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Abstract Physical processes responsible for the abnormal-
ly wet condition in the Central Intermountain West (CIW)
of the United States in June 2009 were investigated. It was
illustrated that persistent rainy conditions over the CIW
during June 2009 were associated with a pronounced
circumglobal teleconnection pattern, which is characterized
as a short Rossby wave train along the jet stream
waveguide with a wave number 5 structure. The ascending
motion and moisture flux convergence over the CIW
associated with the cyclonic action center over the US
West Coast in the teleconnection wave train could be
essential for the persistent local rainfall during June 2009.
Further analysis suggested that the June 2009 circulation
pattern is consistent with a prevailing mode of the summer
circumglobal teleconnection pattern. The findings in this
study provide information for improved understanding of
the early summer rainfall regime in the CIW.

1 Introduction

June 2009 was an abnormally wet month for the Central
Intermountain West (CIW) of the United States. Areas of
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Utah and Idaho, for example, received over 400% of their
climatological June rainfall (Fig. 1a). Consecutive rainfall
events combined with seasonal snowmelt prolonged spring
runoff and triggered mudslides along many river basins in
the region. Affected by the anomalous precipitation of June
2009, Utah State University (USU; station ID 425186) in
Logan, Utah recorded 3.38 in. of rain making it the eighth
wettest June in its 115-year period of record. During the
same month, some stations in northern Utah and southern
Idaho broke records. For example, Pocatello, Idaho (station
ID 107211; 120 km north of USU) received 4 in. of rain in
contrast to its long-term mean of just 1 in." Climatologically,
precipitation in the CIW belongs to a cold season regime
with a spring peak. A rapid transition in precipitation
characterizes June from the wettest month of May to the
driest month of July (Wang et al. 2009¢). While a wet June
prolongs the CIW's spring rainfall into summer, a dry June
can shorten the rainy season and reduce the agriculturally
important runoff through the dry season.

The atmospheric circulation over North America also
undergoes considerable changes in June, including the rapid
northward shift of the jet stream (e.g., Higgins et al. 1997).
From April to June, a synoptic-scale trough develops over
the southwest United States, deepens, and then migrates to
the West Coast. The trough eventually merges with the
large-scale oceanic trough over the North Pacific in July
(cf. Fig. 7 of Wang and Chen 2009). The development of
this spring trough over the West Coast brings in moisture
and energizes local synoptic disturbances moving across the

! Historical records of the Cooperative Observer Program (COOP)
stations in the Western United States can be accessed from the Utah
Climate Center webpage at http://climate.usurf.usu.edu/reports/
dynamic.php.
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(a)

Fig. 1 a Monthly percent of normal precipitation in June 2009
obtained from the Advanced Hydrologic Prediction Service of
National Weather Service (http://water.weather.gov/) and b correlation
map of UDel precipitation with the USU precipitation from 1958 to
2009. The location of USU is indicated by a dot in a and the yellow
box in b

CIW. In June 2009, however, this trough deepened more
than expected and was embedded in a series of trough/
ridge systems spanning the globe, as shown in the
monthly mean streamlines at 250 hPa (Fig. 2b). The
longitude—time evolution of geopotential height at
250 hPa (Fig. 2a) reveals that the trough/ridge systems
developed in late May and became quasistationary
through most of June. Persistent rainfall was produced in
the cyclonic vorticity advection region of each trough (i.e.,
to the east of the troughs), including one such region in the
CIWw.

Recurrent short-wave patterns have been found to
characterize the interannual variation of midlatitude circu-
lations affecting North American climate (e.g., Barnston
and Livezey 1987; Yang et al. 2002; Weaver and Nigam
2008). During strong El Nifio-Southern Oscillation (ENSO)
winters, midlatitude short-wave trains across the North
Pacific are recognizable features (Chen 2002), in addition
to the long-wave Pacific-North American pattern (PNA;
Wallace and Gutzler 1981). Branstator (2002) identified the
circumglobal teleconnection with a zonal wave number 5
structure that was trapped in the wintertime jet stream
“waveguide.” Ding and Wang (2005) further showed that
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the circumglobal teleconnection pattern is similarly pro-
nounced in summer, but its timing and spatial phase are
noticeably different in each month from June to September.
Numerous studies (e.g., Takaya and Nakamura 2001;
Lau and Weng 2002; Lau et al. 2004) have found that
climate variations in Asia/Western Pacific and North
America may be linked through substantial short-wave
trains. The pronounced waveform circulation pattern in
June 2009 (Fig. 2a, b) also suggests a possible link
between the CIW precipitation variation and the summer
circumglobal teleconnection. The present study examines
such a link. In the following text, the terms “circumglobal
teleconnection” and “short-wave train” will be used
interchangeably.

2 Data

The meteorological data were obtained from both the
National Centers for Environmental Prediction (NCEP)
Global Reanalysis (Kalnay et al. 1996) and the ERA-40
Global Reanalysis (Uppala et al. 2005) with a 2.5°
resolution for 1958-2009. As the ERA-40 data are only
available up to 2002, the years2003-2009 were imple-
mented by the newer ERA-Interim Reanalysis (Uppala et
al. 2008), hereafter ERA. Precipitation data included the
gauge-based monthly precipitation of the University of
Delaware (UDel; Legates and Willmott 1990) at a 0.5°
resolution for the time period of 1900-2008, the Global
Precipitation Climatology Project (GPCP; Huffman et al.
1997) derived from rain gauge and satellite observations at
a 2.5° resolution for 1979-2008, and the 3-h National
Oceanic and Atmospheric Administration (NOAA) Climate
Prediction Center (CPC) Morphing Technique (CMORPH;
Joyce et al. 2004) precipitation derived from various
microwave satellite sources with a 0.25° resolution for
2009. Because the USU station has maintained a stable
observation for over a century, monthly gauge precipitation
recorded at USU was also used. The correlation map of
June precipitation between USU and UDel (Fig. 1b) during
the time period of 1958-2009 depicts a regional pattern
similar to that in 2009 (Fig. la). Thus, the USU
precipitation records are considered representative of the
CIW rainfall variability.

3 Results

The normal mode of the circumglobal teleconnection (i.e.,
climatic stationary short-wave train; Chen 2002) in June
can be depicted by the long-term mean (1958-2008)
geopotential height spatially filtered with zonal wave
numbers 5 and greater, using harmonic analysis. This wave
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diagram of 300-hPa geopotential
height averaged at 40—45° N
from 15 May to 30 June 2009, b
mean 250-hPa streamlines and
the short-wave regime geopo-
tential height (shadings) in June
2009 marked with trough (red)
and ridge (blue) lines, and ¢
long-term (1958-2008) mean £
250-hPa zonal wind (contours) 6/1F
and the short-wave regime
geopotential height (shadings;
see text) in June. All fields were
based on the NCEP reanalysis. -
In a, the 3-h CMORPH 10E
precipitation were accumulated
for daily averages (histograms) g
at 130-140° E, 170-160° E, and 15h
the CIW (110-100° W) with the
scale at the bottom
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regime follows that revealed in Branstator (2002) and Ding
and Wang (2005) and, therefore, depicts the stationary
troughs/ridges that are closest to the wavelength of the
circumglobal teleconnection. The climatic short-wave
train at 250 hPa (shadings in Fig. 2c) extends from
Eurasia to North America along the mean jet stream and is
apparently trapped in the jet. The distinct short-wave
trough over the West Coast reflects the spring trough that
contributes to the CIW rainfall. Moreover, the phase of
this climatic short-wave train is strikingly coherent with
the phase of the June 2009 short-wave train, as depicted
by the filtered geopotential height within the same short-

—IB6E T 180°  150°W  TZW
wave regime (shadings in Fig. 2b). Their phase lock
indicates that this climatic short-wave train was substan-
tially amplified during June 2009.

To depict the circumglobal teleconnection pattern, the
250-hPa stream function fields (y) of NCEP and ERA in
June from 1958 to 2008 were spatially filtered with zonal
wave numbers 5 and greater and denoted as y°; the year
2009 was omitted to achieve an independent comparison.
An empirical orthogonal function (EOF) analysis (e.g., van
den Dool 2007) was subsequently applied on the 250-hPa
y* within the domain of Fig. 3. Note that the circumglobal
teleconnection pattern could be revealed through various
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ways, such as one-point regression and correlation analyses
as used in Branstator (2002) and Ding and Wang (2005).
Here, we adopted a combined method of EOF with spatial
filtering in order to objectively extract signals of the short-
wave trains while excluding any interference from the more
prominent, longer-wave climate modes such as the PNA
pattern (i.e., wave numbers 1-3) and the Arctic Oscillation
(AO; i.e., annular mode) which would otherwise dominate
in the EOF analysis. This method also creates indices of the
circumglobal teleconnection based solely on the circulation
itself, thereby providing a more independent analysis from
other variables (e.g., precipitation) than the regression
method.

As shown in Fig. 3a, the first eigenmode (EOF1; 25.5%)
depicts a pronounced short-wave train along 40° N that is
well in phase with the trough/ridge systems as in 2009, as
illustrated by the superimposed trough/ridge lines of 2009
adopted from Fig. 2b. The y* patterns of NCEP (contours)
and ERA (shadings) are nearly identical and their coef-
ficients are highly correlated (Fig. 3a, right), indicating a
strong agreement between the two datasets. The agreement
also signals that the EOF1 pattern, which does not include
the year2009 but nonetheless resembles the June 2009
short-wave train, is a prominent mode of the midlatitude
circulation variability. Superimposing the USU precipita-
tion anomalies with the EOF1 coefficient (Fig. 3a, right)
shows that the precipitation tends to increase (decrease) in
association with positive (negative) phases of the EOF1
short-wave train. The correlation coefficient between the
USU precipitation and EOF1 is a significant 0.63 for NCEP
(0.61 for ERA), as shown in Fig. 3c. These results
altogether portray a close association between the June
rainfall in CIW and the circumglobal teleconnection.

The EOF2 wave pattern (Fig. 3b) is quadrature phase
shifted from the EOF1 wave pattern, suggestive of zonal
shifting in the trough/ridge positions of the climatic short-
wave train. The EOF2 coefficients of NCEP and ERA are
also consistent, but this mode does not correlate with the
CIW precipitation (Fig. 3c). To examine possible relation-
ships between the short-wave trains and the major climate
modes, the EOF1 and EOF2 coefficients and the USU
precipitation were correlated with ENSO (as the December—
February NINO3.4 index) and the June indices of NINO3.4,
Southern Oscillation, AO, and North Atlantic Oscillation, all
of which were based on the NOAA CPC operational
monitoring indices.”> As shown in Fig. 3c, no significant
correlation coefficients were found, except for AO which
correlates with both the EOF1 short-wave train and the USU
precipitation at the 95% confidence level. Ding and Wang

2 The CPC climate indices are provided at ftp://ftp.cpc.ncep.noaa.gov/
wd52dg/data/indices/tele_index.nh.
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(2005) have also noted a statistically significant correlation
between the circumglobal teleconnection and AO in June,
though no dynamical explanation was provided. In this
study, we made no attempt in exploring the potential
connection between the short-wave train and AO.

The maintenance mechanism for precipitation associated
with the short-wave train was examined through a modified
water vapor budget and the mass flux circulation. In view
of the marked agreement between NCEP and ERA, the
following analysis was performed on the ensemble of these
two datasets. By applying the Helmholtz theory, Chen
(1985) derived the atmospheric column water vapor flux
0= :SOOhPa Vq x dp; q is specific humidity) into the
moisture flux stream function (y ; rotational) and the moisture
flux potential (x¢; divergent), defined respectively as:

l//Q:VZGXVxQ) (1)
and
to =V (VxQ). (2)

Since only the divergent component of the water vapor
flux (QD = VXQP directly participates in the precipitation
process, for the climate variability (A), one may obtain:

A(V % Op) = A(VZXQ) ~ AP (3)

where AP is the precipitation anomalies, neglecting the
evaporation (e.g., Wang and Chen 2009). The short-wave
train that characterized the June 2009 circulation was
constructed by the differences of composite y, and xo
between the high-index and low-index years of the EOF1
coefficient (Fig. 4; years given in the caption). Here, the
high-index and low-index years were determined by values
of the EOF1 coefficient above and below its 0.8 standard
deviation, respectively. Similar as in Fig. 3, both yo and xo
were filtered by zonal wave numbers 5 and greater, herein
Al//é and Axé.

The composite pattern of Al//‘é (Fig. 4a) delineates a
robust short-wave train along 40° N with a cyclonic cell
over the US West Coast. TheAx‘é cells are 90° phase
shifted from Ay/é, with convergence (divergence) of water
vapor flux coupled to the east (west) of the cyclonic
circulations. The contribution of the spatial amplitudes of
Al//‘é and sz to the unfiltered circulation anomalies are
68% and 27%, respectively. Despite its seemingly small
contribution, the sz pattern is clearly in phase with the
global precipitation anomalies (Fig. 4b; constructed by
UDel over land and GPCP over ocean) that reveal a distinct
waveform pattern: along the short-wave train, water vapor
flux consistently converges toward positive (diverges from
negative) precipitation anomalies east (west) of the cyclonic
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Fig. 3 a EOF1 and b EOF2 of a

the short-wave stream function
at 250 hPa derived from NCEP
(contours; zeros omitted) and
ERA (shadings) for 1958-2008,
added with the trough and ridge
lines from Fig. 2b. The coeffi-
cients between NCEP and ERA
are shown in the scatter
diagrams to the right with the
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lower right). ¢ Correlation
coefficients of EOF1 and EOF2
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various climate indices for
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significant at the 95% (99%)
confidence level are shown in

purple (red)
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(o] ENSO NINO3-4 SOI AO NAO P(USU)
P(USU) 0.04 -0.10 0.15 0.32 -0.14
EOF1(NCEP) 0.09 0.02 000 -0.38 -0.19 0.63
EOF1(ERA) 0.17 -0.02 -0.01 -0.35 =-0.10 0.61
EOF2(NCEP) 0.05 -0.07 0.03 0.15 0.16 -0.04
EOF2(ERA) 0.04 -0.06 0.02 0.04 0.18 0.04

Al//‘é cells. This feature satisfies the precipitation mainte-
nance process as described in Eq. 3. The CIW is situated in
the southerly section of the water vapor flux (Fig. 4a) with
a convergence center of Axé covering the positive
precipitation anomalies (Fig. 4b). Note that the area of
positive precipitation anomalies in the CIW also coincides
strongly with the June 2009 precipitation pattern in Fig. 1.

The kinematic structure of the short-wave train is shown
in Fig. 4c by the cross-sections of the differences of
composite geopotential height and mass flux circulation
averaged within 40—45° N. The short-wave train exhibits an
equivalent barotropic structure with vertically uniform
phases, consistent with the previous observations (e.g.,
Lau and Weng 2002; Branstator 2002). Such a structure is
likely formed by balances between absolute vorticity
advection and vortex stretching in the upper troposphere
and between planetary vorticity advection and vortex
stretching in the lower troposphere (Chen 2002). The
opposite polarity of vortex stretching in the upper and
lower troposphere is balanced by ascending (descending)
motion east (west) of the cyclonic cells through mass
continuity, thereby creating a dynamically maintained mass
flux circulation. The atmospheric column precipitable water
(unfiltered) increases correspondingly with converging
Ay/é in the cyclonic vorticity advection regions and,
accompanied by the ascent, should enhance precipitation.

The CIW is situated in one of such regions under a
substantial ascending branch (Fig. 4c; arrow indicated). The
consecutive rainfall events in the CIW during June 2009, as
shown in Fig. 2a, appear to form by such short-wave train
dynamics.

The reasons why the CIW precipitation anomaly of June
2009 was so extreme may be manifold. It was found that
the CIW precipitation features robust cyclic signals with a
10- to 20-year frequency (Hidalgo and Dracup 2003; Wang
et al. 2009a). Such cyclic signals are discernable in the June
precipitation at USU (Fig. 5) as well. Wang et al. (2009b)
identified a quadrature-phase modulation of the Pacific
quasidecadal oscillation (PQDO) on the CIW precipitation:
During the years when the PQDO transitions from a warm
phase into a cool phase, a cyclonic circulation develops
over the Gulf of Alaska and enhances the CIW precipita-
tion. During the cool-to-warm transition phases of the
PQDO, an anticyclonic circulation forms in the Gulf of
Alaska and subsequently suppresses the CIW precipitation.
As indicated by the 9-year low-passed precipitation time
series in Fig. 5, June 2009 appears to be within a positive
phase of such quasidecadal variations, so a combined effect
of the decadal mode (i.e., PQDO) and the interannual mode
(i.e., circumglobal teleconnection) on this precipitation
event is likely. Meanwhile, a clear uptrend in June
precipitation (Fig. 5) may also contribute to the extreme
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Fig. 4 Differences of composite
a Ay (contours; zeros omit-
ted) and sz (shadings), b
precipitation (AP; shadings) and
AQp (vectors), and ¢ longitude—
height sections of geopotential
height (shadings) and mass flux
[vectors of zonal divergent wind
(up) and vertical velocity (—m)]
and precipitable water (AW)
across 40° N between the high-
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CIW rainfall in 2009. The role of these different climate
modes on the precipitation anomalies in the CIW will
require a quantitative analysis to reveal.

4 Summary and discussion

Statistical and dynamical evidences in this study suggest
that the circumglobal teleconnection has a profound impact
on early summer precipitation in the CIW. The distinct
short-wave train of the June 2009 circulation pattern is
likely an amplification of the stationary short-wave train
embedded in the jet stream (cf. Fig. 2¢). This result sheds
light on the abnormal, yet recurrent, June precipitation
events recorded in the CIW (cf. Fig. 5). It is known that
precipitation variations in the CIW lack a direct association
with ENSO and other tropical Pacific forcings because the
CIW is situated in the marginal zone of the prominent
north—south precipitation pattern driven by ENSO (e.g.,
Dettinger et al. 1998) where any positive influences from El
Niflo/La Nifia are likely canceled out by negative influences
(Wang et al. 2009a). On the other hand, the CIW
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precipitation is very sensitive to circulation patterns over
the West Coast (Wang et al. 2009b) where the spring trough
is located. This character coincides with the fact that the
circumglobal teleconnection pattern, which strongly modu-
lates the spring trough, is unrelated to ENSO (Branstator
2002; Ding and Wang 2005).

We also identified a new prevailing mode of the
circumglobal teleconnection in addition to that revealed in
Ding and Wang (2005). To compare with their results, we
constructed the regression patterns of eddy stream function
(unfiltered) and precipitation anomalies with the EOF2
coefficient obtained from the analysis in Fig. 3b. The
constructed EOF2 patterns (Fig. 6a) are fairly consistent
with the circumglobal teleconnection and precipitation
patterns as depicted in Ding and Wang (2005; Fig. 6b;
adopted from their Fig. 7a). In this case, the short-wave
train is linked to rainfall variations in northern India and
possibly in the Great Plains as well (Weaver and Nigam
2008), but not in the CIW as indicated by the lack of
significant precipitation anomalies in the CIW (Fig. 6a).
Thus, these observations point to two possible modes of the
summer circumglobal teleconnection: amplification/weak-
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ening of the climatic short-wave train as in this study, and
zonal shifting of the climatic short-wave train as in Ding
and Wang (2005). Nevertheless, their forcing mechanism
remains an open question.

Based on the waveguide theory in which propagating
Rossby waves are confined to a narrow/belt path such as
the jet region (Hoskins and Ambrizzi 1993), any distur-

Fig. 6 a Regression patterns of a

2000 2009

bances along the jet stream may either trigger or enhance
wave responses downstream (Branstator 2002). For in-
stance, Kurihara and Tsuyuki (1987) found that changes in
summer precipitation and circulation around Japan can
induce Rossby wave propagations across the North Pacific
to the Gulf of Alaska. The marked precipitation and
circulation anomalies east of Japan in Fig. 4 seem to
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global teleconnection pattern
and its associated precipitation
anomalies as depicted in Ding

EOF2 regr. [y¢(200hPa), P]

CL:10°m?*s™

and Wang (2005; adopted from G
their Fig. 7a showing the com-

posite 200-hPa geopotential b

|,
90°E

s ! | ; 1 : | _ -
120°E 150°E 180° 160°W 120°W 90°W

AZ(200hPa), AP _

height and rainfall anomalies).
Note the phase coincidence
between the two wave trains and
the precipitation patterns

60N
40N

20N

Eq{

20s

60E S0E

150W
e

BO% 95% 99X (positive)

120E 150E 180
|

(negative) BO% §5% 00%

120w S0w

-100 -80 -680 -40 -20 -10 10 20 40 60 80 100

@ Springer



S.-Y. Wang et al.

support such a forcing mechanism. However, as inferred
from the composite precipitation pattern (cf. Fig. 4b), each
diabatic heating source/sink along the jet stream could be
both a source and a response of the teleconnection wave
train, thereby making the determination of initial forcing
source difficult. Before its forcing problem can be resolved,
the impact of the circumglobal teleconnection on regional
climate, as is observed in the CIW, deserves further analysis.
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