclonic events further reduces summer rainfall in the
region.

[30] These anomalies in eddy processes and resulting
anomalous circulation reverse during the negative phase
of the AO. The reversed anomalies configure a circulation
environment that favors development of synoptic events,
strong moisture convergence, more convective storms and
summer rainfall in the central United States. These varia-
tions associated with the AO in its different phases contrib-
ute to the interannual summer rainfall variation in the
central United States.

[31] Finally, it is necessary to point out that these corre-
lation/regression analyses showed little asymmetry as
shown in the results in Table 1, primarily because correla-
tions only show an averaged strength of association between
two variations over a specific period (time series). It is
likely that a similar asymmetry exists between the effects of
the AO during its positive and negative phases, because the
pattern and strength of the circulation and jet anomalies in
the midlatitude and high-latitude North America were
unlikely mirror images between the opposite phases of the
AO [e.g., Thompson and Wallace, 1998, 2000]. The subtle
asymmetric effects of the AO on the circulation and
precipitation anomalies between the different AO phases
are not examined in this study because such effects may
only add information when making quantitative predictions
of summer precipitation.

5. Discussions and Concluding Remarks

[32] The results presented in the previous sections show
that, in addition to the ENSO and the LLJ, the AO and its
associated circulation anomalies are another significant
factor influencing the interannual variation in the summer
rainfall of the central United States. Different from the
fluctuating influence of the ENSO at the multidecadal

timescale and the influence of the LLJ, the AO has a
persistent effect on the rainfall in the past 108 years. The
key process in the different phases of the AO that contrib-
utes to the precipitation variation is the eddy forcing on the
mean zonal flow in midlatitude and high-latitude North
America. Both barotropic and baroclinic eddies developed
during the AO. In the positive phase of the AO, the
anomalies of these eddy fluxes caused weakening of the
upper tropospheric zonal mean flow over the central United
States and strengthening of the zonal flow in the higher
latitudes north of the region, resulting in a northward shift
of the westerly jet stream. As a result of this shift of the jet
there were subsidence motion and enhanced divergence in
the lower troposphere over the central United States. These
changes in the jet stream and associated secondary circula-
tion reduced the number of summer cyclones and also
suppressed the moisture supply and the potential for con-
vective storm development. Because precipitation from
these cyclones and convection activities constitutes nearly
the entire summer rainfall, fewer cyclones and weaker
convection resulted in deficit of summer precipitation and
dry conditions in the central United States. Reversed
anomalies in the negative phase of the AO contributed to
an increase in the summer precipitation and wet conditions.

[33] Intriguingly, some of these AO-induced circulation
and precipitation anomalies in the central United States
share similarities with those from the ENSO and LLJ. For
example, both synoptic analyses and modeling studies have
shown that the midlatitude upper tropospheric jet shifted
northward during major La Nifia events and this anomaly
contributed to drier conditions and sometimes severe
drought in the central United States [e.g., Trenberth and
Guillemot, 1996]. On the other hand, in strong El Nifio
years, the westerly jet displaced to a southern position from
its climatological mean, and the associated circulation
anomalies favored wet conditions in the central United
States [e.g., Hu and Feng, 2001a; Higgins et al., 2002].
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These common features in jet stream anomalies arising from
the different forcings suggest that the midlatitude upper
tropospheric jet and associated transverse circulation
anomalies are the primary cause of the interannual summer
rainfall variation in the central United States. By altering the
jet and the transverse circulation the different forcing
processes have affected the region’s interannual rainfall
variation.

[34] Because these key features in jet stream anomaly can
arise from these different forcings (ENSO and AO), they
complicate the prediction of the interannual variation of
summer rainfall in the central United States. This complex-
ity also roots from the fact that the AO and the ENSO do not
vary coherently over time [e.g., Higgins et al., 2000]. Thus,
their forcing on the jet and regional circulation and rainfall
can be either in- or out-of-phase in any particular year. In an
El Nifio year when the AO also is in its negative phase
forcing from El Nifio and AO can mutually enhance their
effects on the midlatitude upper tropospheric jet and the
transverse circulation and amplify the net effect on the
summer rainfall in the central United States. On the other
extreme, in a La Nifla year when the AO is in its positive
phase the anomalies in the jet and associated circulation
arising from these forcings could interact to severely sup-
press rainfall development in the central United States.
Because ENSO has a time scale of 2—9 years and the AO
is fairly regular at an interannual time scale, El Nifio or La
Nifla can develop at different phases of the AO, and their
interactions can result in rather different and complex
influences on rainfall. These different influences could be
an explanation, among others, of why some ENSO events
had strong effects on the rainfall while the others produced
trivial responses in rainfall variation. Some examples of
such differences include the 1993 floods and the 1983
drought in the central United States. A strong El Niflo
peaked in early 1993 and maintained through the summer of
that year when the AO was in its negative phase. Both the
AO and the El Nifio should have enhanced their effects on
the jet and circulation anomalies, contributing to the severe
flooding in the central United States. The 1983 was differ-
ent, however. The El Niflo in 1982—-1983 tended to cause
wet conditions in the central U.S, but the strong positive AO
in the summer of 1983 favored a dry condition. As a net
result from these effects, a dry summer emerged and
prevailed in the central United States.

[35] Identifying these effects of the AO on the central
U.S. summer rainfall variation helps improve our under-
standing of not only the rainfall variation but also the AO
interactions with the other forcing processes and their
collective influence on the rainfall. Knowing these sources
of influences can improve our capacity to better understand
and predict the interannual variation in summer rainfall of
the central United States.
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