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ABSTRACT
This study investigates the evolution of two zonally elongated atmospheric rivers (ARs) that produced
.200 mm of rainfall over mountainous regions of Northern California in late October 2010. Synoptic-scale
analysis and air parcel trajectory analysis indicate that the ARs developed within high-CAPE environments
characterized by troposphere-deep ascent as water vapor was transported directly from western North Pacific
tropical cyclones (TCs) toward the equatorward entrance region of an intensifying North Pacific jet stream
(NPJ). The same ARs were subsequently maintained as water vapor was transported from extratropical and
subtropical regions over the central and eastern North Pacific in an environment characterized by quasigeostrophic forcing for ascent and strong frontogenesis along the anticyclonic shear side of an intense and
zonally extended NPJ. Although the ARs developed in conjunction with water vapor transported from regions near TCs and in the presence of troposphere-deep ascent, an atmospheric water vapor budget illustrates
that decreases in integrated water vapor (IWV) via precipitation are largely offset by the horizontal aggregation of water vapor along the AR corridors via IWV flux convergence in the presence of frontogenesis. The
frameworks used for investigations of predecessor rain events ahead of TCs and of interactions between
recurving TCs and the NPJ are also utilized to illustrate many dynamically similar processes related to AR
development and evolution. Similarities include the following: water vapor transport directly from a TC,
troposphere-deep ascent in a high-CAPE environment beneath the equatorward entrance region of an intensifying upper-tropospheric jet streak, interactions between diabatic outflow and an upper-tropospheric jet
streak, and strong frontogenesis.

1. Introduction
A majority of extratropical water vapor transport in
the atmosphere is focused within long (thousands of
kilometers) and narrow (;500 km) regions of vertically
integrated water vapor (IWV) that are frequently referred to as atmospheric rivers (ARs; Zhu and Newell
1998; Ralph et al. 2004; Neiman et al. 2008a,b, among
others) or moisture conveyor belts (e.g., Bao et al. 2006;
Knippertz and Martin 2007). The ARs are often found in
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the warm sector of transient maritime extratropical cyclones and can represent regions of concentrated IWV
transport (IVT) along a precold-frontal low-level jet
(e.g., Ralph et al. 2004) or regions of IVT into a narrow
substructure of the broad ascending ‘‘warm conveyor
belt’’ (e.g., Carlson 1980; Browning 1990; Carlson 1998;
Eckhardt et al. 2004). The concentrated regions of IWV
and IVT associated with ARs can also result in the
transport of tropical water vapor into the extratropics
(i.e., tropical moisture exports; Knippertz and Wernli
2010; Knippertz et al. 2013) or result in the lateral
transport of subtropical and extratropical water vapor
(e.g., Bao et al. 2006; Neiman et al. 2013). Once in the
extratropics, Zhu and Newell (1998) indicate that IVT is
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FIG. 1. Composite a.m. or p.m. SSM/I satellite measurements of integrated water vapor (mm; shaded according to
scale) for two atmospheric rivers (‘‘AR1’’ and ‘‘AR2’’) at (a) 20, (b) 22, and (c) 24 Oct 2010. Locations of tropical
cyclones over the western North Pacific are indicated by symbols and labeled. The SSM/I imagery is adapted from
images provided by the NOAA/ESRL/Physical Sciences Division. (d) 48-h precipitation (mm; shaded according to
scale and contoured at the 100- and 200-mm threshold) ending at 1200 UTC 25 Oct 2010. Precipitation data are
analyzed from the NCEP National Stage-IV multisensor quantitative precipitation estimates. The location of the
event maximum precipitation at Four Trees (FOR), CA, is labeled in (c) and (d). The black box in (d) denotes the
climatological precipitation analysis domain discussed in section 1.

predominantly confined to ARs and that ;90% of the
horizontal IVT occurs within only 10% of the hemispheric circumference.
The objective of the current study is to investigate the
evolution of two zonally elongated ARs over the North
Pacific basin in October 2010 (Figs. 1a–c). These two
ARs developed in proximity to three tropical cyclones
(TCs) (TCs Megi, Chaba, and 17W) in the western and
central North Pacific and contained contiguous regions
of high IWV values as they crossed the North Pacific
between 20 and 24 October 2010. The two ARs in this
study ultimately merged over the central and eastern
North Pacific and made landfall over Northern California on 24 October 2010. The landfall of the merged
AR was associated with 48-h precipitation totals .200 mm
ending at 1200 UTC 25 October 2010 (Fig. 1d) over
coastal and interior mountainous regions of Northern
California. The locations of the highest precipitation totals
are consistent with orographic enhanced precipitation

commonly associated with landfalling ARs (e.g., Ralph
et al. 2003, 2004, 2005, 2006; Neiman et al. 2008a,b, 2011;
Stohl et al. 2008; Smith et al. 2010; Ralph and Dettinger
2012). The highest event total precipitation was 333 mm at
Four Trees (FOR), California (elevation of 1450 m MSL),
for the 72-h period ending at 1200 UTC 25 October
2010. This precipitation total indicates that the event
was classified as an ‘‘R-Cat 2’’ case using the extreme
event scaling criteria from Ralph and Dettinger (2012).
A climatological analysis of 48-h area-averaged precipitation totals over Northern California (i.e., over the
region encompassed by the black box in Fig. 1d) indicates that the landfall of the merged AR was associated with the largest 48-h October precipitation event
between 1970 and 2010.
The development of the two ARs in this study in
proximity to TCs Megi, Chaba, and 17W, and subsequent
landfall of the merged AR over Northern California
suggests that western North Pacific TCs may influence the
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occurrence of autumnal extreme precipitation events
in association with landfalling ARs along the west coast
of North America. This study is applicable to another
strong, zonally oriented AR that impacted California in
October 2009 (Ralph and Dettinger 2011), which also
produced R-Cat 2 magnitude precipitation. A majority of
observational and numerical modeling studies to date
demonstrate that western North Pacific TCs can influence
sensible weather far downstream via the evolution of the
large-scale flow. These studies emphasize the interaction
between a TC and the extratropical waveguide during
recurvature and extratropical transition that can result in
a significant large-scale flow response in association with
Rossby wave train amplification and dispersion (e.g.,
Harr and Elsberry 2000; Klein et al. 2002; Atallah and
Bosart 2003; McTaggart-Cowan et al. 2007a,b; Riemer
et al. 2008; Harr and Dea 2009; Riemer and Jones 2010;
Archambault 2011; Archambault et al. 2013). Recent
studies have also demonstrated that a TC can influence
extreme precipitation events in the form of predecessor
rain events (PREs) far downstream of TCs in association with water vapor transport over large horizontal
distances.
The present study explores whether the physical
processes that contribute to the development of an AR
in proximity to a TC is similar to the physical processes
that contribute to the development of PREs and whether
or not the extreme precipitation event over Northern
California can be considered a PRE. PREs are a type of
extreme precipitation event that occur in conjunction
with water vapor transport far downstream of a TC (Cote
2007; Galarneau et al. 2010). These mesoscale rainstorms
are associated with rainfall rates $100 mm day21 and
typically occur ;1000 km downstream of TCs. Composite analyses and case studies of PREs over the United
States indicate that PREs develop when a broad plume of
atmospheric precipitable water (i.e., IWV) emanating
from a TC along a low-let jet intersects a quasi-stationary
baroclinic zone and is forced to ascend in conjunction
with a thermally direct lower-tropospheric frontogenetic
circulation in the equatorward entrance region of a quasistationary and intensifying upper-tropospheric jet streak
(Bosart and Carr 1978; Bosart and Dean 1991; Cote 2007;
Galarneau et al. 2010; Moore 2010; Schumacher et al.
2011; Bosart et al. 2012; Moore et al. 2013). Although
much of the research on PREs has been focused on
events over the United States, PREs have also been
shown to occur over eastern Asia ahead of western North
Pacific TCs (e.g., Wang et al. 2009; Byun and Lee 2012).
Comparisons among past studies of ARs, including
studies of moisture conveyor belts and tropical moisture
exports, and PREs suggest that the horizontal transport
of water vapor from TCs represent a form of tropical
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moisture export that could lead to AR formation [e.g.,
see Figs. 3 and 6 of Stohl et al. (2008) and Figs. 7a,b of
Knippertz et al. (2013)]. The formation of such an
AR, however, would need to overcome the potential
deleterious effect of atmospheric IWV removal via
precipitation processes in the presence of saturated,
troposphere-deep upright ascent in the case of a PRE or
sloped air parcel ascent in the case of a warm conveyor
belt. Given the longevity of such an AR if it were to
subsequently cross the North Pacific, we hypothesize
that the deleterious effect of precipitation on the IWV
tendency within these ARs is likely offset by water vapor flux convergence within regions of frontogenesis in
the AR region as suggested by Bao et al. (2006) and
Neiman et al. (2013). The proposed hypothesis for the
formation and evolution of the two zonally elongated
ARs in the present study is explored via traditional
synoptic-scale analyses, an AR water vapor budget, and
a Lagrangian trajectory analysis.

2. Data sources and methodologies
Special Sensor Microwave Imager (SSM/I) satellite
measurements (Hollinger 1991), obtained from the National Oceanic and Atmospheric Administration Earth
System Research Laboratory (NOAA/ESRL) Physical
Sciences Division, and the National Centers for Environmental Prediction (NCEP) National Stage-IV multisensor quantitative precipitation estimates (Baldwin and
Mitchell 1997) on a 4-km grid were shown in Fig. 1. The
Climate Prediction Center (CPC) unified precipitation
dataset (UPD) was used to quantify 48-h area-averaged
historical precipitation over Northern California discussed in section 1. The remainder of the study utilizes
the NCEP Climate Forecast System Reanalysis (CFSR;
Saha et al. 2010). The NCEP CFSR was obtained on a
;0.58 latitude 3 ;0.58 longitude grid with 37 isobaric
levels (1000–1 hPa) and 6-h temporal resolution.
We adopt a methodology similar to investigations
of PREs by Galarneau et al. (2010) and diagnose AR
evolution within the quasigeostrophic (QG) and potential vorticity (PV) frameworks. Within these frameworks, regions of QG forcing for ascent are diagnosed
with the right-hand side of the Q-vector form of the
QG omega equation (Hoskins et al. 1978). The Q-vector
form of the QG omega equation is evaluated at 700 hPa,
neglecting the beta term, as in Bluestein [1992, Eq.
(5.7.56)] as
!
f02 ›2
1
2
=p 1
v 5 $p  Q ,
(1)
2
2
s ›p2
where Q is defined as in Bluestein [1992, Eq. (5.7.55)] as
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The variables in these equations have their usual meteorological meanings. Regions of Q-vector convergence (divergence) from Eq. (2) are indicative of regions
of QG forcing for ascent (descent) at 700 hPa.
The QG framework is complemented by investigation
of environmental parameters conducive to tropospheredeep convection such as large values of convective
available potential energy (CAPE) and midtropospheric upward vertical motion. The corresponding
upper-tropospheric diabatic outflow associated with
troposphere-deep convection is illustrated via the irrotational component of the horizontal wind near the level
of the tropopause at 250 hPa. The PV framework is subsequently utilized to assess the influence of tropospheredeep convection and upper-tropospheric outflow on the
tropopause-level distribution of PV in the vicinity of the
jet stream as used in studies on the extratropical flow
response to recurving western North Pacific TCs (e.g.,
Archambault et al. 2013).
Horizontal frontogenesis is computed at 700 hPa as
two-dimensional scalar frontogenesis following the form
of Miller (1948), and is defined as the Lagrangian rate of
change in the magnitude and direction of the horizontal
potential temperature gradient vector. The horizontal
frontogenesis F is defined mathematically as
F5

d
›
j$uj 5 j$uj 1 Vh  $j$uj ,
dt
›t

(3)

and is computed from the General Meteorological
Package (GEMPAK; Koch et al. 1983) frontogenesis
function following the notation of Keyser et al. (1988) as
F5

d
1
j$uj 5 2 j$uj[D 2 E cos(2b)] ,
dt
2

(4)

which includes horizontal divergence D, resultant deformation E, and the orientations of axes of dilatation to
the potential temperature contours (encompassed in b).
The general form of the atmospheric water vapor budget
(e.g., Schmitz and Mullen 1996; Trenberth and Guillemot
1996) is used to estimate1 the relative contributions of

1
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We can only estimate the relative contributions to the total
atmospheric water vapor budget given that the terms on the righthand side of Eq. (5) are derived from mixed datasets.

›[IWV]
5 2$  IVT 1 E 2 P ,
›t

(5)

where E is evaporation rate from the surface and P is the
precipitation rate. The evaporation rate from the surface is obtained by multiplying the NCEP CFSR surface
latent heat flux by the latent heat of vaporization, Ly 5
2.5 3 106 J kg21, and the precipitation rate is obtained
from the rainfall rate in the National Aeronautics and
Space Administration’s (NASA’s) Tropical Rainfall
Measuring Mission (TRMM) dataset (Huffman et al.
2007). The IVT is calculated similar to the methodologies of Neiman et al. (2008b) and Moore et al. (2012)
from the NCEP CFSR as
ð
1 pt
(qVh ) dp ,
(6)
IVT 5 2
g pb
where q is the specific humidity, Vh is the horizontal
wind vector, pb is 1000 hPa, pt is 200 hPa, and g is the
acceleration due to gravity. Finally, ‘‘single layer’’ contributions to the IVT (hereafter referred to as the
‘‘partial IVT’’) are shown in cross sections as
ð
1 p2
(qVh ) dp,
(7)
partial IVT 5 2
g p1
where p1 and p2 indicates two consecutive isobaric
levels.

3. AR evolution
A 6-day time-mean analysis of IVT magnitude and
direction illustrates several apparent water vapor source
regions and water vapor transport pathways for 19–24
October 2010 during the life cycles of the two ARs over
the North Pacific (Fig. 2). These regions of time-mean
IVT are located to the northeast and northwest of TCs
Megi and Chaba, respectively, to the northeast of 17W,
and equatorward of the time-mean zonally extended
North Pacific jet stream (NPJ) over the eastern North
Pacific. These regions of time-mean IVT represent water vapor transport associated with the first AR (i.e.,
AR1), the second AR (i.e., AR2), and the merged AR,
respectively.
Daily analyses of IWV (Figs. 3a–e) and IVT (Figs. 3f–j)
illustrate that water vapor is initially transported from locations near TCs Megi and Chaba to a location within the
equatorward entrance region of the NPJ on 20 October
2010 (Figs. 3a,f). The development of AR1 is defined as
the formation of a corridor of IWV values .40 mm and
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FIG. 2. The 19–24 Oct 2010 time-mean 250-hPa wind speed (m s21; dashed contours) and
vertically integrated water vapor transport (kg m21 s21; thin solid contours and shaded with
vectors denoting transport direction). The tracks of TCs Megi, Chaba, and 17W are drawn in
gray for the total duration of each cyclone. The TC locations are indicated by symbols according to the key at 0000 and 1200 UTC between 19 and 24 Oct 2010. Day of month (October)
is indicated at 0000 UTC near each TC location. The data source is the NCEP CFSR.

IVT magnitude values .400 kg m21 s21 that extends
poleward from the tropical IWV reservoir of TCs Megi
and Chaba.2 The development of AR1 occurs between
1200 UTC 20 October and 1200 UTC 21 October 2010
as the length of the corridor of IWV (.3000 km) increases relative to its width (;500 km; Figs. 3a,b,f,g).
The AR1 contains IWV values .50 mm and IVT values
.500 kg m21 s21, and is located in the equatorward
entrance region of the NPJ (.80 m s21) at 1200 UTC
21 October 2010 (Figs. 3b,f). At the same time, a frontal
low pressure system develops at the eastern edge of AR1
in the equatorward entrance region of the NPJ over the
western North Pacific (Fig. 3b).
The development of AR2 is similarly defined as the
formation of a corridor of IWV values .40 mm and IVT
magnitude vales .400 kg m21 s21 that extends poleward
from the tropical IWV reservoir associated with TC
17W. The development of AR2 occurs at ;1200 UTC
22 October 2010 as the length of the corridor of IWV
(.3000 km) increases relative to its width (;500 km;
Figs. 3c,h). The AR1 leads AR2 by ;2000 km and their
associated regions of IWV and IVT merge into a single
AR (hereafter referred to as the ‘‘merged AR’’) along
the anticyclonic shear side of an intensifying NPJ
(.90 m s21) by 1200 UTC 23 October 2010 (Figs. 3d,i).

2
These IWV and IVT magnitude values represent the ;75th
percentile of all gridpoint values over the North Pacific basin (208–
508N, 1208E–1208W) during 20–24 October 2010. The AR definition includes an IVT threshold, which is in contrast to previous
studies, which have used IWV thresholds and AR structure in their
definitions (e.g., IWV . 20 mm, length . 2000 km, and width ,
1000 km; see Neiman et al. 2008b).

Water vapor associated with the merged AR is subsequently transported to the east across the North Pacific
toward western North America on 23 and 24 October 2010
within the equatorward exit region of the NPJ (Figs.
3d,e,i,j). The maximum IVT magnitude associated with
the merged AR during this period is .1000 kg m21 s21
in association with IWV values of 40–50 mm and a vertically averaged mean horizontal wind speeds .20 m s21
(not shown). The IVT magnitudes .1000 kg m21 s21 are
larger than the maximum IVT magnitudes of ;1000
and ;650 kg m21 s21 found in recent case studies of
strong landfalling ARs over the eastern North Pacific by
Neiman et al. (2008b) and Ralph et al. (2011), respectively.
This difference in IVT magnitude is likely attributable to
the large vertically averaged mean horizontal wind speeds
as the AR becomes coupled with the intensifying 90 m s21
NPJ (subsequently discussed in association with Fig. 4).
The frontal low pressure system at the eastern edge of
AR1 propagates rapidly eastward at a speed .25 m s21
and deepens from a sea level pressure of ;996 hPa on
22 October 2010 to ,964 hPa on 24 October 2010 (Figs.
3c–e). Additional analysis (not shown) of the rapidly
deepening frontal low pressure system indicates that the
cyclone contains characteristics similar to case studies of
diabatic Rossby waves and their role in rapid cyclone
intensification (e.g., Wernli et al. 2002; Moore et al.
2008; Cordeira and Bosart 2011). These characteristics
are further discussed in section 6.
The development of AR1 occurred in conjunction
with an increase in the magnitude of the partial IVT
from ;100 to .125 kg m21 s21, an increase in the depth of
the AR (e.g., an increase in the altitude of the 50 and
75 kg m21 s21 partial IVT magnitude contours), and an
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FIG. 3. (a)–(e) IWV (mm; shaded) and sea level pressure (hPa; solid contours) at 1200 UTC on 20–24 Oct 2010. (f)–(j) IVT magnitude
(kg m21 s21; shaded), IVT direction (constant length vectors), and 250-hPa wind speed (contours every 10 m s21 beginning at 50 m s21) at
1200 UTC on 19–24 Oct 2010. The locations of TC Megi, Chaba, and 17W, and a frontal low pressure system are indicated by symbols
according to the key. The locations of AR1, AR2, and the merged AR are indicated by dashed, colored lines. Barbell lines pertain to crosssectional analyses in Figs. 4 and 7. The data source is the NCEP CFSR.

increase in the magnitude of the NPJ from 60 to .70 m s21
between 1200 UTC 20 October (Fig. 4a) and 1200 UTC
21 October (Figs. 4b). The subsequent evolution of
AR1 occurs in conjunction with an increase in the crosssectional area encompassed by partial IVT magnitudes

.125 kg m21 s21, an increase in the depth of the AR,
and an increase in the area encompassed by uppertropospheric wind speed values .70 m s21 within the NPJ
between 1200 UTC 21 October and 1200 UTC 22 October
2010 (Figs. 4b,c).
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FIG. 4. Cross sections of horizontal wind speed (dashed contours every 10 m s21 beginning at 50 m s21), horizontal wind (pennant 5
25 m s21, long barb 5 5 m s21, and short barb 5 2.5 m s21), potential temperature (K; solid gray contours labeled along right vertical axis),
water vapor mixing ratio (g kg21; shaded), and horizontal water vapor transport (solid contours every 25 kg m21 s21 beginning at
25 kg m21 s21) at 1200 UTC on (a)–(d) 20–23 Oct 2010. Transect (e) IWV (mm) and (f) IVT (kg m21 s21) at 1200 UTC on 20–23 Oct 2010
are provided. Horizontal cross-sectional lines are provided in Figs. 3, 5, and 6. Pressure is labeled along left vertical axis in hPa. The data
source is the NCEP CFSR.
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The AR2 is also initially characterized by lowertropospheric water vapor mixing ratio values .15 g kg21
and partial IVT magnitudes .125 kg m21 s21 at 1200 UTC
22 October 2010 (Fig. 4c). The development and evolution of AR2, including the subsequent merger of AR1 and
AR2, occurred in conjunction with an amalgamation of
the lower-tropospheric water vapor mixing ratio fields
and partial IVT fields and an increase in the depth of the
merged AR to ;550 hPa as determined by the altitude of
the 100 kg m21 s21 partial IVT magnitude contour during
22–23 October 2010 (Figs. 4c,d). The increase in the
depth of the merged AR is primarily associated with an
increase in the magnitude of the midtropospheric horizontal wind and a lowering corridor of maximum wind
associated with the NPJ (Figs. 4c,d).
The water vapor mixing ratio and partial IVT associated with AR1 is initially vertically oriented on 20 and
21 October 2010 (Figs. 4a,b) and gradually becomes
tilted poleward with height in the equatorward entrance
region of the NPJ by 22 and 23 October 2010 (Figs. 4c,d).
Similarly, the water vapor mixing ratio and partial IVT
associated with AR2 is tilted in the vertical on 22 October 2010 (Fig. 4c) and is tilted poleward with height on
23 October 2010 (not shown). The change in the vertical
orientation of the water vapor mixing ratio and partial
IVT occurs in association with a decrease in the transectrelative IWV (Fig. 4e) and an increase in the magnitude
of the transect-relative IVT (Fig. 4f). The temporal
evolution of the vertical orientation of the ARs and the
transect-relative IWV and IVT values suggest a tropical
to extratropical transition in the environment containing
the ARs as they become ‘‘coupled’’ to the thermally
direct ageostrophic circulation in the entrance region of
the NPJ.

4. Environmental evolution
a. Horizontal perspective
The AR1 and AR2 develop in association with a meridional contraction and zonal extension of high IWV
values .50 mm in the equatorward entrance region of
a quasi-stationary and intensifying NPJ (Fig. 5; also cf.
Fig. 3). Both ARs form in environments characterized
by troposphere-deep ascent illustrated by regions of
600-hPa upward vertical motion with a magnitude that
exceeds 29 3 1023 hPa s21 and strongly divergent 250-hPa
irrotational wind vectors in the equatorward entrance
of the NPJ. The 250-hPa irrotational wind vectors are
directed poleward from regions of low PV air to regions
of high PV air within the entrance region of the NPJ and
are parallel to the direction of the upper-tropospheric
ageostrophic wind (not shown). The upper-tropospheric

4241

outflow therefore acts to increase the rate at which air
parcels accelerate into the entrance region of the NPJ.
The orientation and gradient of the irrotational flow
relative to the horizontal PV gradient is also consistent
with an increase in the magnitude of the upper-tropospheric
PV gradient via PV frontogenesis (e.g., Davies and
Rossa 1998). These processes are related to the quasistationary characteristic and concomitant intensification
of the NPJ over the East China Sea near 358N, 1208E
between 20 and 21 October 2010 (Figs. 5a,b), and over
the central North Pacific near 358N, 1708E between 22
and 23 October 2010 (Figs. 5c,d). The quasi-stationary
and intensifying characteristics of the NPJ are similar to
the quasi-stationary, ‘‘backbuilding,’’ and intensifying
characteristics of a jet streak observed in conjunction
with troposphere-deep convection over the United States
within three PREs documented by Bosart et al. (2012).
The AR1 and AR2 both develop in environments
characterized by weak 700-hPa frontogenesis ,2 K
(100 km)21 day21 and weak QG forcing for ascent associated with 700-hPa Q-vector convergence greater
than 22 3 10212 Pa m22 s21 on 20 and 22 October 2010,
respectively (Figs. 6a,c). However, as the AR1 and AR2
continue to meridionally contract and extend eastward
on 22 and 23 October 2010, respectively, they cross the
date line in environments characterized by midtropospheric frontogenesis .8 K (100 km)21 day21 and QG
forcing for ascent associated with Q-vector convergence
values less than 26 3 10212 Pa m22 s21 on (Figs. 6b,d).
The ARs are located equatorward of the regions of
strongest midtropospheric frontogenesis, indicative of
the poleward-tilt of partial IVT and transition to a baroclinic environment observed in Fig. 4 and discussed in
section 3. During this latter period of AR evolution, the
orientation of the Q vectors are directed toward regions
of higher (warmer) potential temperature at 700 hPa,
indicative of regions of lower-tropospheric geostrophic
frontogenesis and a strong thermally direct ageostrophic circulation in the entrance region of the NPJ
(Figs. 6c,d).

b. Cross-sectional perspectives
The cross sections in Fig. 7 illustrate the vertical
structure of the dynamical quantities discussed in section
4a. These quantities include the vertical distributions of
upward vertical motion, frontogenesis, ageostrophic circulation vectors, and CAPE for transects as in Fig. 4.
The lower-tropospheric water vapor mixing ratio, uppertropospheric wind speed, and potential temperature
fields from Fig. 4 are reproduced. The AR1 is initially
located in a region primarily characterized by tropospheredeep upright ascent and weak frontogenesis beneath the
equatorward entrance region of the NPJ on 20 October
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FIG. 5. IWV (mm; shaded according to the green–yellow color bar), 600-hPa upward vertical motion (1023 hPa s21;
shaded according to the gray color bar), 250-hPa wind speed (red dashed contours every 10 m s21 beginning at
50 m s21), 250-hPa potential vorticity [solid black contours at 0.5 potential vorticity units (PVU, 1 PVU 5
1026 K kg21 m2 s21), 1.0 PVU, and every 1.0 PVU thereafter], and 250-hPa irrotational wind (m s21; vectors plotted
with a magnitude .2 m s21 with reference magnitude in lower right of image) at 1200 UTC on (a)–(d) 20–23 Oct 2010.
The endpoints and midpoint of AR1 and AR2 are labeled and indicated by the heavy lines. The locations of TCs Megi,
Chaba, 17W, and the frontal low are indicated with symbols as in prior figures. The date line is prominently labeled to
highlight that the domain shifts eastward over time. Barbell lines pertain to cross-sectional analyses in Figs. 4 and 7.
The data source is the NCEP CFSR.

2010 (Fig. 7a). The AR1 is subsequently located in a region characterized by both upright ascent and sloped
ascent on 21 October 2010 (Fig. 7b). The sloped ascent
regions in the middle and upper troposphere correspond
to regions of sloped frontogenesis with a magnitude
.2 K (100 km)21 day21 (Fig. 7b), whereas the upright
ascent regions correspond to regions of CAPE values
.1000 J kg21 (Fig. 7e)3 and regions of lower-tropospheric
mixing ratio values .15 g kg21 (Figs. 7a,b). The regions
of troposphere-deep sloped frontogenesis correspond to
a thermally direct ageostrophic circulation in the plane of
the cross section on 20 and 21 October 2010 (Figs. 7a,b).
The AR2 is initially located in a region characterized
by troposphere-deep upright and sloped ascent in the

Observed CAPE values . 1000 J kg21 over portions of the
subtropical western North Pacific are not uncommon in October
(e.g., Riemann-Campe et al. 2009).
3

equatorward entrance region of the NPJ on 22 October
2010 (Fig. 7c). The sloped ascent regions correspond to
regions of sloped frontogenesis with a magnitude .3 K
(100 km)21 day21 (Fig. 7b), whereas the upright ascent
regions correspond to regions of CAPE values .2000 J kg21
(Fig. 7e) and regions of lower-tropospheric mixing
ratio values .15 g kg21 (Fig. 8c). The AR2 is subsequently located in a region characterized by lowerand midtropospheric sloped ascent equatorward of
the NPJ on 23 October 2010 (Fig. 7d), corresponding
to regions of sloped frontogenesis with a magnitude
.6 K (100 km)21 day21. The AR2 is located within an
environment characterized by CAPE values ,500 J kg21
(Fig. 7e). The regions of sloped frontogenesis on 22 and
23 October 2010 correspond to a lower- and midtropospheric thermally direct ageostrophic circulation in
the plane of the cross section (Figs. 7c,d). The abovedescribed changes in upward vertical motion, CAPE, and
frontogenesis following AR1 and AR2 are consistent with
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FIG. 6. IWV (mm; shaded according to the green–yellow colorbar), 700-hPa potential temperature (solid contours
every 3 K), 700-hPa horizontal frontogenesis [K (100 km)21 day21; shaded according to the gray colorbar], 700-hPa
Q vectors (1028 Pa m21 s21; reference magnitude in lower right of image), and 700-hPa Q-vector divergence (increasingly negative values contoured from light blue to dark blue every 2 3 10212 Pa m22 s21) at 1200 UTC on (a)–(d)
20–23 Oct 2010. Labeling convention and data source are as in Fig. 5.

a transition from a tropical environment to an extratropical environment as discussed in section 3c. The
evolution from upright to sloped upward vertical motion
following AR1 and AR2 further suggests the ARs become coupled to the thermally direct ageostrophic circulation in the entrance region of the NPJ and that they
likely overlap with a portion of the warm conveyor belt.

c. Average environmental conditions along ARs
The average IWV, IVT, CAPE, 925–700-hPa frontogenesis, and terms in the water vapor budget from
Eq. (5) are computed for AR1 at 1200 UTC on 20 and
22 October 2010, for AR2 at 1200 UTC on 22 and
23 October 2010, and for the merged AR phase at
1200 UTC 24 October 2010. Each quantity is averaged
along the AR corridors drawn in Figs. 6 and 7 and are
the arithmetic average of all grid points within 618 latitude of each AR corridor. The AR corridors are defined
using a combination of IWV values .40 mm and IVT
magnitude .400 kg m21 s21. The IWV values (and IVT
magnitudes) associated with each AR decrease or remain constant (increase) between the development and

evolution phases (Table 1). The increase in IVT, despite
coincident decreases in IWV, is associated with an increase in the vertically averaged mean horizontal wind
speed from ,10 m s21 on 20 October 2010 to .25 m s21
on 24 October 2010 (not shown). The ARs are also initially located in environments characterized by large
CAPE values .1000 J kg21 (Table 1) that likely contributed to troposphere-deep upright ascent (Fig. 7),
poleward-directed upper-tropospheric diabatic outflow
(Fig. 5), and the increase in the magnitude of the NPJ
(Fig. 3). As a result, the ARs were subsequently located in
environments characterized by regions of area-averaged
925–700-hPa frontogenesis .5 K (100 km)21 day21
(Table 1) and area-averaged 700-hPa QG forcing for
ascent associated with Q-vector convergence ,20.5 3
10212 Pa m22 s21 (not shown; see Fig. 6).
The precipitation rate along the AR1 corridor is initially 35.0 mm day21 and the IVT convergence along
the AR1 corridor is 16.3 mm day21 on 20 October 2010
(Table 2). The resulting IWV tendency is 216.8 mm day21
and is consistent with IWV removal via saturated ascent
and large precipitation rates. The precipitation rate along
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FIG. 7. Cross sections of horizontal wind speed (dark-to-light shade for values .50 m s21), mixing ratio (light-to-dark shade for values
.6 g kg21), two-dimensional frontogenesis [dashed contours every 10 K (100 km)21 day21 starting at 10 K (100 km)21 day21], potential
temperature (K; solid gray contours labeled along right vertical axis), upward vertical motion (solid contours every 3 3 1023 hPa s21), and
ageostrophic circulation vectors in the plane of the cross section (horizontal component in m s21 and vertical component in hPa s21;
reference vectors shown at bottom right) at 1200 UTC on (a)–(d) 20–23 Oct 2010. (e) Transect CAPE (J kg21) is provided. Cross-sectional
lines are provided in Figs. 4, 5, and 6. Pressure is labeled along left vertical axis in hPa. The data source is the NCEP CFSR.
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TABLE 1. Area-averaged IWV (mm), IVT (kg m21 s21), CAPE (J kg21), and 925–700-hPa layer-mean two-dimensional frontogenesis
[K (100 km)21 day21] along AR corridors. The area-average is the mean of all gridpoint data locations within 618 latitude of each AR
corridor (see text). The data source is the NCEP CFSR dataset.

AR
AR1
AR2
Merged

Day (1200 UTC)

IWV (mm)

IVT (kg m21 s21)

CAPE (J kg21)

Frontogenesis [K
(100 km)21 day21]

20 Oct
22 Oct
22 Oct
23 Oct
24 Oct

57.7
49.0
53.0
54.8
52.6

425.0
923.0
752.9
1002.8
1050.1

1333.9
130.5
1897.6
653.6
5.5

0.2
8.5
0.2
8.4
2.3

the AR1 corridor subsequently decreases, whereas the
IVT convergence is approximately constant. The evaporation rate also increases along the AR1 corridor, and
the resulting IWV tendency increases to 0.8 mm day21 at
1200 UTC 22 October 2010. The decrease in the precipitation rate and constant IVT convergence along the
AR1 corridor is consistent with a transition from an
environment characterized by tropospheric-deep upward vertical motion to an environment characterized
by poleward-tilted sloped ascent in the presence of
strong frontogenesis. The terms in the water vapor
budget along the AR2 corridor are less defined as the
water budget tendencies for AR1 given its short life
cycle prior to merging with AR1 over the eastern North
Pacific. The IWV tendency along the AR2 corridor is
23.3 mm day21 at 1200 UTC 22 October 2010 primarily
in association with large IVT convergence values,
whereas the IWV tendency is 21.4 mm day21 at 1200 UTC
23 October 2010 in association with large precipitation rates
and IVT convergence.

5. Trajectory analysis
An air parcel trajectory analysis is provided in order
to assess the origination and termination locations of air
parcels that are collocated with AR1 and AR2 (Figs. 8
and 9, respectively). The analysis is limited to the time
periods that correspond to the development of the ARs
and time periods representative of their evolution across
the North Pacific prior to landfall. Kinematic backward

and forward air parcel trajectories are computed from
locations at 950 hPa on a 18 latitude 3 18 longitude grid
for locations with IWV values .40 mm and IVT values
.400 kg m21 s21 centered near the midpoint of each AR
corridor drawn in Figs. 6 and 7. The horizontal and
vertical locations of air parcels are linearly interpolated
with a 1-h time step from the horizontal and vertical wind
components in the 6-hourly NCEP CFSR reanalysis. The
water vapor mixing ratio and potential temperature following the trajectories are analyzed every 6 h at CFSR
reanalysis times. A Lagrangian form of the water vapor
budget shown in section 2 is also analyzed every 6 h as
d[IWV]/(dt) 5 E 2 P following a methodology similar to
Stohl and James (2004).

a. Development and evolution of AR1
The time of AR1 development td is set at 1200 UTC
20 October 2010. The AR1 at td 1 0 h comprises air parcels
located at 950 hPa that originate in the lower troposphere at or below 900 hPa to the east of TC Megi and
to the northwest of TC Chaba at td 2 72 h (1200 UTC
17 October 2010; Fig. 8a). These air parcels are characterized by IWV values .50 mm (Fig. 8a) at td 2 72 h and
maintain these IWV values at td 1 0 h (Figs. 8a,b). Air
parcels subsequently proceed along two trajectory paths
between td 1 0 and td 1 72 h (1200 UTC 23 October
2010; Fig. 8c). Air parcels either remain in the lower
troposphere below 700 hPa and travel to the west within
the lower-tropospheric cyclonic circulation of TC Megi
or rapidly ascend into the upper troposphere above

TABLE 2. Area-averaged precipitation rate (mm day21), IVT convergence (mm day21), evaporation rate (mm day21), and IWV tendency (mm day21) along AR corridors. The area-average is the mean of gridpoint data locations within 618 latitude of each AR corridor
(see text). The data sources are the NCEP CFSR and NASA TRMM dataset.

AR
AR1
AR2
Merged

Day (1200 UTC)

Precipitation
(mm day21)

IVT convergence
(mm day21)

Evaporation
(mm day21)

IWV tendency
(mm day21)

20 Oct
22 Oct
22 Oct
23 Oct
24 Oct

35.0
26.0
4.1
60.3
7.8

16.3
18.0
22.6
51.6
–3.8

2.0
8.8
4.7
7.3
1.6

216.8
0.8
23.3
–1.4
–10.1
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FIG. 8. AR1 trajectories: (a)–(f) 72-h backward and forward air parcel trajectories for air parcels terminating at 950 hPa at the development time td of AR1 at 1200 UTC 20 Oct 2010. Panels include (a) 72-h backward air parcel trajectories overtop td 2 72 h IWV (mm;
shaded) and 250-hPa wind speed (contours every 10 m s21 beginning at 50 m s21); (b) locations of air parcel trajectories at td 1 0 h based on
IWV . 40 mm and IVT . 400 kg m21 s21; (c) as in (a), but for 72-h forward air parcel trajectories overtop td 1 72 h IWV and 250-hPa wind
speed; (d) parcel pressure (hPa); (e) parcel potential temperature (K); and (f) parcel mixing ratio (g kg21). (g)–(l) As in (a)–(f), but for
72-h backward and forward air parcel trajectories for air parcel terminating at 950 hPa at the evolution time te of AR1 at 1200 UTC 22 Oct
2010. Trajectories are shaded according to parcel pressure and are not drawn if they attain a pressure value .1000 hPa (marked by an
‘‘3’’). Trajectory endpoints contain white-filled circles. The locations of tropical cyclones are noted as in prior figures. The data source is
the NCEP CFSR.
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FIG. 9. AR2 trajectories: As in Fig. 8, but for 72-h backward and forward air parcel trajectories for air parcels terminating at 950 hPa at
(a)–(f) the development time td of AR2 at 1200 UTC 22 Oct 2010 and (g)–(l) the evolution time te of AR2 at 1200 UTC 23 Oct 2010.

400 hPa and travel to the east along the anticyclonic
shear side of the jet stream (Figs. 8c,d). The air parcels
that rapidly ascend into the upper troposphere are associated with average increases in potential temperature
.30 K (Fig. 8e) and average decreases in water vapor

mixing ratio .15 g kg21 (Figs. 8f). These changes in air
parcel pressure, potential temperature, and water vapor
mixing ratio are consistent with periods of saturated ascent, diabatic heating via condensation, and large precipitation rates during the period of AR1 development.
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The time of AR1 evolution te over the North Pacific is
analyzed at 1200 UTC 22 October 2010 (Figs. 8g–l). The
AR1 at te 1 0 h comprises air parcels located at 950 hPa
that originate in the subtropical lower troposphere at or
below 900 hPa near 308N, 1708E; and in the extratropical
midtroposphere at ;700 hPa near 458N, 1508E, at te 2
72 h (1200 UTC 19 October 2010; Fig. 8g). These air
parcels are initially characterized by IWV values ,40
and ,30 mm at te 2 72 h, respectively (Fig. 8g), and are
later characterized by IWV values .40 mm at te 1 0 h
(Fig. 8h). The confluent air parcel trajectories between
te 2 72 and te 1 0 h (Fig. 8g) are suggestive of increasing
frontogenesis (Table 1) and IVT convergence (Table 2)
along the AR corridor. Air parcels subsequently
proceed along one trajectory path between te 1 0 and
te 1 72 h (1200 UTC 25 October 2010; Fig. 8i). Air
parcels generally ascend into the upper troposphere to
;400 hPa, travel to the east along the corridor of the
upper-tropospheric jet stream, and contain diffluent trajectory paths over western North America within the exit
region of the upper-tropospheric jet stream (Figs. 8i,j).
These air parcel are associated with average increases in
potential temperature .20 K (Fig. 8k) and average decreases in water vapor mixing ratio of ;12 g kg21 (Figs. 8l).
These later changes in parcel pressure, potential temperature, and water vapor mixing ratio are consistent with
periods of less robust upward vertical motion, diabatic
heating via condensation, and precipitation rates (cf. AR1
development) during the evolution of the AR across the
North Pacific, and may be consistent with more sloped air
parcel ascent as compared to upright air parcel ascent.
The air parcels that originate in the extratropical midtroposphere are associated with increasing mixing ratio
values as they descend to 950 hPa between te 2 72 and
te 1 0 h, whereas the air parcels that originate in the
subtropics exhibit relatively constant mixing ratio values
(Figs. 8j,l).

b. Development and evolution of AR2
The time of AR2 development td is set at 1200 UTC
22 October 2010. The AR2 at td 1 0 h comprises air
parcels located at 950 hPa that originate in the lower
troposphere at or below 900 hPa to the east of TC 17W
at td 2 72 h (1200 UTC 19 October 2010; Fig. 9a). These
air parcels are initially characterized by IWV values
between 30 and 50 mm (Fig. 9a) at td 2 72 h and are later
characterized by IWV values between 40 and 50 mm at
td 1 0 h (Figs. 9a,b). A majority of air parcels subsequently
ascend into the upper troposphere above 400 hPa and
travel to the east within the upper-tropospheric jet stream
between td 1 0 and td 1 72 h (1200 UTC 25 October 2010;
Figs. 9c,d). The air parcels that ascend into the upper
troposphere are associated with average increases in
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potential temperature .30 K (Fig. 9e) and average decreases in water vapor mixing ratio .15 g kg21 (Figs. 9f).
Similar to the development of AR1, these changes in air
parcel pressure, potential temperature, and water vapor
mixing ratio are consistent with periods of saturated ascent, diabatic heating via condensation, and large precipitation rates during the period of AR2 development.
The time of AR2 evolution te over the North Pacific is
analyzed at 1200 UTC 23 October 2010 (Figs. 9g–l),
immediately prior to the merger of the two ARs. The
AR2 at te 1 0 h comprises air parcels located at 950 hPa
that originate in the subtropical lower troposphere at or
below 900 hPa near 228N, 1808, and in the extratropical
middle troposphere at ;650 hPa near 458N, 1558E, at
te 2 72 h (1200 UTC 20 October 2010; Fig. 9g). These air
parcels are initially characterized by IWV values ,40
and ,30 mm, respectively, at te 2 72 h (Fig. 9g) and are
later characterized by IWV values .40–50 mm at te 1
0 h (Fig. 9h). Air parcels subsequently ascend into the
upper troposphere above 400 hPa, travel to the east
along the corridor of the upper-tropospheric jet stream,
and contain diffluent trajectory paths over central North
America within the exit region of the upper-tropospheric
jet stream between te 1 0 and te 1 72 h (1200 UTC
26 October 2010; Figs. 9i,j). These air parcel are associated with average increases in potential temperature of
;20 K (Fig. 9k) and average decreases in water vapor
mixing ratio of ;12 g kg21 (Figs. 9l). The confluent air
parcel trajectories between te 2 72 to te 1 0 h (Fig. 9g) are
strongly suggestive of increasing frontogenesis (Table 1)
and IVT convergence (Table 2) along the AR corridor,
whereas the later changes in potential temperature and
water vapor mixing ratio are consistent with periods of
weak saturated ascent, diabatic heating via condensation,
and precipitation during the evolution of AR2 across the
North Pacific. The air parcels that originate in the extratropical midtroposphere are associated with increasing
mixing ratio values as they descend to 950 hPa between
te 2 72 and te 1 0 h (Figs. 9j,l).

c. Lagrangian water vapor budget
An IWV tendency is estimated from the Lagrangian
form of the water vapor budget following air parcels in
the trajectory analysis from 36 h before to 36 h after the
trajectory initialization time (hereafter referred to as ‘‘t’’
to collectively represent td or te). The terms are estimated as the average value of each quantity at all air
parcel locations every 6 h from the NCEP CFSR and
NASA TRMM datasets (see section 2). The average
Lagrangian IWV tendency at all air parcel locations that
comprise either the AR corridor during the development and evolution phases is generally near zero or
negative from t 2 36 to t 2 12 h and strongly negative
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from t 2 12 to t 1 36 h (Fig. 10). The general trends
observed in the Lagrangian IWV tendency are consistent with horizontal transport of water vapor (e.g., nearzero IWV tendency) and removal of water vapor via
ascent and precipitation (e.g., negative IWV tendency)
following air parcels paths. At most time periods, the
precipitation rate is much larger than the evaporation
rate.
The Lagrangian form of the water vapor budget indicates that the locations of air parcels largely are associated with constant IWV values before their
aggregation along the AR corridor and decreasing IWV
values after their aggregation along the AR corridor. In
the Eulerian framework, however, the horizontal aggregation of individual air parcels along the AR corridor
is associated with average magnitudes of the IVT convergence term .45 mm day21 during the AR development phase (Figs. 10a,c) and between 30 and 45 mm day21
during the AR evolution phase (Figs. 10b,d). The lagged
IVT convergence maxima in Fig. 10 suggests that the
average Eulerian IWV tendency is strongly influenced
by the horizontal aggregation of water vapor along the
AR corridor during the evolution phase, and less so
during the development phase. A similar lagged response in the average precipitation rate suggests that air
parcels residing along the AR corridor may ascend and
produce precipitation at a faster rate during the evolution phase as compared to the development phase. The
lagged responses are representative of the air parcel
residence times within environments meeting the AR
criteria (IWV .40 mm and IVT .400 kg m21 s21). The
air parcels are more likely to reside within environments
with large IWV values and IVT magnitudes prior to
and during the AR development phase (;18–30 h) as
compared to the AR evolution phase (;6–12 h). Evaporation is not a large contribution to the average Lagrangian IWV tendency; however, during select time
periods evaporation from the surface may act to increase
or decrease the IWV tendency when the precipitation
rate is small. Small differences in the IWV tendency
and terms in the Lagrangian water vapor budget are
observed for air parcels that originate in the extratropics versus those that originate in the subtropics
during the evolution phases of the two ARs (not
shown). The largest differences between the two
groups of air parcels is the evaporation rate, which is
approximately 30% larger following air parcels that
originate in the extratropical midtroposphere and
descend into the lower troposphere along the AR
corridor (not shown). These differences are consistent
with increase in water vapor mixing ratio along air
parcel trajectories that originate in the extratropics
(Figs. 8l and 9l).
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6. Synthesizing discussion
a. Dynamical summary
A schematic overview for the development and evolution of two zonally elongated ARs in this study is
provided in Fig. 11. The two ARs in this study developed
near western North Pacific TCs Megi, Chaba, and 17W
in association with water vapor transport from regions
of IWV . 50–60 mm near the TCs. The two ARs developed within high-CAPE environments in the equatorward entrance region of an intensifying NPJ that
supported troposphere-deep air parcel ascent, large diabatic heating and precipitation rates, and uppertropospheric diabatic outflow that geographically anchored
and intensified the NPJ over the western and central
North Pacific (Figs. 11a,b). The IWV associated with
each AR (primarily AR1) decreased during the period
of development in association with large precipitation
rates. The strong thermally direct ageostrophic circulation that developed beneath the entrance region of the
NPJ was subsequently associated with troposphere-deep
sloped frontogenesis and IVT convergence that offset
the deleterious effect of precipitation on the IWV tendency during the period of AR evolution over the central North Pacific (Figs. 11c,d). Although the ARs
initially developed in conjunction with water vapor
largely transported from regions near western North
Pacific TCs and in the presence of large precipitation
rates, the subsequent evolution of the ARs occurred in
conjunction with water vapor transported from the extratropics and subtropics in the presence of frontogenesis and IVT convergence over the central and eastern
North Pacific (Fig. 11e). The landfall of the zonally
elongated and merged AR subsequently produced widespread heavy precipitation (.50 mm; maxima of .200 mm)
at many locations across coastal and interior Northern
California, Oregon, and Washington (Fig. 11e).

b. Similarities to predecessor rain events
The development of the two ARs in this study share
several similarities with PRE formation documented in
the studies outlined in section 1. The ARs described in
this study, and PREs documented in previous studies,
developed in association with water vapor transported
from regions near a TC within high-CAPE environments
and contained air parcels that experienced tropospheredeep ascent into the upper troposphere. The ARs also
developed and evolved across the North Pacific within
the thermally direct frontogenetical ageostrophic circulation beneath the equatorward entrance region of a quasistationary and intensifying upper-tropospheric jet streak.
As seen in case studies, composite analyses, and numerical modeling studies of PREs (e.g., Schumacher
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FIG. 10. Average contributions to the IWV tendency from the Lagrangian form of the water vapor budget following air parcel trajectories from Figs. 8 and 9 for the 36 h before and 36 h after the (a) development time of AR1 at
1200 UTC 20 Oct 2010, (b) evolution time of AR1 at 1200 UTC 22 Oct 2010, (c) development time of AR2 at
1200 UTC 22 Oct 2010, and (d) evolution time of AR2 at 1200 UTC 23 Oct 2010. Contributions include precipitation
rate (mm day21; solid) and evaporation rate (mm day21; gray). The IWV tendency (mm day21) is plotted as a solid
line with circle markers. The average IVT convergence (mm day21; square markers) is shown when air parcels were
located in ‘‘AR’’ environments containing IWV . 40 mm and IVT . 400 kg m21 s21 (shaded). The average values
represent the arithmetic mean of values at all air parcel locations at a given time lag relative to td or te.

et al. 2011; Bosart et al. 2012; Moore et al. 2013) and
recurving western North Pacific TCs (e.g., Archambault
et al. 2013), the current analysis also illustrated tropospheredeep air parcel ascent and coincident upper-tropospheric
diabatic outflow that contributed to an intensification
and ‘‘back building’’ evolution of the upper-tropospheric
jet.
The relative importance of the TCs and the uppertropospheric diabatic outflow is demonstrated by
Schumacher et al. (2011), who show that the uppertropospheric diabatic outflow in the entrance region of
an upper-tropospheric jet streak is reduced in a model
simulation in which a tropical water vapor plume is removed (see their Fig. 18a). Similar results for the case
with and without a recurving western North Pacific TC
are shown in Grams et al. (2013). The presence of a PRE

or TC can have a potentially large influence on the
structure and evolution of the upper-tropospheric jet. In
the present study, the TCs likely contributed to AR
development in association with the poleward transport
of tropical water vapor into the subtropics. The diabatic
outflow in the equatorward entrance region of an intensifying upper-tropospheric jet streak associated with
the TCs and the PRE-like AR development also likely
contributed to AR evolution in association with the
development of a strong thermally direct ageostrophic
circulation and concomitant IVT convergence along the
AR corridors.
NASA’s TRMM estimates of the average precipitation rates were ;5–60 mm day21 along the AR corridors (Table 2) and were ;0–60 mm day21 following air
parcels (Fig. 10) comprising the ARs during the AR
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FIG. 11. Schematics representation of the (a) horizontal and (b) vertical structure of AR development in association with water vapor
transport from a TC in the equatorward entrance region of an intensifying upper-tropospheric jet streak in the presence of precipitation,
and of the (c) horizontal and (d) vertical structure of AR evolution in association with frontogenesis and a strong thermally direct
ageostrophic circulation within the equatorward entrance region of an intense upper-tropospheric jet streak in the presence of IVT
convergence; (b) and (d) are modeled after Shapiro (1982). (e) An overview of water vapor source regions during AR development (i.e.,
tropical source regions) and during AR evolution (i.e., subtropical and extratropical source regions). The 48-h accumulated precipitation
ending at 1200 UTC 25 Oct 2010 from Fig. 1d is contoured and shaded in gray above 50 mm over the western United States.
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development and evolution phases. NASA’s TRMM
estimates of the instantaneous precipitation rate for individual locations along the AR corridors and individual
air parcels were .100 mm day21 on 20–22 October 2010
(not shown). Observed precipitation totals over coastal
and interior regions of Northern California also exceeded 100 mm day21 with many locations receiving
200 mm over a 2-day period (Fig. 1d). Evidence suggests
that the development phases of the ARs may have been
associated with PRE development based on the transport of water vapor from TC source regions and instantaneous precipitation estimates from NASA’s TRMM
dataset of .100 mm day21; however, the precipitation
event produced by the subsequent evolution of the ARs
and landfall of the merged AR cannot be considered
a PRE as it did not occur in conjunction with water vapor transport directly from a TC. Although observational
evidence indicates that not all PREs are associated with
the formation of ARs, the aforementioned atmospheric
processes associated with the formation of PREs were
particularly conducive to the development of the two
ARs over the North Pacific in October 2010. Future work
is aimed at investigating what fraction of TCs and PREs
over the western North Pacific may be associated with the
subsequent development of ARs and whether or not
these ARs increase or decrease our ability to better
predict extreme rain events along the U.S. West Coast.

c. Implications of results
The results of this study demonstrate that AR formation over the western North Pacific can occur in association with poleward water vapor transport from
TCs. This process is similar to a tropical moisture export
from a TC described in Knippertz et al. (2013). The
processes described for AR formation in this study also
complements research that describes the formation of
AR-like features downstream of upper-tropospheric
subtropical troughs at low latitudes (e.g., McGuirk et al.
1987; Waugh and Funatsu 2003; Knippertz 2007; Ralph
et al. 2011). The results herein indicate that AR-like
features may also form in the absence of an upstream
subtropical trough given sufficient poleward water vapor transport into the midlatitudes on the east and
poleward side of a TC. The air parcel trajectory analysis
also suggests that the two ARs in this study were associated with IVT corridors that likely constituted a portion of the broad ascending warm conveyor belt as in
Eckhardt et al. (2004).
This study used an atmospheric water vapor budget to
demonstrate that decreases in IWV via precipitation
processes in the presence of troposphere-deep upward
vertical motion during the development phase of an AR
can be subsequently offset by increases in IWV via IVT

VOLUME 141

convergence and evaporation during the evolution
phase of an AR. The subsequent evolution of the zonally
elongated ARs in the present study occurs in association
with a transition from a tropical environment to an
extratropical environment characterized by QG forcing
for ascent and a strong thermally direct ageostrophic
circulation in the entrance region of an intensifying and
zonally elongated upper-tropospheric jet streak. The
extratropical environment and related dynamical processes act to sustain large IWV values in conjunction
with horizontal aggregation of subtropical and extratropical water vapor along the AR corridors via frontogenesis. The dynamical processes associated with IVT
convergence in the present study are similar to results
documented by Bao et al. (2006) and Neiman et al.
(2013), who show that some significant ARs strengthen
markedly in the presence of frontogenesis and in the
absence of direct water vapor transport from the tropics.
The evolution of AR1 occurs equatorward of a frontal
low that rapidly propagated across the North Pacific
with characteristics similar to a diabatic Rossby wave.
A diabatic Rossby wave is characterized by a lowertroposphere PV maximum that typically propagates
eastward due to diabatic PV tendencies induced by latent heat release in the presence of saturated ascent
along a strong lower-troposphere baroclinic zone. The
environment of a zonally elongated AR, characterized
by strong lower-tropospheric frontogenesis and large
IWV values, may be particularly conducive to the development and rapid eastward propagation of diabatic
Rossby waves. Although not discussed in the present
study, Lackmann (2002) illustrates that latent heat release is an important contributor to the development and
eastward propagation of elongated lower-tropospheric
PV bands that accompany regions of water vapor
transport in the warm sector of some cyclones. Previous
studies of diabatic Rossby waves have not specifically
drawn connections between zonally elongated ARs and
diabatic Rossby waves; however, several studies have
identified tropical moisture source regions and air parcel
trajectories consistent with the warm conveyor belt region of intensifying cyclones as ingredients in at least
some life cycles of diabatic Rossby waves (e.g., Wernli
et al. 2002; Moore et al. 2008; Cordeira and Bosart 2011).
This study represents a noteworthy advance in the
understanding of the connection between tropical processes and midlatitude ARs. Unlike Ralph et al. (2011),
which used a P-3 research aircraft to document a direct
‘‘tropical tap’’ (i.e., tropical moisture export) in an AR
event that led to heavy rain in Oregon, this study shows
an indirect effect of the tropics on a midlatitude AR via
dynamical processes associated with the interaction of
TC and PRE-like diabatic outflow with the NPJ. The
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impressive visual aspect of this event in SSM/I satellite
observations and evolution of the ARs over the North
Pacific belies the fact that ARs are a highly dynamic
feature for which continuous regeneration of IWV
through evaporation and water vapor flux convergence
act to maintain the distinctive IWV signature against
strong water vapor loss through precipitation.
Future work will explore the landfalling aspect of this
event, including evaluation of the role of the merger of
the two initially separate ARs into one strong AR at
landfall. It is likely that the merging ARs contributed to
both the intensity and duration of the event. These aspects will be compared with the findings of a climatological study of AR duration (Ralph et al. 2013), and of
the role of the Sierra barrier jet (SBJ) in deflecting
a landfalling AR upward over the SBJ (Kingsmill et al.
2013). Additionally, given that there can be significant
uncertainties in the representation of key atmospheric
processes in reanalysis datasets, future work is aimed at
further investigations of the terms in the atmospheric
water vapor budget from both a numerical modeling
perspective and from aircraft and remote sensing observations. Such observations would need to recognize
that the magnitudes of the precipitation rate, water vapor flux convergence, evaporation rate, and IWV tendencies vary greatly from one region to another during
an event, and would need to span the complete life cycle
of an AR (i.e., from the ‘‘development’’ phase to the
‘‘evolution’’ phase).
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