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ABSTRACT: Spatial patterns of interannual variability in US precipitation and their forcing mechanisms are very different
between the cool and warm seasons, as determined by the recent observational record. In this work, the dominant
continental scale patterns of warm season precipitation variability, in the form of the standardized precipitation index
(SPI), are related to their large-scale atmospheric teleconnection forcing patterns. To account for intraseasonal differences
in atmospheric teleconnection patterns, the 2-month SPI is considered for the separate periods of early, June–July (JJ),
and late, August–September (AS), periods, as well as the 6-month SPI for the cool season (November–April). Rotated
empirical orthogonal function analysis and canonical correlation analysis are applied to determine the dominant spatial
modes of SPI, their relationship to large-scale teleconnection patterns, and their possible forcing mechanisms, as seen in
anomalies of 500-mb geopotential height, sea surface temperature (SST), and outgoing longwave radiation (OLR). Two
dominant quasi-stationary Rossby wavetrain teleconnections appear to govern US warm season precipitation variability:
(1) a mode that reflects the well-known out-of-phase relationship in summer precipitation between the central United
States and southwest, which is related to Pacific SST forcing in early summer and Indian monsoon convection in later
summer, and (2) Two phases of the Circumglobal Teleconnection pattern that are more related to precipitation variability
in the south central and eastern United States The southwest United States region relating to the variability of the North
American Monsoon is considered within the continental scale variability patterns associated with the warm season. This
work is a subset of a larger project to determine if tree-ring records from the southwest United States are reliable proxies
for extending the warm season climate record. It also provides a benchmark for assessing how US warm season climate
patterns may be assessed in regional climate models used for seasonal forecast or climate change projection purposes.
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1. Introduction

Continental scale variability of atmospheric circulation is
an important factor in influencing regional climatic pat-
terns over North America. In the realm of this study, the
warm season climatology in the broad context of entire
United States will be considered to evaluate character-
istics of warm season climate variability in the south-
west United States. The latter region experiences sea-
sonal maxima in precipitation in both the cool and warm
seasons. Cool season precipitation, in the approximate
period of November through April, is from the occasional
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passage of synoptic-scale mid-latitude cyclones, which
cause widespread and relatively steady precipitation
(Ropelewski and Halpert, 1986). By contrast, during the
warm season precipitation is from localized convective
storms associated with the North American Monsoon
System (NAMS), mainly during July and August (Adams
and Comrie, 1997).

It is well known that cool season precipitation in
the southwest United States is influenced by large-scale
forcing, principally the combination of the El Niño
Southern Oscillation (ENSO) and Pacific Decadal Vari-
ability (PDV) (Ropelewski and Halpert, 1986, 1987; Red-
mond and Koch, 1991; Gershunov and Barnett, 1998;
McCabe and Dettinger, 1999; Higgins et al ., 2000; Gut-
zler et al ., 2002). These dominant modes of variability,
typically viewed via Pacific sea surface temperature
(SST) anomalies, change the distribution of convection
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in the tropical Pacific, thereby affecting the large-scale
circulation patterns over North America through quasi-
stationary Rossby wave teleconnection responses (Horel
and Wallace, 1981; Wallace and Gutzler, 1981; Livezey
and Mo, 1987; Leathers et al ., 1991; Biondi et al .,
2001). During a typical El Niño winter a positive Pacific
North America (PNA) pattern is favoured, resulting in
a trough over the central North Pacific, a ridge over
the northwest United States and western Canada, and
a trough over the southwest United States (Wallace
and Gutzler, 1981; Blackmon et al ., 1984; Ropelewski
and Halpert, 1986; Trenberth, 1990; Leathers et al .,
1991; Myoung and Deng, 2009). The subtropical jet
over the southern United States is enhanced, and these
combined factors cause more frequent and intense mid-
latitude cyclones and wetter than average winters in
the southwest United States (Hoskins et al ., 1977; Wal-
lace and Gutzler, 1981; Ropelewski and Halpert, 1986;
Mo and Paegle, 2000).

Physical mechanisms influencing the interannual vari-
ation of NAMS-associated precipitation has been more
challenging to characterize, and is a main focus of our
investigation. The positioning and strength of the mon-
soon ridge modulates the precipitation in southwest and
central United States, such that there is an out-of-phase
relationship in interannual warm season precipitation
variability between these regions (Tang and Rieter, 1984;
Okabe, 1995; Higgins et al ., 1997; Barlow et al ., 1998;
Higgins et al ., 1998; Castro et al ., 2001; Castro et al .,
2007a, 2007b). When the monsoon ridge is strong and
positioned anomalously north or northeast of its clima-
tological position, the central United States is relatively
dry and hot and the southwest United States monsoon is
early and wet. When the monsoon ridge is suppressed
to the south with an upper-level trough over the western
United States, the central United States is relatively wet
on the east side of the trough and the southwest United
States monsoon is late and dry (Carleton et al ., 1990;
Harrington et al ., 1992; Gutzler and Preston, 1997; Mo
et al ., 1997; Higgins et al ., 1998; Higgins et al ., 1999;
Higgins and Shi, 2000; Castro et al ., 2001; Castro et al .,
2007a, 2007b). This out-of-phase relationship in precipi-
tation between the southwest and central United States
is the dominant spatiotemporal mode of variability in
North American warm season precipitation, varying on a
timescale of approximately 9 years (Castro et al ., 2009).

We offer two possible explanations for the monsoon
ridge variability. Antecedent land surface conditions
(i.e. snowpack) may affect how fast the land surface is
able to heat up during the summer, such that wet (dry)
winters would lead to a weakened (stronger) monsoon
ridge (Gutzler and Preston, 1997; Gutzler, 2000; Lo
and Clark, 2002; Kanamitsu and Mo, 2003; Zhu et al .,
2005; Castro et al ., 2009). This idea has been suggested
by statistical relationships of antecedent snowpack with
monsoon precipitation. The driving hypothesis of our
present analyses, as strongly suggested by the prior work
in Castro et al . (2001, 2007a, 2007b, 2009) is that in
addition to land surface forcing, large-scale atmospheric

teleconnection patterns related to Pacific SST forcing
affect the monsoon ridge position, and thus NAMS
rainfall variability over the southwest United States (Mo
and Paegle, 2000; Englehart and Douglas, 2006; Mo and
Schemm, 2007; Liebmann et al ., 2008). El Niño-like
(La Niña-like) conditions lead to a weak and southward
displaced (strong and a northward displaced) monsoon
ridge, thereby extending (shortening) the late spring wet
period in the central United States and causing a dry
and delayed (wet and early) monsoon in the southwest
United States (Castro et al ., 2001, 2007a, 2007b).
Moreover, there appears to be distinct atmospheric cir-
culation responses due to ENSO and PDV. Castro et al .,
2007a, 2007b found that the respective height anomalies
statistically related to each are in quadrature, with those
over the northern Rockies more related to ENSO and
those over the central United States more related to
PDV. Thus, as in winter, it is when ENSO and PDV
constructively interfere that the dominant mode in warm
season precipitation variability is most apparent. Classic
example years of where this mode was strongly present
and SST-forcing was attributed as a causal factor are
1993 and 1988. The year 1993 was a summer of intense
rainfall in the central United States, and it had a dry and
delayed monsoon in the southwest United States,1988
was a year of severe drought in the central United States,
and a wet and early monsoon (Castro et al ., 2001). The
influence of Pacific SSTs on warm season precipitation
variability quickly diminishes after around mid-July.
Castro et al . (2007a, 2007b) speculate that a possible
reason for this is the weakening of the East Asian
jet in the western Pacific, which would help diminish
the source of Rossby wave forcing in that region
(Sardeshmukh and Hoskins, 1988).

Aside from the influence of ENSO and PDV, are there
other factors that influence North American warm sea-
son precipitation? Another quasi-stationary Rossby wave
train pattern in summer is the Circumglobal Teleconnec-
tion (CGT), a series of coherent height anomalies across
the entire Northern Hemisphere with a zonal wavenumber
5 structure (Ding and Wang, 2005). This teleconnection
affects summer precipitation in North America, particu-
larly in the central and southern Great Plains (see Figure
7 from Ding and Wang, 2005). Currently, the driving
mechanism of the CGT is not clear. Ding and Wang
(2005) propose two possibilities for the generation of
the Rossby wavetrain: anomalous Indian Monsoon con-
vection and/or barotropic instability of the mid-latitude
westerly jet in the North Atlantic (see their Figure 15).
The important point is that the CGT appears to be inde-
pendent of Pacific SST forcing. Interestingly, the latter
possible mechanism for the CGT may also explain some
of the statistically significant relationships found between
central United States summer precipitation and Atlantic
SSTs (Sutton and Hodson, 2005; Feng et al ., 2011).

The objective of this work is to statistically
characterize the dominant modes of US precipitation in
the early and late portions of the warm season using
high spatial resolution precipitation data, to synthesize
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the results of this study with previous studies, and reveal
possible mechanisms of teleconnection pattern forcing in
a unified analysis framework. The early (JJ) and late (AS)
portions of the warm season are considered separately,
based on the aforementioned time varying influence of
Pacific SST forcing. The specific questions that this
paper investigates are: (1) What are the dominant modes
of precipitation variability in the warm season?, (2) Do
these modes change from the early to late portion of sum-
mer?, and (3) What are the possible physical mechanisms
that might govern these modes? The specific datasets
used in this study are summarized in Section 2. Section
3 describes the analysis methods, including computation
of the standard precipitation index (SPI) from the obser-
vational precipitation data, rotated empirical orthogonal
function (REOF) analysis on SPI, principal component
regression, and Canonical Correlation analysis (CCA).
Section 4 presents dominant modes of precipitation
variability and the relationship to large scale forcing
factors. Winter and the early and late summer seasons are
analysed separately, with a focus on summertime climate
variability. Section 5 considers this observational anal-
ysis in the realm of tree-ring data collected from around
southwestern United States that is taken into calculations
to form a proxy for precipitation. This is part of a larger
project that aims to look at NAMS behaviour during
drought periods through tree-ring-derived proxy pre-
cipitation. Discussion and conclusions are presented in
Section 6.

2. Datasets

Aside from the precipitation data, all the following
data that are used in our statistical analyses have
been obtained on-line from the NOAA Earth Sys-
tems Research Laboratory, Physical Science Division
(http://www.esrl.noaa.gov).

2.1. Precipitation data

The Parameter-elevation Regressions on Independent
Slopes Model (PRISM, 2004) precipitation data is
a 0.042 × 0.042 degree resolution monthly dataset
over the entire United States from 1895 to present.
This product is produced by the PRISM Climate
group at Oregon State University and can be retrieved
online through the PRISM Climate Group website
(http://www.prism.oregonstate.edu). In addition to being
a fine resolution dataset, it also includes an algorithm
that accounts for changes in topography. For this study,
precipitation data from 1895 to 2007 were used and
the dataset was mapped to a coarser grid with a res-
olution of 0.208 × 0.208 degrees due to computer
memory limitations. This was done using the mesh-
grid function in Matlab, which uses information from
the original dataset to create a new grid that inputs
the data values at the correct location at the specified
grid spacing.

2.2. Geopotential height and upper-level wind data

National Center for Environmental Prediction/National
Center for Atmospheric Research (NCEP/NCAR) reanal-
ysis global monthly mean 500-mb geopotential height
data and mean zonal wind at 200-mb data from the years
1948–2007 are used (Kalnay et al ., 1996) at a resolution
of 2.5 × 2.5 degree grid spacing.

2.3. Sea surface temperature anomaly data

Kaplan SST V2 global monthly sea surface temperature
anomaly (SSTA) data (Kaplan et al ., 1998) consist of
a 5.0 × 5.0 degree longitude global grid from 1856 to
present. It is produced through statistical methods includ-
ing empirical orthogonal function analysis (EOF) pro-
jection, Optimal Interpolation, Kalman Filtering, Kalman
Filter analysis, and Optimal smoothing to fill in the areas
of missing data. The SST data obtained by the methods
used in Kaplan et al . (1998) are based on a mean cal-
culated from the climatological base period 1951–1980.
For this study, the monthly anomalies from 1895 to 2007
were used. Although we acknowledge that a higher spa-
tial resolution SST data product could be used, the Kaplan
data are of sufficient spatial resolution to capture large-
scale patterns of SST variability associated with atmo-
spheric teleconnection responses.

2.4. Outgoing longwave radiation data

NOAA interpolated monthly OLR from 1974 to present is
a satellite-derived dataset on a longitude global grid with
a resolution of 2.5 × 2.5 degrees (Liebmann and Smith
1996; NOAA Interpolated OLR). The monthly anomalies
were computed for this study and the years used were
from 1981 to 2007 due to inaccurate data in 1980. Out-
going longwave radiation anomalies (OLRAs) are used
as a proxy for tropical convection, with negative (posi-
tive) anomalies corresponding to enhanced (suppressed)
convection. As the time record of these data are very
short, in comparison to the other data, they are used only
in the context of physically assessing OLRA associated
with teleconnection patterns, not for explicitly assessing
the statistical significance of these anomalies.

3. Methods

3.1. Standardized precipitation index

SPI is a normalized value that characterizes anomalous
precipitation over a given timescale of interest, typically
from 1 to 48 months (McKee et al ., 1993). The method
is especially useful in dry climates of the western United
States where precipitation distributions are typically
very positively skewed. SPI is a favourable metric for
classifying short- and long-term drought because it can
be computed at a variety of timescales (Heim, 2002).
When viewed as a spatial map, it allows for a more direct
comparison of precipitation anomalies at regional and
continental scales, and across diverse climate regimes.
For this study, different SPI timescales are used for
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the cool and warm seasons for the entire period of the
PRISM dataset (1896–2007). The cool season is defined
using the 6-month SPI from November–April. Although
not our primary focus, the cool season is included as a
‘check’ to verify that the well-known dominant modes
of precipitation variability driven by ENSO and PDV
forcing are clearly captured by our analysis methods
(Ropelewski and Halpert, 1986). For the warm season,
2-month SPI is considered for early (June–July) and late
summer (August–September). The warm season is split
in such a way to account for the rapidly diminishing
influence of Pacific SST forcing on North American
teleconnections as the summer progresses (Castro et al .,
2001, 2007a, 2007b).

3.2. Rotated empirical orthogonal function analysis

To determine the dominant spatial patterns of SPI, REOF
analysis is performed on the space-time matrices of
SPI data. EOF analysis is computed using a singular
value decomposition (SVD) approach (Wilks, 2006).
The Varimax rotation method is used, which relaxes
the orthogonality constraint of the EOF analysis by
maximizing the variance of the squared loadings on a
truncated matrix of EOFs (Richman, 1986). Results are
shown for rotation of the first five eigenvectors, as the
dominant REOF modes were relatively insensitive to
a higher number of retained eigenvectors and reflect
documented physical modes of climate variability, as
will be described in the next section. The principal
components of the modes are obtained by projecting the
original SPI data onto the REOFs. In all results discussed,
modes are displayed consistent with the positive phase
of ENSO/PDV or CGT, as documented in previous
literature. To compute explained variance of modes, a
covariance matrix is first calculated from the original
data and divided by the time dimension minus one. The
explained variance is then retrieved by multiplying the
covariance matrix of the original data with the matrix and
transpose matrix of REOFs for the retained modes. The
spatial patterns of the modes are shown as the regression
of the rotated principal components (RPCs) onto the
original data, to have a sense of the magnitude of SPI
associated with a given mode. It should be noted that
although the periods for the datasets begin at different
years for the precipitation and geopotential height (GPH),
the consistency of the REOF modes have been confirmed
by doing the same REOF analysis on the SPI data for
1948–2007 (figures not shown).

3.3. Principal component regression on large-scale
climate forcing indicators

To determine the possible relationship of the dominant
REOF SPI modes to large-scale climate forcing, the
corresponding RPCs are linearly regressed on the time
coincident 500-mb geopotential height anomalies, SSTA
and OLRAs. The phasing displayed in the figures is
consistent with the phasing used in the Ding and Wang
(2005) study for the CGT results (their Figure 7(b)),

and also the positive phase for ENSO for the SST
regressions. However, each of these respective data span
different time periods, as described earlier, reflecting
the development of more numerous, sophisticated, and
reliable instrumental data collection capabilities through
the course of the 20th century.

3.4. Canonical correlation analysis

To verify the results of the RPC regression analyses
just described, covariability of SPI datasets with 500-
mb (Northern Hemisphere) geopotential height anomalies
were assessed using CCA. More importantly, it also
is expected that CCA will help reveal the true spatial
extent of any large-scale atmospheric teleconnection
patterns that may appear in the regressions. The CCA
methodology used follows Barnett and Preisendorfer,
1987, as described in on-line notes from Professor
Dennis Hartmann at the University of Washington and
used previously in Castro et al ., 2009. SVD is first
performed on SPI and 500-mb geopotential height. As
in the REOF analyses, the resulting RPCs are truncated
to five and normalized by dividing by their respective
standard deviations. Again, a higher number of retained
RPCs did not substantially affect the results. A correlation
matrix of the normalized RPCs is constructed. SVD is
performed on the correlation matrix of truncated RPCs
in order to obtain the singular vectors corresponding to
SPI and 500-mb geopotential height, and the canonical
correlations. The singular vectors are projected onto
the original truncated RPCs to obtain the canonical
correlation vectors. The spatial patterns are finally viewed
as either the homogeneous or heterogeneous regression
maps with the respective canonical vector.

3.5. Local and field significance

The methods for computing local and field significance
of regression and correlation analyses follow those out-
lined in Livezey and Chen, 1983. Local significance of
the principal components from the winter, early summer,
and late summer modes correlated with their respective
time coincident average geopotential height anomalies,
SSTAs, and OLRAs were evaluated using p values less
than 0.05. Field significance was then computed on the
correlation coefficients for each case using a Monte Carlo
technique, where the order of the maps were randomized
five hundred times. The geographic area considered for
field significance of geopotential height anomalies, con-
sistent with Castro et al ., 2007a, 2007b, considers only
a domain that encompasses the United States and the
Atlantic and Pacific basins above 22.5◦N to 50◦N, and
between 140◦E and 50◦W, as the atmospheric telecon-
nections signals to US precipitation, though present, are
generally not locally significant over Asia and Europe.
This was the case for all geopotential height anomaly
field significance computations, with the exception the
second August/September mode, which considered the
entire Northern Hemisphere. Field significance for SSTAs
does consider a global domain.
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Figure 1. (a) First November–April EOF displayed as a regression of the PC on November–April SPI values. (b) The first November–April PC
time series regressed onto average November–April 500-mb geopotential height anomalies (mb), and field significant above 90%. (c) The first

November–April PC time series regressed onto average November–April SST anomalies (◦C), and field significant above 90%.

4. Dominant modes of warm season precipitation
variability in PRISM data

4.1. Cool season-ENSO/PDV signal

The cool season (November–April) is considered to
verify the presence of well-known spatial patterns in
US precipitation related to ENSO/PDV. It will also
be shown that this pattern is an important considera-
tion for the late part of the warm season, in Sections
4.2. and 4.3.. The first dominant mode of cool season

precipitation and the associated regression reflects the
dominant ENSO/PDV relationship, and explains 17.31%
of the variance (Figure 1(a)). There is a strong oppo-
site relationship in precipitation between the Northwest
United States and the region encompassing the southwest
United States and southern Great plains. Regression of
principal component 1 onto 500-mb geopotential height
regression reflects the positive phase of the PNA pattern,
with a trough over the central North Pacific, and a ridge
over the northwest United States and western Canada, and
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a trough over the southwest United States (Figure 1(b))
(Wallace and Gutzler, 1981). Regression of this mode
onto time coincident SSTAs confirm the well-established
relationship of wintertime precipitation variability to
ENSO/PDV (Wallace and Gutzler 1981), reflecting
locally significant correlation coefficients greater than 0.2
in the eastern tropical Pacific (Figure 1(c)). Although
only the dominant mode of cool season SPI is dis-
cussed at length, it should be noted that the other well-
known modes of winter variability are revealed through
the EOF analysis (not shown). The appearance of these
well-known wintertime precipitation patterns enhances
the confidence in the methods of this study.

4.2. Warm season-ENSO/PDV signal in early summer
precipitation

The first REOF and RPC of June–July SPI explains
24.13% of the total variance and confirms the previously
noted pattern associated with North American warm sea-
son interannual variability (Figure 2(a)). This is the mode
associated with the opposite relationship in interannual
variability of summer precipitation between the southwest
and central United States (Carleton et al ., 1990; Har-
rington et al ., 1992; Gutzler and Preston, 1997; Higgins
and Shi, 2000; Castro et al ., 2001, 2007a, 2007b). The
change in sign of the loadings occurs at approximately
the Front Range of the Rocky Mountains in Colorado and
New Mexico, roughly consistent with the location of the
abrupt change of the interannual variability in the diur-
nal cycle of convection, as noted by Castro et al ., 2007a,
2007b and displayed in their Figure 3. Virtually the entire
southwest region has the same sign of spatial loading,
with the strongest negative loadings in Arizona. This
monsoon-related precipitation signal extends to approx-
imately 40◦N, about the northernmost climatological
extent of NAMS rainfall (Adams and Comrie, 1997).

The precipitation pattern represented by the first JJ
REOF is related to the evolution and position of the
monsoon ridge in North America, as noted in the Intro-
duction and references therein, and this is confirmed with
the regression of large-scale climate forcing factors onto
rotated RPC 1. The 500-mb geopotential height anomaly
regression shows a clear quasi-stationary Rossby wave
train originating from the western tropical Pacific, slightly
west of the International Date Line (Figure 4(a)), and is
field significant above the 90% level. This same analysis
was done on 500-mb geopotential height 20th Century
Reanalysis V1 dataset from 1908 to 1950 (Compo et al .
2006, 2011). This wave train pattern is also revealed and
is nearly identical with this dataset, which confirms it is
a very robust feature throughout the 20th century (figure
not shown). The consistency in the extended reanalysis
indicates that this teleconnection arises from a consis-
tent physical forcing mechanism in the climate system
that does not substantially vary from the early part of
the century to the latter part, as prior statistical analy-
ses of North American warm season precipitation may
otherwise suggest (Hu and Feng, 2002). In the positive

phase of the mode, the Rossby wave train is related to
enhanced convection in the central and eastern Pacific and
enhanced convection in the western Pacific, as shown by
the OLRA regression in Figure 4(c). The regression on
SSTAs (Figure 4(b)) reveals a clear ENSO/PDV signal
that is nearly identical to the Combined Pacific Variabil-
ity Mode (CPVM) in Castro et al ., 2007a, 2007b and
the Pan Pacific mode in Schubert et al ., 2004, and is
field significant above the 90% level. The decadal vari-
ability pattern of the RPC time series associated with
this mode also confirms the influence of ENSO/PDV.
The position of the centre of action over the northern
Rockies modulates the monsoon ridge positioning, and is
a result of constructive interference of the distinct warm
season teleconnection patterns associated with ENSO and
PDV (Castro et al ., 2007a, 2007b). It is also important
to note the correlation with SST in the Atlantic off the
east coast of Canada, as these reflect the cold phase of
the Atlantic Multidecadal Oscillation (AMO). The trop-
ical west North Atlantic warm pool modulates with the
AMO, and influences the strength of the North Atlantic
Subtropical High (NASH). During the cold phase of the
AMO, the strength of the NASH increases, resulting in
a stronger Great Plains low-level jet across the south-
ern United States, transporting moisture from the Gulf of
Mexico and the Gulf of California into those areas and
enhancing the precipitation (Hu and Feng, 2002, 2008;
Feng et al ., 2011).

Covariability of JJ 500-mb geopotential height anoma-
lies and JJ SPI, as determined by CCA, shows basi-
cally the same relationship in the first canonical mode,
with a canonical correlation of 0.37. There is an oppo-
site relationship between precipitation in the central and
southwest United States, with a sharp contrast at the
Front Range of the Rockies (Figure 5(a)). The precip-
itation signal, though, is stronger in the central Great
Plains and Midwest, corresponding to a more eastward
displacement of the centre of action of the 500-mb height
anomaly in Figure 5(b), as compared to that of the RPC
1 regression. This eastward displacement of the 500-mb
geopotential height anomaly is more related to PDV, for
example as shown in Figure 5 of Castro et al ., 2007a,
2007b. Regression of the first singular vector of JJ SPI
onto SSTA (Figure 5(c)) shows a diminished signature of
ENSO when compared to the previous regression of RPC
1 (Figure 4(b)), but there is still a clear SSTA signature
in the North Pacific. The negative AMO signal is also
present in the CCA analysis.

4.3. Change in warm season ENSO/PDV signal in late
summer precipitation

It has been noted that the impact of ENSO/PDV on this
large-scale atmospheric teleconnection pattern governing
North American summer precipitation diminishes rapidly
in the latter part of the summer (Castro et al ., 2001,
2007a, 2007b). Despite this difference, the first JJ precipi-
tation variability mode still persists as the dominant mode
in the AS REOF analysis (Figure 6(a)). This dominant AS
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Figure 2. (a) First JJ rotated EOF displayed as a regression of the RPC on JJ SPI values and the first rotated RPC time series with 10-year
running average from 1895 to 2007. (b) Same as (a) for second JJ rotated EOF. (c) Same as (a) for third rotated EOF. (d) Same as (a) for fourth

JJ rotated EOF. (e) Same as (a) for fifth JJ rotated EOF.

mode explains approximately the same amount of vari-
ance as the JJ dominant mode as well. As compared to
JJ REOF 1, the spatial loadings diminish somewhat over
the southwest and the largest loadings are oriented to the
north and west, towards western Arizona, Nevada, and
California. There is less of a sharp contrast with precipi-
tation in the central United States. Regression of 500-mb
height anomalies on RPC 1 of AS SPI (Figure 7(a))

shows a nearly identical teleconnection pattern to early
summer, and has a slightly greater value of field signifi-
cance at the 89% level. Regression of OLRAs in Figure
7(c) shows suppressed convection in the western Pacific
and more importantly, suppressed convection over south-
east Asia and the Indian monsoon region. The regression
of SSTAs on RPC 1 AS SPI does show the diminished
tie to ENSO/PDV (Figure 7(b)), with no ENSO signature
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Figure 3. a) First AS rotated EOF displayed as a regression of the RPC on AS SPI values and the first rotated RPC time series with the 10-year
running mean from 1895–2007. b) Same as Fig. 3a for second AS rotated EOF.

at all in the eastern Pacific and diminished field signif-
icance. We therefore speculate that although exactly the
same mid-latitude teleconnection governing the monsoon
ridge positioning persists in the latter part of the sum-
mer, it becomes increasingly decoupled from equatorial
Pacific SST forcing, and likely becomes more dependent
on other factors that influence the distribution of tropical
convection or otherwise provide a Rossby wave source.
That may include the AMO, as its signature is still present
in the AS SST correlations (Hu and Feng, 2008). Cor-
relation of the eigenvectors for JJ mode 1 (Figure 2(a))
and AS mode 1 (Figure 6(a)) shows that the precipita-
tion spatial patterns are similar (correlation coefficient
0.7074), which indicates that the pattern is persisting
through the late summer. Correlation of the RPC time
series for JJ mode 1 and AS mode 1, however, shows that
they are virtually statistically independent of each other
from the early to the late part of the warm season (cor-
relation coefficient of −0.0484), and therefore supports
this hypothesis. The equivalent RPC time series for the
latter part of the summer also has less variability on the
lower frequency interannual and interdecadal timescales
(Figures 2(a) and 6(a)). Variability in Indian monsoon-
associated convection may provide more of the source
for Rossby wave forcing later in the warm season for
this dominant North American warm season teleconnec-
tion pattern. The slackening of the upper-level westerly
jet in the western Pacific during this time might cause the
Rossby wave forcing to shift westward, towards southeast
Asia (Sardeshmukh and Hoskins, 1988). An analysis of
the 200 mb monthly average u-wind for June, July, and
August, shown in Figure 8(a)–(c), respectively reveals
this slackening in the jet, as well as the shift in the area
of the strongest winds from over the western Pacific to
over Tibet. In June, the winds interact with the area of
divergence from the strong tropical convection over the

western Pacific. By August, the jet slackens and the area
of strong wind shifts over Asia, relocating the source
region of the Rossby wave train. In addition, the connec-
tion of intraseasonal variability of NAMS precipitation
to Indian monsoon convection has been shown by Jiang
and Lau (2008), with essentially the same teleconnection
pattern as shown here.

Another possible reason for the diminishing relation-
ship of late summer precipitation in North America with
Pacific SSTAs is revealed by consideration of the second
REOF and RRPC of AS SPI in Figure 6(b). This mode
explains 22% of the variance, not substantially lower than
the first mode. The spatial pattern of this mode, though,
is more indicative of the classic ENSO/PDV cool season
signature as discussed before in Section 4a and in Figure
1(a), with positive precipitation anomalies in the south-
west United States and negative precipitation anomalies
in the Pacific northwest and southeast United States. Cor-
relation of the first and second AS RPCs shows that
these are two distinct patterns influenced by two differ-
ent physical mechanisms (correlation coefficient −0.08).
Regressions of RPC 2 of AS SPI with OLRA (Figure
9(c)) and SSTA (Figure 9(b)) confirm that this more
cool-season type pattern is related to ENSO/PDV forc-
ing, as they are quite similar to what is observed for
the cool season period of November–April in the first
REOF mode (Figure 1(c)), and are field significant above
the 90% level. In the 500-mb geopotential height regres-
sion, the PNA pattern is not as well-defined (Figure 9(a)).
The second AS mode of SPI destructively interferes with
the first mode in the southwest because the spatial load-
ings are of opposite sign from the first mode. So the
late summer may also simply be a period of transition
in ENSO/PDV teleconnective relationships that affect
warm and cool season precipitation in the western United
States. Thus, there would not be a strong tie of AS NAM
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Figure 4. (a) The first JJ rotated RPC time series regressed onto average JJ 500-mb geopotential height anomalies (mb), and field significant
slightly above 85%. (b) The first JJ rotated RPC time series regressed onto time average JJ SST anomalies (◦C), and field significant above 90%.

(c) The first JJ rotated RPC time series regressed onto average JJ OLRAs (Wm−2).

precipitation to remote Pacific SST forcing as these sig-
nals would cancel each other out when considering North
American relationships with Pacific SST indices or dom-
inant spatial modes of SSTA variability, as done earlier
in Castro et al ., 2001, 2007a, 2007b, respectively.

CCA analysis of AS SPI (figures not shown) with
time coincident geopotential height anomalies confirms
the diminished influence of ENSO/PDV in the later part
of the summer. The second singular vector displays a
precipitation variability pattern similar to that of the first
AS mode, with both showing the highest spatial loadings
in the southwest United States. The geopotential height

anomaly pattern reflected through this singular vector
is identical to the late summer dominant mode, as well
as to the dominant mode of early summer. Regression
onto time-coincident SSTAs reveals no correlation with
Pacific SSTAs, which gives additional evidence support-
ing the lack of influence of ENSO/PDV in late summer.
The CCA counterpart to AS REOF 2 is revealed in the
fifth singular vector and is not shown in the figures.

4.4. Intermountain West precipitation mode

The third dominant mode of JJ is related to early warm
season precipitation in the Intermountain West, with
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Figure 5. (a) Homogeneous map of first SPI singular vector from CCA on time coincident JJ SPI and average JJ 500-mb geopotential height
anomalies (SPI). (b) Heterogeneous map of JJ 500-mb geopotential height anomalies regressed onto first singular vector of JJ SPI (mb). (c)

Heterogeneous map of JJ SSTAs regressed onto first singular vector of JJ SPI (◦C).

the strongest loadings on the northern periphery of the
North American Monsoon in the Great Basin region
(Figure 2(c)), and explains 19% of the variance. The
associated teleconnection pattern, field significant over
the 90% level, extends over the Northern Hemisphere
and shows a strong anomalous low (high) over the West
and additional height anomalies over the Pacific Ocean in
the positive (negative) phase of the mode (Figure 10(a)).
This is somewhat consistent with the early summer

teleconnection pattern and monsoon ridge positioning
associated with just ENSO, as shown in Castro et al .
(2007a, 2007b, their Figure 5) for the time period late
June to early July. The regression of this RPC onto
SSTAs, however, reveals only a 35% field significance,
with only a small area that is locally significant in the
Niño 1 and 2 regions (Figure 10(b)). OLRA appears
to be strongly ENSO influenced, with suppressed and
enhanced convection over the western and eastern Pacific,
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Figure 6. (a) The first AS rotated RPC time series regressed onto average AS 500-mb geopotential height anomalies (mb), and is field significant
at about 89%. (b) The first AS rotated RPC time series regressed onto time average AS SST anomalies (deg. C), and is field significant at about

90%. (c) The first AS rotated RPC time series regressed onto average AS OLRAs (Wm−2).

respectively, for the positive phase of the mode (Figure
10(c)). This mode is consistent with the CCA JJ fifth
singular vector (figures not shown).

This result is interesting, in that it does not seem to
be primarily influenced by SSTAs, as revealed by the
low field significance in the SSTA regression. This mode
requires further study and investigation to determine the
physical mechanism behind it. Although there is not a
long-term trend in this third JJ mode considering the
respective RPC time series of the entire 20th century
(Figure 2(c)), there is a slightly negative trend since

the 1960s, possibly related to increasing early summer
dryness in the intermountain west. Is the recent trend in
this mode and intensification of the geopotential height
anomalies in the western United States reflective of a
synergistic interaction between Pacific-SST variability
and anthropogenic climate change that is intensifying
early warm season drying? There is an absence in
correlation between the SPI and the natural SST forcing,
which suggests that another mechanism is the primary
influencing factor, although it is not clear from this study
that climate change is that factor. It has been posed as a
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Figure 7. (a) Average June 200 mb u-wind (ms−1). (b) Average July 200 mb u-wind (ms−1). (c) Average August 200 mb u-wind (ms−1).

plausible hypothesis by previous studies, however (Weiss
et al ., 2009).

4.5. Circumglobal teleconnection signal in warm
season precipitation

In contrast to Ding and Wang 2005, our analysis sug-
gests that the June and July patterns of the CGT iden-
tified in that study are in fact two statistically distinct
modes of this teleconnection pattern, which can occur
in either month. The second JJ SPI mode reflects a pre-
cipitation pattern with an opposite relationship between
the Northwest and Southern Great Plain regions (Figure
2(b)) and explains 23.1% of the variance. JJ geopoten-
tial height anomalies regressed onto JJ RPC 2 (Figure
11(a)) reflects a very similar pressure anomaly pattern to
Ding and Wang’s July expression of the CGT (Ding and
Wang, 2005, Figure 7(b); Ding et al ., 2011, Figure 11).
Locally significant geopotential height anomalies do not
extend completely around the Northern Hemisphere, but
this is expected a priori considering precipitation data is
restricted to just the United States.

The pattern represented in the second JJ SPI mode is
also present in fourth JJ SPI geopotential height anomaly

CCA results. Regression of this mode of variability onto
time-coincident SSTAs does not show any strong statis-
tical relationship and coherent pattern of global SSTA
(Figure 11(b)), suggesting that ENSO/PDV variability is
not the primary physical cause for it, very much unlike
the dominant JJ mode discussed in the previous section.
The relationship to JJ OLRAs, however, shows that there
is correlation with enhanced convection in the Indian sub-
continent (Figure 11(c)). Thus, it is plausible that the
CGT expression connected to this mode of precipitation
variability could be influenced by Indian Summer Mon-
soon convection, and this is entirely consistent with one
of the hypothesized physical mechanisms posed by Ding
and Wang (2005).

The June expression of Ding and Wang’s CGT pressure
anomaly composites (Ding and Wang, 2005, Figure 7(a);
Ding et al ., 2011, Figure 11) emerges as the fifth mode
of JJ SPI variability (Figure 2(d)) and explains 16.6% of
the variance. The precipitation anomaly pattern shows the
highest loadings in the Northeast and Great Lakes portion
of the United States, which is similar to the precipitation
anomaly pattern shown in their figure. In the regression
of the JJ geopotential height anomalies onto the fifth RPC

 2013 Royal Meteorological Society Int. J. Climatol. (2013)



INFLUENCE OF TELECONNECTIONS ON US WARM SEASON PRECIPITATION

Figure 8. As in Fig. 6 (a) [field significant above 90%], (b) [field significant above 90%], and (c) for AS RPC 2.

the anomalies displayed are of opposite sign and slightly
shifted, however, the pattern is similar and field signif-
icant is at the 82% level (Figure 12(a)). As before, the
most locally significant geopotential height anomalies are
closest to North America. In the geopotential height SPI
CCA analysis, this pattern appears as the third coupled
mode. Regressing time coincident SSTAs onto this REOF
mode again shows little relationship to tropical Pacific
SSTAs (Figure 12(b)), though there is a relationship to
the distribution of convection in the western Pacific and
southeast Asia (Figure 12(c)) that is somewhat similar to

the possible forcing areas described in Ding and Wang,
2005 and Jiang and Lau, 2008.

The opposite relationship in precipitation between the
Northwest and Southern Great Plains for the later part
of the summer (AS) appears in the fifth mode of the
REOF analysis. It reveals even stronger loadings in the
latter region and explains 17% of the variance. As the
characteristics of this AS mode are nearly identical to
early summer JJ REOF 2, it is not shown. A persistent
phase of this CGT mode during the summer would affect
precipitation in the Southern Great Plains, particularly
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Figure 9. As in Fig. 4 (a) [field significant at about 69%], (b) [field significant at about 35%], and (c) for JJ RPC 3.

Texas. The recent extreme summer drought in Texas
during summer 2009 is a very good example of where
this mode was strongly present throughout the warm
season over North America (Tardy, 2010). Again, there is
no correlation between global SSTAs for this AS mode.
The relationship with OLRAs reveals the continued tie
to Indian Summer Monsoon variability and tropical con-
vection in the western Pacific that persists from the early
summer. The corresponding CCA analyses shows this as
the fourth coupled mode. It is worth noting that these two
expressions of the CGT also have a pattern of correlation
that reflects a possible connection to the AMO, and this
is important given that the CGT precipitation modes are

associated with warm season precipitation more in the
central and eastern United States.

5. Connecting PRISM precipitation data analysis to
paleoclimate

5.1. Southwest United States latewood tree-ring data
as proxy for warm season precipitation

The southwest United States first systematic network
of monsoon-sensitive tree-ring chronologies is currently
being developed through the University of Arizona
at the Laboratory of Tree Ring Research (see Griffin
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Figure 10. As in Fig. 4 (a) [field significant at about 55%], (b) [field significant at about 50%], and (c) for JJ RPC 2.

et al ., 2011; Leavitt et al ., 2011). Monsoon-sensitive
chronologies are derived from the dark-coloured summer
growth component of annual tree-rings in southwestern
conifers, and have been previously demonstrated to be
sensitive to monsoon precipitation (Meko and Baisan,
2001; Therrell et al ., 2002; Stahle et al ., 2009). The new
network of chronologies will be used to develop regional
reconstructions of monsoon precipitation that extend to
the past 300–500 years, with results that will be used
to evaluate drought history through analyses such as
time slice principal component analysis and observing
dominant rainfall variability modes back through time.

The dominant modes of precipitation variability retrieved
from this study will later serve as a rough observational
baseline for comparison with dominant modes computed
from tree-ring-derived precipitation for the southwest
United States.

The primary purpose of this network is to develop a set
of regional reconstructions of warm season precipitation
for the southwest using the latewood ring widths of Pinus
ponderosa (ponderosa pine) and Pseudotsuga menzeseii
(Douglas-fir) trees, from a spatially dense network of
monsoon-sensitive tree-ring chronologies around the
area. Growth rings are composed of an earlywood and
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Figure 11. As in Fig. 4 (a) [field significant at about 82%], (b) [field significant at above 90%], and (c) for JJ RPC 5.

latewood portion, with the latewood corresponding to
summertime climate (Meko and Baisan, 2001). From
this latewood portion, a latewood adjusted index (LAI) is
computed and used as a proxy for precipitation. A similar
REOF analysis approach as performed in this study is
used to define regional patterns of the NAM using the
set of adjusted latewood chronologies. Exact replication
of the observational results presented in Section 4 is not
expected due to the sensitivity of EOF analysis to spatial
domain, which is different between the observational
analysis and the tree-ring analysis. Also, since the tree-
ring collection sites are scattered throughout the NAM

region, the trees are likely to have variable responses to
the climate based on the proximity to NAM influence and
the physiographic setting (Fritts, 1966). If the trees are
accurately representing the general spatial variability of
NAM season precipitation documented in the instrumen-
tal data, then this gives much greater confidence that the
extended record of NAMS rainfall will document regional
patterns of the NAM going back hundreds of years.

Currently, the NAM precipitation reconstruction
project involves a network of tree-ring chronologies from
50 sites in different mountain chains around the south-
west United States (36 of these collections were available
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Figure 12. This map illustrates the distribution of the 36 tree-ring
collection sites (red triangles) which have been updated to 2008 for

inclusion in our analysis.

at the time of this study). Of these sites, more than half
were collected from the core NAM region in southeastern
Arizona and southwestern New Mexico. Most of the other
sites are on the fringe of the NAM area, including NV,
UT, CO, and TX. The width of the two parts of the annual
growth ring, the earlywood and latewood, are measured
separately to generate the LAI chronologies that can
reflect warm season moisture variability. These latewood
chronologies are currently under development through
the Laboratory of Tree Ring Research at the University
of Arizona. Griffin et al . (2011) describe the develop-
ment strategies for these latewood chronologies, as well
as the bias corrections, and showcases NAM sensitivity
results using four of them from the core NAM region.

5.2. Rotated EOF analysis of latewood adjusted index

A preliminary analysis to observe the spatial variability
of NAM precipitation, as indicated through the latewood
portion of the tree-rings, has been completed using 36
sites around the southwest (Figure 3). LAI serves as
a proxy for precipitation, with the RPCs representing
dominant modes of tree growth, and these modes are
correlated to regional patterns of SPI (Meko and Baisan,
2001). These dominant modes from the latewood adjusted
time series are retrieved using rotated EOF analysis
from 1895 to 2007. Correlation of the first five RPCs
with July–August (JA) PRISM SPI reveals the dominant
modes of tree growth, which are correlated to patterns
of precipitation variability associated with the NAM in
different areas of the southwest. The first REOF shows
high correlations in the core NAM region with the
maximum values located in southern Arizona (Figure
13(a)), and explains 17% of the variance. It should be
noted that JA SPI was used in this portion of the study,
despite the mixed early/late summer seasonal signal in
the climate data. The statistical relationship between tree
growth and monsoon precipitation is stronger with July
and August than with June in large part because we are
using monthly data, and in this region, June is typically
dry until quite late in the month. Since the onset of the
Monsoon is not until later in June, the response in tree

growth to that onset is not observed in the tree-ring data
until July. In the eastern portion of the tree-ring study
area, June is more important because the onset of the
NAM is earlier in the month of June.

Are these tree-growth RPCs reflecting large-scale
variability in geopotential height anomalies and SSTAs?
Correlation of LAI RPC 1 with time coincident JA
SSTAs reveal a clear ENSO/PDV signature in the
northern Pacific, and tropical eastern to central Pacific
(Figure 13(c)). An ENSO/PDV signature is also apparent
to varying degrees in the second, fourth, and fifth modes
(not shown). The correlation between this mode and
JA geopotential height anomalies show expected tele-
connection response pattern extending from the tropical
Pacific over North America, with an origin point in the
western tropical Pacific (Figure 13(b)). This circulation
pattern, however, is not quite as clear as the ENSO/PDV
dominant JJ SPI mode highlighted in section 4b of this
study. A link between summer climate variability in
the southwest United States and ENSO/PDV has been
found in previous studies (Stahle et al ., 2009). Stahle
et al . (2009) investigated NAMS precipitation using a
2139-year-old tree-ring-based precipitation reconstruc-
tion from north central New Mexico, and found an
antiphase relationship between winter and summer pre-
cipitation characteristic of ENSO/PDV variability. This
preliminary analysis strongly supports the hypothesis
that latewood tree-ring data are a reliable paleoclimate
proxy to capture monsoon precipitation interannual
variability, and extends the earlier work of Stahle et al .
(2009) to now consider the associated spatial patterns.
Our next phase of work will use these data to investigate
monsoon precipitation and its relationship to Pacific
SST variability using reconstructions of climate from
the latewood portion of tree-rings, with an emphasis on
NAMS behaviour during drought periods documented in
other regional hydroclimatic reconstructions (Woodhouse
et al ., 2006; Meko et al ., 2007).

6. Discussion and conclusions

This work provides a unified framework for the statistical
analysis of early and late warm season precipitation vari-
ability over the United States, using the high-resolution
PRISM product. Our results are consistent with prior
work that has investigated the influence of large-scale
atmospheric teleconnections at this time of year account-
ing for the distinction between the early and late warm
season. PRISM also better accounts for the influence of
topography than other more coarsely resolved precipita-
tion data that has hither to for been used, resulting in a
more accurate depiction of spatial patterns of precipita-
tion variability. Observing the early summer (June/July)
and late summer (August/September) separately shows
that there are different large-scale teleconnective influ-
ences that control over precipitation variability in North
America that change in time. When considering the early
summer, the relationship of SPI spatial variability to
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Figure 13. (a) The first LAI rotated RPC time series regressed onto average JA PRISM SPI. (b) The first LAI rotated RPC time series correlated
with average JA 500-mb geopotential height anomalies. (c) The first LAI rotated RPC time series correlated with time average JA SST anomalies.

dominant modes of SST variability (ENSO/PDV, AMO)
is reflected in the dominant modes, which in turn influ-
ences the positioning and strength of the NAM ridge
(Figure 14(a) and Table I) (Castro et al ., 2001, 2007a,
2007b). Another important observation to note is that
the strongest loadings of variability in the dominant JJ
modes are in the vicinity of the NAM region. The extent
of NAM precipitation is also accurately depicted through
this mode, which is in part due to the inclusion of ele-
vation effects in the PRISM data. This highlights the
importance of topography in NAM precipitation spatially
over the United States. When considering tree-ring data,
these tree coring sites are located in the higher elevations
and therefore are physiogeographically well positioned to
capture this variability.

The relationship of western and central United States
summer precipitation to Pacific SSTAs has been noted
in previous literature to wane in late summer, and our
analysis confirms this (Table I). The geopotential height
anomaly patterns between early and late summer are
nearly identical for the dominant precipitation mode, but
as the polar jet stream in the western Pacific slackens
in late summer, the origin of the Rossby wave forcing
shifts upstream further west to southeast Asia and India
(Figure 14(b)). Thus the mode becomes increasingly
decoupled from Pacific SST forcing from late July
onward and more dependent on the variability in Indian
and Southeast Asian monsoon convection (Sardeshmukh
and Hoskins, 1988, Jiang and Lau, 2008). In addition,
when considering the second late summer precipitation
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Figure 14. (a) Idealized atmospheric teleconnection pattern associated
with JJ REOF 1 (ENSO/PDV forcing dominant). (b) Idealized atmo-
spheric teleconnection pattern associated with AS REOF1 (likely
dependent on Asian monsoon convection). Wet/dry areas over the

United States indicated by blue/red.

Table I. Winter, early, and late summer EOFs, explained vari-
ance, and forcing mechanisms.

EOF
ranking

Explained
variance (%)

Forcing
mechanism

Winter EOF 1 17.31 ENSO/PDV
JJ REOF 1 24.13 ENSO/PDV, AMO
JJ REOF 2 23.12 CGT
JJ REOF 3 19.19 Climate change?
JJ REOF 4 17.00 ENSO/PDV, AMO
JJ REOF 5 16.56 CGT
AS REOF 1 24.09 Indian/SE Asian

monsoon convective
variability/North Atlantic
Westerly Jet Barotropic
instability

AS REOF 2 21.99 ENSO/PDV
AS REOF 5 16.99 CGT

mode it reflects more ENSO/PDV relationships asso-
ciated with cool season precipitation, in opposition to
the dominant mode. These combined effects result in a
diminished influence of Pacific SSTAs on late summer
US precipitation variability.

In both the early and late warm season, precipitation
variability is also related to the CGT, which is thought
to be driven by Indian Summer Monsoon convection
or barotropic instability in the North Atlantic sector of
the mid-latitude westerly jet (Ding and Wang, 2005).
This study confirms the existence of the CGT. But the
two expressions of the CGT pattern previously described
by Ding and Wang (2005) to be respectively specific
to June or July, can, in fact, occur in either month.
While Ding and Wang (2005) and Ding et al . (2011)
took a top-down approach, characterizing the large scale
teleconnection patterns first before relating them to the
localized precipitation patterns, this study has focused
on examining the localized precipitation first, and then
connecting those patterns to the large scale influences.

Figure 15. (a) Cartoon illustrating the CGT atmospheric teleconnection
pattern associated with JJ REOF 2 (likely associated with the CGT).
(b) Cartoon illustrating the CGT atmospheric teleconnection pattern
associated with JJ REOF 5 (likely associated with the CGT). Wet/dry

areas over the United States indicated by blue/red.

One expression of the CGT is associated with an opposite
relationship in SPI between the Southern Great Plains
and the Northwest (Figure 15(a)). The other expression
is associated with the highest variability in the Northeast
and Great Lakes region of the United States (Figure
15(b)). It is also important to note that the CGT pattern is
associated with precipitation variability in the Southern
Great Plains and is a consistent pattern throughout the
warm season. If this pattern is present then anomalous
wet or dry conditions can potentially exist throughout
the summer season in this region, creating extreme wet
or dry conditions. Figure 15(a) and (b) is consistent with
the findings of Ding et al . (2011), Figure 12.

As mentioned, some studies have hypothesized that
antecedent land surface conditions, like snowpack, and
land–sea thermal contrast are important to warm season
precipitation variability over the United States (Gutzler
and Preston, 1997; Gutzler, 2000; Lo and Clark, 2002;
Kanamitsu and Mo, 2003; Zhu et al ., 2005; Castro
et al ., 2009). Our statistical analysis, strongly suggests
that the large-scale teleconnection responses shown in
this study are all associated with remote forcing, and
are the first order factors on United States warm season
precipitation climate variability (Castro et al ., 2007b;
Ding and Wang, 2005; Jiang and Lau, 2008). The remote
forcing mechanisms influence the development of quasi-
stationary Rossby wave train patterns, and therefore the
distribution of large-scale circulation anomalies over
North America. More relevant questions to consider
when concerning the influence of land surface forcing
would be (1) whether land surface conditions reinforce
the large-scale atmospheric circulation patterns? and
(2) would they influence the persistence of wet or dry
conditions on a regional scale? Further research into
the physical forcing mechanisms of these dominant
precipitation modes is necessary to assess the limits
of warm season predictability in North America. The
southwest and central United States are probably the
two regions within the United States with the greatest
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potential for improved warm season precipitation
forecasts due to the influence of ENSO/PDV forcing.

As highlighted in Section 5, the results of this analysis
will be used in a larger paleoclimate project to reconstruct
NAM precipitation from ponderosa pine and Douglas-fir
tree-rings around the southwest United States. An LAI
extracted from the rings can serve as a proxy for NAM
precipitation variability. On the basis of preliminary
analysis done thus far with the rotated RPCs of 36
latewood adjusted tree-ring chronologies, the results are
promising. The dominant spatial variability patterns of
precipitation over the NAM region are reflected and
comparable to that of the observed dominant modes.
Notably, a comparable signature of ENSO/PDV in the
SSTAs of the first LAI mode to dominant early summer
mode is present. Thus, the latewood tree-ring data appear
to be suitable as a proxy for precipitation and for
extending that particular record of NAMS, and this
will yield additional insight into its variability during
southwest United States droughts over past centuries.

The dominant warm season precipitation modes
revealed in this study will be used to answer two
questions with respect to our analysis of dynamically
downscaled global climate model data. First, are the
warm season modes present in the RCM data reflected
in the same way as in the observations during the period
of historical record of the late 20th century? Second, do
these modes change in the future to create more extreme
climate by synergistically interacting with a long-term
climate change signal?
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