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ABSTRACT
A significant enhancement of precipitation can result from the interplay between two independent, largescale phenomena: an atmospheric river (AR) and a cutoff low. An AR is a long, narrow region with a deep
moist layer. A cutoff low is an upper-level cyclonic eddy isolated from the meandering upper-level westerly
jet. Herein, we construct composites of cutoff lows both close to an AR (AR-close category) and distant from
an AR (AR-distant category) over a 14-yr period across the western North Pacific region. A comparison
between the two categories shows an enhanced precipitation area to the northwest of the cutoff low and to the
south of the AR axis in the AR-close category. The horizontal formation among the AR, cutoff low, and
enhanced precipitation area in the composite coincides with that in a disastrous flood event that occurred in
Hiroshima, Japan, in 2014. The deep moist layer associated with the AR, and the destabilization and isentropic up-gliding effect associated with the cutoff low are also observed in both the composite and the
Hiroshima cases. We further evaluate the distribution of quasigeostrophic forcing (Q vector) for vertical
motion. This shows that warm air advection associated with the AR overcomes the descending forcing inherent in the northwest of the cutoff low and makes the instability and up-gliding effect in that region more
effective. These results indicate that the interplay between ARs and cutoff lows is a common mechanism in
the enhancement of precipitation and the Hiroshima case is an extreme precipitation event caused by this
interplay.

1. Introduction
A disastrous flood occurred in Hiroshima, Japan, on
19 August 2014, with more than 200 mm of cumulative
rainfall recorded over a 3-h period. Hirota et al. (2016,
hereafter H16) analyzed this flood event and determined that two large-scale atmospheric features, an atmospheric river (AR) and a cutoff low, played a significant
causal role in this torrential rainfall.
ARs are long, narrow regions with high water vapor
content that contribute to a large portion of water vapor
transport from the tropics to the midlatitudes (Zhu and
Newell 1998; Ralph et al. 2004; Gimeno et al. 2014).
They are identified more frequently in midlatitude ocean
basins than over land or at other latitudes (Guan and
Waliser 2015). ARs possess large water vapor content
in both the boundary layer and the free troposphere
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(Ralph et al. 2004). Heavy rainfall events along the
western margins of continents generally occur in conjunction with the landfall of ARs (Ralph et al. 2006;
Dettinger et al. 2011), and most of the precipitation associated with ARs occurs as orographic precipitation
(Ralph et al. 2011). A large fraction of ARs occur during
the cool season because they are associated with the
warm sector of extratropical cyclones (Gimeno et al.
2014). However, in the western North Pacific, the highest frequency of ARs is observed during the summer
months, associated with the East Asia monsoon, and
such ARs are noted to have complex shapes (Mundhenk
et al. 2016; Kamae et al. 2017).
Cutoff lows are cold-core upper cyclonic eddies that
are isolated from the meandering, upper-level westerly
jet. An approaching cutoff low destabilizes the atmosphere due to the accompanying upper-level cold air and
induces severe weather events such as hailstorms (Chen
and Tang 2004; Zhang et al. 2008).
Cutoff lows over the western North Pacific are generated around a mid-Pacific trough located at 1608E–
1608W (Sakamoto and Takahashi 2005; Wen et al. 2018)
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FIG. 1. Synoptic patterns on or before the day when the Hiroshima rainfall event occurred.
Color shows the potential vorticity on the 350-K isentropic surface (PVU). Red contours show
precipitable water anomalies (mm, only for $10 mm). Vectors show wind on the 200-hPa
pressure surface (m s21, only for $30 m s21). The time is 1800 UTC in all the figures.

and are linked to Rossby wave breaking (Wernli and
Sprenger 2007). An anticyclone generally occurs below a
cutoff low (Sugi and Kanamitsu 1982; Chen and Tang
2004; Nieto et al. 2008). Cutoff lows have a greater effect
on precipitation patterns over dry regions than over wet
regions (Favre et al. 2013; Abatzoglou 2016).
The H16 study investigated the effects of a cutoff low
and an AR on precipitation through potential vorticity
(PV) inversion analyses and sensitivity studies using a
cloud-resolving model. H16 emphasized the essential
role of interplay between an AR, existing along with a
large-scale trough and providing anomalous moisture
to the free troposphere, and an upper tropospheric
cutoff low, which dynamically induced upward motion in the midtroposphere as well as thermodynamically destabilized the atmosphere in the midlevels,
around 600 hPa. The main purpose of this study is the
statistical investigation of the enhancement of precipitation through the interplay between an AR and a
cutoff low, as in the case of the extreme rainfall at
Hiroshima.
To demonstrate synoptic environments for precipitation enhancement through this interplay, the synoptic

environments of the Hiroshima case are shown in Fig. 1.
The cutoff low related to the Hiroshima case was generated at around 1608E–1808, around the mid-Pacific
trough (Fig. 1a). It traveled westward over the western North Pacific (Figs. 1b,c), before moving northwestward toward the large-scale trough located over
China (Figs. 1c,d). The corresponding AR remained
stationary along with an upper westerly jet (e.g.,
Horinouchi 2014). The Hiroshima case occurred when
the cutoff low approached and intersected the AR
(Fig. 1d).
A number of studies concerning precipitation enhancement related to upper tropospheric phenomena have been
performed for localities in Europe and the United States.
For example, Martius et al. (2006) showed that an upper
tropospheric PV streamer was situated over western
Europe in 73% of days when the Swiss Alpine south
side was characterized by extreme precipitation. Studies
by Massacand et al. (1998), Froidevaux and Martius
(2016), and Giannakaki and Martius (2016) have also
noted the importance of upper tropospheric phenomena
on extreme precipitation along the Swiss Alpine south
side. Hardy et al. (2017) investigated the sensitivity of
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accumulated precipitation across the United Kingdom
to upper-level PV anomalies. Oakley and Redmond
(2014) and Abatzoglou (2016) documented the contribution of cutoff lows to precipitation in the United States.
In other regions, Knippertz and Martin (2005) demonstrated the importance of moisture transport in the midto upper troposphere, together with upper tropospheric
dynamics, to produce intense precipitation in subtropical
and tropical West Africa. de Vries et al. (2018) also
showed the importance of an interaction between an
upper tropospheric PV streamer and integrated water
vapor transport for extreme precipitation events in the
Middle East. In relatively humid regions such as East
Asia, the characteristics of the lower troposphere, such
as moisture convergence in the boundary layer, a lowlevel jet, and topographic effects, are usually considered
the primary factors for heavy rainfall events (Chen et al.
2005; Kato 2006; Juneng et al. 2007; Moore et al. 2012;
Tsuguti and Kato 2014; Tu et al. 2014). The mechanism
that caused the 2014 Hiroshima precipitation event is
still debated.
The objective of this study is to determine whether
the interplay between cutoff lows and ARs, such as that
occurring in the Hiroshima case, typically induces precipitation enhancement. We evaluate this by statistically
investigating the impact of this interplay on precipitation enhancement. We begin by describing the data used
in the analyses (section 2) and then provide an overview
of the implemented methods to produce anomaly data,
detect ARs and cutoff lows, produce composites, and
evaluate quasigeostrophic (QG) forcing for vertical
motions (section 3). We present the results of our
statistical analyses in section 4 and conclude with a discussion of the effects of the interplay on precipitation
in section 5.

2. Data used in the analysis
The Japanese 55-year Reanalysis (JRA-55; Kobayashi
et al. 2015; Harada et al. 2016), which provides global
6-hourly atmospheric variables at a 1.258 3 1.258 spatial
resolution, is used to detect cutoff lows and ARs. The
data are also used to analyze environmental characteristics such as temperature, specific humidity, PV,
and vertical velocity and evaluate QG forcing. The
precipitation dataset is obtained from the Global Satellite Mapping of Precipitation (GSMaP) reanalysis
product (ver. 6) from the Global Precipitation Measurement (GPM) mission (Kubota et al. 2007; Aonashi
et al. 2009), which provides hourly precipitation at a
0.18 3 0.18 spatial resolution between 608N and 608S.
The precipitation data are converted to 6-hourly data via
time averaging. We used the best track data provided

TABLE 1. Monthly number of cutoff lows grouped into either the
AR-close category or the AR-distant category. Parentheses indicate cases not used in the analyses.
AR-close category

AR-distant category

(0)
(0)
(1)
(1)
12
13
21
36
36
18
(3)
(3)

(0)
(0)
(0)
(2)
9
16
20
31
32
11
(3)
(1)

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

by the Joint Typhoon Warning Center (JTWC) to obtain
information on the locations of tropical cyclones, which
is used in cutoff low detection and AR detection to eliminate cutoff lows and ARs located near tropical cyclones.
May to October 2000–13 was chosen as the period
of analysis because almost all cutoff lows occur during
these months (see Table 1). The period from 2000 to
2013 is set due to the limited period of the GSMaP reanalysis product. The analysis region spans 08–608N,
1008–2008E (1608W).

3. Method
a. Anomaly data
Anomalies from a 31-day running mean daily climatology for 1986–2015 at each JRA-55 grid are used as
precipitable water anomalies to detect ARs. The 31-day
running mean daily climatology is the average of precipitable water for 31 days centered on each day for 30 yr
at each grid. Anomaly data for the specific humidity and
temperature of the analyses are calculated by the
same method.

b. Cutoff low detection
A cutoff low is defined as a region surrounded by a
2-PVU (1 PVU 5 1026 K kg21 m2 s21) contour on an
isentropic surface and appears as an isolated stratospheric PV (Hoskins et al. 1985; Nieto et al. 2008). We
use PV on the 350-K isentropic surface to detect
cutoff lows traveling over the western North Pacific.
The following criteria are used for the detection of
cutoff lows: 1) the region is surrounded by a 2-PVU
contour, 2) the maximum PV value is larger than
3 PVU, 3) the region is not directly adjacent to the
boundary of the analysis region, 4) the maximum PV
positions are separated by #58 between two continuous
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JRA-55 time steps (6 h), 5) the distance between the
centers of any tropical cyclones and the region is .58,
and 6) these criteria are satisfied for more than 48 h.

c. AR detection
ARs are defined using the vertically integrated precipitable water anomaly with the following conditions:
1) the region is surrounded by a 10-mm contour of
the anomaly, 2) the maximum value of the anomaly
is .15 mm, 3) the distance between the centers of any
tropical cyclones and the region is .58, 4) the centroid of
the anomaly in the region is located north of 208N, 5) the
length of the AR axis is longer than 2000 km, and 6)
the length/width ratio of the AR is .2, where the axis
length and width of the AR are calculated following
the method of Guan and Waliser (2015). Thresholds of
10 and 15 mm of precipitable water anomalies correspond to around x 1 1:3sx and x 1 2sx , respectively, in
an area in which an AR has been detected (208–608N,
1008–2008E), where x and sx indicate an averaged
precipitable water anomaly (0.26 mm) and its standard deviation (7.51), respectively, during the analysis period.
Our method for detecting ARs using the precipitable
water anomaly is distinct from methods implemented in
previous AR studies (e.g., Zhu and Newell 1998; Ralph
et al. 2004; Dettinger et al. 2011). We adopt the anomaly
based method because the ARs in the western North
Pacific region occur in a moisture-rich environment
(Guan and Waliser 2015) due to the transport of large
amounts of water vapor from the tropics, particularly
during the summer season, associated with the baiu
front and summer monsoon (Knippertz and Wernli
2010). Previous studies have also used integrated water
vapor transport anomalies to detect ARs in the western
North Pacific region (e.g., Mundhenk et al. 2016; Kamae
et al. 2017).

d. Definition of the AR-close and AR-distant
categories and composite method
Cutoff lows detected using the aforementioned criteria can be further grouped into two categories, AR-close
and AR-distant, based on the smallest distance between
the axis of an AR and a cutoff low center. We assume
that the interplay enhances precipitation around AR-close
category cutoff lows such as in the Hiroshima case. In
contrast, we assume that cutoff lows in the AR-distant
category have little interplay with the AR. The cutoff
low center is defined as the maximum value of a horizontally smoothed PV inside a closed 2-PVU contour at
each time step. The smoothing of PV for each grid is
performed by calculating the averages of PV at the grid
itself and at the eight grids surrounding it. A cutoff low
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is grouped into the AR-close category when the smallest
distance between the axis of an AR and a cutoff low
center is between 58 and 12.58 for more than two continuous JRA-55 time steps at any point during its life
cycle. In contrast, a cutoff low is grouped into the ARdistant category when the smallest distance is between
12.58 and 208. We exclude cutoff lows with distances
smaller than 58. Such cases are not appropriate for the
analysis of interplay since ARs probably penetrate into
cutoff lows which generally possess horizontal scales of
38–58 (Wen et al. 2018).
The AR-close and AR-distant categories contain 136
and 119 cutoff low cases, respectively, where ‘‘a case’’ is
defined as the average of all snapshots that satisfy the
criteria. The total numbers of snapshots satisfying the
AR-close and AR-distant criteria are 1009 and 781, respectively. The average is calculated by aligning the
cutoff low center. Composite analyses can then be performed in a manner similar to the average method for ‘‘a
case,’’ with the cases in each category considered in
the analyses.
We perform an additional analysis involving subdivision of the AR-close category into three classes
(section 4d). The distance criteria for the three classes are set to 58–7.58 (named the 58–7.58 class), 7.58–
108 (named the 7.58–108 class), and 108–12.58 (named
the 108–12.58 class). The numbers of cutoff low cases
in each class are 54, 69, and 85, respectively. The
distance criterion for the AR-distant category is set
to 158–17.58 to adjust the range of the distance criterion, and the number of cutoff low cases in this category is 48.

e. Statistical testing method
Statistical significance is determined via the bootstrap
method. At each grid point, N samples are randomly
chosen from N cases with replacement and averaged,
where N indicates the number of cases in each category.
This process is repeated 2000 times, and the statistical
significance of the results is determined from these 2000
averages.

f. Method to evaluate QG forcing for vertical motion
We use the Q-vector form of the QG omega equation
(Hoskins et al. 1978) to evaluate the distribution of
large-scale dynamic forcing for vertical motion. Following Holton (2004, p. 170), the Q-vector form of the
omega equation is defined as
s=2 v 1 f02

›yg k 2
›2 v
5 22=  Q 1 f0 b
2 = J,
2
›p
›p p

(1)

where
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FIG. 2. Geographical distributions of cutoff lows in the (a) AR-close and (b) AR-distant
categories. Each dot shows the location of the center of a case-averaged cutoff low. Black
contours indicate the time-averaged potential vorticity on the 350-K isentropic surface
(unit: PVU) during the analysis period. Color shows the time-averaged AR frequency (unit:
%) during the analysis period. Blue rectangles indicate the location of the mid-Pacific
trough.



R ›Vg
R ›Vg
 =T, 2
 =T ,
Q5 2
p ›x
p ›y

(2)

and s is a standard atmosphere static stability parameter, v is the vertical velocity, f0 is the Coriolis parameter,
R is the gas constant, p is pressure, Vg 5 (ug, y g) is a
geostrophic wind vector, x is an eastward distance, y is a
northward distance, b is the variation in the Coriolis
parameter with latitude, k is the ratio of the gas constant
to the specific heat at constant pressure, J is the adiabatic
heating rate, and T is temperature. Note that we focus
on the QG forcing term (22=  Q) in this analysis. A
positive value of the QG forcing term (22=  Q . 0)
indicates QG ascending motion. We calculate Q-vector
divergence using JRA-55 data after smoothing the
horizontal resolution to a 2.58 grid.

4. Results
a. Comparison of cutoff lows with and without ARs
Almost all cutoff lows in this analysis occurred between May and October, with only a few cases observed
between November and April (Table 1). This seasonal
dependence is consistent with the climatology of cutoff
lows in previous studies (Chen and Chou 1994; Wernli
and Sprenger 2007; Wen et al. 2018). Considering this
seasonal dependence of cutoff lows, the following analyses are performed for 6 months from May to October
over 14 yr.
The geographical distributions of cutoff lows in
the AR-close and AR-distant categories are shown in
Fig. 2. The cutoff lows are located in the region of the

mid-Pacific trough (the region surrounded by a blue
rectangle in Fig. 2) and its west. The average moving
directions of cutoff lows in both categories are west to
northwest (not shown). These results are consistent with
the reported characteristics of cutoff lows over the
western North Pacific (Kelley and Mock 1982; Chen and
Chou 1994; Wen et al. 2018) and the Hiroshima case
(Fig. 1). In total, 54% of AR-close-category cutoff lows
are located to the north of 258N, whereas 30% of ARdistant-category cutoff lows are located to the north of
258N. Because ARs are frequently located to the north
of 258N (Fig. 2), this result indicates that cutoff lows
have a high probability of approaching ARs when they
approach the upper westerly jet in the final stage of their
life cycle (cf. Nieto et al. 2008).
Figure 3 illustrates the monthly mean AR frequency,
200-hPa wind vectors, and PV on 350-K isentropic surfaces between 2000 and 2013. Although the AR locations shift month by month, ARs are located to the south
of an upper westerly jet in all the months, consistent with
the findings of Horinouchi (2014).
Figure 4 shows composites of precipitation, precipitable water anomalies, and PV for the AR-close and
AR-distant cutoff lows. A large amount of precipitation
occurs to the south of the cutoff low (south of the 258
relative latitude [Rlat]) in both categories. These high
precipitation rates result from tropical convection and
are less obvious when climatological values of precipitation are subtracted (not shown). In the southeast of the
cutoff low, areas with high precipitation rates extend
northward. Enhanced precipitation to the southeast of
the cutoff low is consistent with the findings of previous
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FIG. 3. Monthly mean AR frequency in the western North Pacific region (color, %),
potential vorticity on the 350-K isentropic surface (contour, only for 1, 2, and 4 PVU), and 200-hPa
wind vectors (m s21, only for $20 m s21). Averages are calculated for the time period between
2000 and 2013.

studies (Sadler 1976; Shimamura 1981, 1982; Kelley and
Mock 1982; Chen and Chou 1994; Knippertz and Martin
2007; Nieto et al. 2008). Hereafter, this area is referred
to as the cutoff-southeast (SE)-rain area.
Another area of enhanced precipitation can be confirmed at the north of a composite AR axis (the ridge
of a composite precipitable water anomaly) along an
upper tropospheric trough to the north of the cutoff low.
Hereafter, this area is referred to as the AR-rain area.
The enhanced precipitation area to the north of the AR
axis is consistent with a northward tilt of dynamical
forcing by the upper tropospheric trough (Horinouchi
2014; Yokoyama et al. 2017). Figure 4 of Horinouchi
(2014) is particularly useful in confirming that the precipitation maximum is found to the north of the specific
humidity maximum.
In the AR-close category, another enhanced precipitation area is observed to the northwest of the cutoff low
and to the south of the AR axis in the AR-close category. Hereafter, this area is referred to as the cutoffnorthwest (NW)-rain area. Enhanced precipitation
to the northwest of the cutoff low in the AR-distant

category is not identified. Therefore, enhanced precipitation in the cutoff-NW-rain area is likely associated
with the interplay between the AR and the cutoff low.

b. Comparison with the Hiroshima case
1) HORIZONTAL STRUCTURES
The difference between the precipitation composites
of the AR-close and AR-distant categories is depicted in
Fig. 5a and illustrates the effect of the coexistence of an
AR and a cutoff low. Significant differences in precipitation are observed for both the AR-rain area and the
cutoff-NW-rain area. Figure 5b illustrates the precipitation, 350-K PV, and precipitable water anomaly during the 2014 Hiroshima precipitation event. Comparing
the composite (Fig. 5a) with the Hiroshima case (Fig. 5b), a
very similar relationship is identified in the horizontal
formation of the AR, the cutoff low, and the enhanced
precipitation area. The location of a significant difference area relative to the cutoff low center in the cutoffNW-rain area of the composite is found to coincide with
the location of the intense rainfall event relative to the
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FIG. 4. Composites of precipitation (color, mm h21), precipitable water anomalies (black
contours, mm), and 350-K PV (red contours, PVU) for the (a) AR-close and (b) AR-distant
categories. The abscissa and ordinate indicate the relative longitude and latitude from the
cutoff low (COL) center, respectively. Black and red contour intervals are 2.5 mm and
1 PVU, respectively. Purple rectangles indicate regions of the AR-rain area (long rectangle
north of the cutoff low), the cutoff-NW-rain area (short rectangle north of the cutoff low),
and the cutoff-SE-rain area (rectangle south of the cutoff low).

cutoff low center in the Hiroshima case (arrowed
in Fig. 5).

2) VERTICAL STRUCTURES
The similarity between the composite analysis and the
Hiroshima case is confirmed in the horizontal formation
of the AR, the cutoff low, and the area of enhanced
precipitation as well as in the vertical cross sections of
environmental variables (Figs. 6–8). Figure 6 displays
the vertical cross sections of specific humidity anomalies for the AR-close and AR-distant categories, and
the Hiroshima case, along the NW–SE diagonal line
of Fig. 5. The AR-close category composite and the
Hiroshima case have a larger specific humidity anomaly
above 800 hPa than the AR-distant category composite
between 258 and 288 relative longitude (Rlon). This
result is consistent with the result of H16 and indicates
the importance of midtropospheric moisture. Note
that moisture is higher in the lower troposphere in the
western Pacific when compared with regions noted in
studies of west coast landfalling ARs in the United
States. Therefore, larger moisture anomalies in ARs
are more frequently found in the midtroposphere,
which contrasts with the composite shown in Ralph
et al. (2005).
Similar vertical distributions are also observed in
temperature anomalies along the cross sections (Fig. 7).
In the Hiroshima case (Fig. 7c), a cold anomaly maximum associated with the cutoff low is located around the

cutoff low center. Hiroshima is located to the northwest
of the cold anomaly. Because the midlevel cold anomaly
extends from the cutoff low over the low-level warm
moist air around Hiroshima, the atmosphere becomes
thermodynamically unstable at ;600–700 hPa due to an
increased lapse rate. In addition, potential temperature
contours bend upward from Hiroshima toward the cutoff low center, indicating that an approach of the cutoff
low induces upward motion with the isentropic upgliding effect (Hoskins et al. 1978). Similar characteristics are observed in the composite of the AR-close and
AR-distant categories (Figs. 7a,b). The vertical gradients of temperature anomalies to the northwest of cutoff
lows in the AR-distant category are smaller than those
of the AR-close category, suggesting that atmospheres
in the AR-distant category are more stable than those in
the AR-close category to the northwest of the cutoff
low. The bend angle of potential temperature contours to the northwest of the cutoff low center is
slightly greater in the AR-close category than in the
AR-distant category.
Figure 8 shows the vertical distributions of PV and
vertical velocity along the cross sections. The high PV
values attributed to the cutoff low and a large-scale
trough associated with the AR are observed around
08 and 2128 Rlon, respectively, in both the composite of
the AR-close category (Fig. 8a) and the Hiroshima case
(Fig. 8c). Upward motion in the AR-close category is
located around the cutoff-NW-rain area extending to
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FIG. 5. (a) As in Fig. 4a, but for the precipitation difference between the AR-close-category
and the AR-distant-category cutoff lows (color, mm h21, only for regions with a 95% significance level), and the 350-K PV (green contours, PVU) and precipitable water anomalies (black
contours, mm) in the AR-close category. Purple rectangles indicate regions of the AR-rain area
(long rectangle) and the cutoff-NW-rain area (short rectangle) for the AR-close category.
(b) Unconditional averaged precipitation (rainbow colors, mm h21), 350-K PV (red to blue
colors, PVU), and precipitable water anomalies (red contours, mm, only for $10 mm) for the
Hiroshima case. The red contour interval is 5 mm. The horizontal scale in (b) is adjusted to that
in (a). Black arrows indicate the location of the heavy precipitation region in the Hiroshima
case relative to the cutoff low center.

the northwest (around 210 Rlon), where the large-scale
trough exists (Fig. 8a). Similar characteristics are observed in the Hiroshima case (Fig. 8c). In the AR-distant
category, however, upward motion is located northwest
of 28 Rlon and is very weak between 28 Rlon and the
cutoff low center (Fig. 8b). The difference in upward
motion distribution is consistent with that of QG forcing
distribution shown in the next section.

c. Evaluation of QG forcing
In the previous section, we demonstrated a similarity
between the AR-close category composite and the
Hiroshima case, which suggests that enhanced precipitation commonly results from an interplay between
ARs and cutoff lows. In this section, we investigate the
role of large-scale forcing in vertical motion using the
Q-vector form of the QG omega equation (Hoskins
et al. 1978).
Figure 9 shows the horizontal distribution of the QG
forcing term (22=  Q) at 600 hPa for composites of
the AR-close and AR-distant categories and for the
Hiroshima case. The areas of QG forcing for ascent are
to the southeast of the jet axis and cutoff low in each
figure. In contrast, the areas of QG forcing for descent
are to the west of the cutoff low. The dynamically forced

ascending area to the southeast of the cutoff low
corresponds to the cutoff-SE-rain area, which is consistent with numerous previous studies (Sadler 1976;
Shimamura 1981, 1982; Kelley and Mock 1982; Chen
and Chou 1994; Knippertz and Martin 2007; Nieto et al.
2008). The AR-rain area coincides with the dynamically
forced ascending area to the southeast of the jet axis
(Figs. 9a,b). QG forcing in the cutoff-NW-rain area of
the AR-close category is for ascent, although QG forcing in the corresponding area of the AR-distant category
is for descent (Figs. 9a,b). The horizontal distribution of
QG forcing in the Hiroshima case is similar to that for
the AR-close category, although the QG forcing region
for descent is also located to the north of the cutoff low
in the Hiroshima case (Fig. 9c). This dynamically forced
descending area is likely caused by local variability in
the jet stream.
Figure 10 shows the vertical cross sections of QG
forcing. The distribution of dynamic forcing corresponds
to that of upward motion (Fig. 8), which indicates the
contribution of QG forcing to upward motion. The
dynamically forced ascending areas around the cutoffNW-rain area in the AR-close-category composite and
around Hiroshima in the Hiroshima case extend farther
to the southeast, in the direction of the center of the cutoff
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FIG. 6. Vertical cross sections of the specific humidity anomalies of (a) the composite of the AR-close-category cases, (b) the composite
of the AR-distant-category cases, and (c) the Hiroshima case, taken along a northwest–southeast diagonal line from Fig. 5. The abscissa
shows the relative longitude from the cutoff low center, and the ordinate is the pressure (hPa). The dashed rectangle in (a) marks the
location of the cutoff-NW-rain area, and the dashed line in (c) marks the location of Hiroshima.

low (mid- to lower troposphere), than in the AR-distant
category.
This southeastward extension of the dynamically
forced ascending area in the middle-to-lower troposphere around the cutoff-NW-rain area results from the
counterplay of warm air advection near the AR and cold
air advection from the northeast by the cutoff low.

Figures 11a and 11b show the horizontal distribution of
the Laplacian of geostrophic temperature advection
[2(2R/p)=2 (2Vg  =T)], which can be obtained after expansion of the QG forcing term. Dynamic forcing for
ascent associated with warm air advection by the AR is
dominant around the cutoff-NW-rain area in the ARclose category. In contrast, dynamic forcing for descent

FIG. 7. As in Fig. 6, but showing temperature anomalies (color, K) and potential temperature (green contour, K) for (a) the composite of
the AR-close-category cases, (b) the composite of the AR-distant-category cases, and (c) the Hiroshima case.
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FIG. 8. As in Fig. 6, but showing the PV (color, PVU) and vertical velocity (black contours, hPa h21; solid and dashed contours indicate
downward and upward motion, respectively) for (a) the composite of the AR-close-category cases, (b) the composite of the AR-distantcategory cases, and (c) the Hiroshima case. The vertical velocity contour intervals are 0.1 hPa h21 in (a),(b) and 0.5 hPa h21 in (c). Red
contours indicate 200-, 500-, and 800-hPa isobars. The abscissa shows the relative longitude from the cutoff low center, and the ordinate
shows the potential temperature (K).

associated with cold temperature advection by the cutoff
low is dominant to the northwest of the cutoff low in the
AR-distant category (purple rectangle to the northwest
of the cutoff low in Fig. 11). Figures 11c and 11d show
the difference between the QG forcing term and the

Laplacian of geostrophic temperature advection. This
difference is small around the cutoff-NW-rain area in
the AR-close category, indicating that dynamic forcing
associated with temperature advection is dominant in
the cutoff-NW-rain area in the AR-close category.

FIG. 9. (a),(b) As in Fig. 4, but showing the QG forcing term (22=  Q) at 600 hPa for the composite of the (a) AR-close-category and
(b) AR-distant-category cutoff lows. (c) As in Fig. 5b, but showing the QG forcing term at 600 hPa for the Hiroshima case. For all the
figures, color indicates the QG forcing term (10218 m s21 kg21). Note that the intervals of color in (c) are different from those in (a),(b).
Contours show PV on the 350-K isentropic surface, with intervals of 1 PVU. The cutoff-NW-rain area is shown in (b),(c) as a reference.
The cutoff-SE-rain area is shown in (b) as a reference.
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FIG. 10. As in Fig. 6, but for the QG forcing term (22=  Q, color, 10218 m s21 kg21) and temperature anomalies (contour, K) for (a) the
composite of the AR-close-category cases, (b) the composite of the AR-distant-category cases, and (c) the Hiroshima case. Note that the
intervals of color in (c) are different from those in (a), (b). The contour interval is 0.5 K.

The effect of warm air advection at 800–900 hPa associated with the AR (not shown) also appears as the
lower-tropospheric warm anomaly around the cutoffNW-rain area in the AR-close category composite
(Fig. 7a). This contributes to destabilizing the atmosphere around the cutoff-NW-rain area.
In summary, the results of this and the previous subsections indicate that enhanced precipitation in the
cutoff-NW-rain area can be caused by the following
factors: the deep moist layer associated with the AR,
destabilization and the isentropic up-gliding effect associated with the cutoff low, and reduced descending
forcing to the northwest of the cutoff low by warm air
advection associated with an AR, which make the instability and up-gliding effect in that region more effective. Such factors related to ARs and cutoff lows
induce a favorable environment for enhanced precipitation to the northwest of the cutoff low.

d. Precipitation sensitivity to the distance between an
AR and a cutoff low
The above results indicate that precipitation enhancement in the cutoff-NW-rain area is associated with the
interplay between an AR and a cutoff low. In this subsection, we investigate the sensitivity of the location of
enhanced precipitation to the distance between an AR
and a cutoff low to show the effect of the interplay in
enhancing precipitation.
The specific procedure is as follows. We first subdivide
the AR-close category into three classes based on the
distance between the AR axis and the cutoff low center:

the 58–7.58, 7.58–108, and 108–12.58 classes. The distance
criterion for the ‘‘AR-distant category’’ is set to 158–
17.58 in this analysis, instead of 12.58–208 as in previous
subsections. Precipitation enhancement through the
interplay is expected in the three classes, although the
distance between the AR and the cutoff low is different.
We then compare each class with the AR-distant category to investigate the sensitivity of locations of the
enhanced precipitation area to the distance between
ARs and cutoff lows. The location should be insensitive
to changes in distance if the precipitation enhancement
at the location results from the interplay between an AR
and a cutoff low. Conversely, the location should move
with a change in distance if the precipitation enhancement is the result of only the ARs.
Figure 12 shows the results of these analyses. In all the
classes, significantly enhanced precipitation areas are
located to the south of the AR axis and northwest of
the cutoff low center specifically at around (258 Rlon,
58 Rlat). These areas correspond to the cutoff-NW-rain
area. The significant level is 80% for the 108–12.58 class.
The limited enhancement in the 108–12.58 class is likely
caused by the smaller amount of precipitable water because of the location of the AR. From this analysis, we
confirm that the cutoff-NW-rain area does not move
with the location of AR, indicating that enhanced precipitation in this area is associated with the proposed
interplay.
In contrast, areas of significantly enhanced precipitation located to the north of the AR axis, which correspond to the AR-rain area, shift to the north as the
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FIG. 11. As in Fig. 9, but showing (a),(b) the Laplacian of geostrophic temperature advection
and (c),(d) the difference between the QG forcing term (22=  Q) and the Laplacian of geostrophic temperature advection (color, 10218 m s21 kg21) at 600 hPa for (a),(c) the composite of
the AR-close-category cases and (b),(d) the composite of the AR-distant-category cases.
Contours show PV on the 350-K isentropic surface, with intervals of 1 PVU.

distance between ARs and cutoff lows increases (Fig. 12).
This result suggests that precipitation enhancement in the
AR-rain area is attributed to the trough associated with
the AR.

5. Discussion and conclusions
The results of this study indicate that precipitation
enhancement associated with the interplay between
ARs and cutoff lows is common, and the disastrous 2014
rainfall event in Hiroshima was an extreme case of
such a phenomenon. Considering that cutoff lows and
ARs in the western North Pacific region have little impact near the surface, precipitation enhancement associated with the interplay between ARs and cutoff lows
has been underestimated in previous analyses for humid
regions, such as those of summertime precipitation in
Japan, which have focused instead on the characteristics
of the lower troposphere. From the perspective of the
reduction of risk due to disasters, this study emphasizes
the need to better understand the impact of upper tropospheric phenomena, such as cutoff lows, on enhanced
precipitation.

In this study, a statistical investigation of the mechanism for precipitation enhancement involving the interplay between ARs and upper tropospheric cutoff
lows has been investigated. We constructed composites
of cutoff lows close to the AR (AR-close category), in
which the interplay was thought to enhance precipitation, and distant from the AR (AR-distant category), in
which the interplay was thought to hardly affect precipitation. A comparison between composites shows an
enhanced precipitation area located to the northwest of
the cutoff low and to the south of the AR axis in the ARclose category (cutoff-NW-rain area), in addition to an
enhanced precipitation area associated with the AR
(AR-rain area). The horizontal formation of the AR,
the cutoff low, and areas of enhanced precipitation are
schematically illustrated in Fig. 13. We are able to
confirm a deep moist layer, an unstable temperature
profile, and QG forcing for ascent in the cutoff-NW-rain
area in the AR-close category. The horizontal formation
and dynamic and thermodynamic characteristics are
observed to coincide with those characterizing the flood
event that occurred in Hiroshima, Japan, on 19 August
2014. These results indicate that the enhanced precipitation
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FIG. 12. As in Fig. 5a, but for the precipitation difference between the AR-close-category and AR-distant-category cutoff lows for the
(a) 58–7.58, (b) 7.58–108, and (c) 108–12.58 classes [color, mm h21, applicable only for regions with a 95% significance level in (a), (b), and an
80% significance level in (c)]. Red dotted lines indicate the axis of the AR.

in the cutoff-NW-rain area is associated with their
interplay.
The above conclusion is obtained from discussions on
whether an AR exists near a cutoff low with the cutofflow-centered composites. Consistent results can be obtained based on whether a cutoff low exists near an AR
with AR-centered composites (not shown). This result
indicates the robustness of enhanced precipitation
through the interplay between ARs and cutoff lows.
Because most of the cutoff lows in this analysis are
located over the ocean (Fig. 2), the mechanism of precipitation enhancement through the interplay is not
limited to the Hiroshima case but is rather a common

mechanism for precipitation enhancement. In other words,
the Hiroshima case is an extreme precipitation event that
resulted from this interplay.
The large amount of free tropospheric moisture
associated with an AR is an important factor in the
enhancement of precipitation via the interplay between an AR and a cutoff low. The large (small)
specific humidity difference between the AR-close
and AR-distant categories above (below) 800 hPa
around the cutoff-NW-rain area (Fig. 6), which is consistent with the H16 results, indicates the importance of
free tropospheric moisture. Previous studies have also
illustrated the importance of midtropospheric moisture to

FIG. 13. Schematic maps showing the positions of a cutoff low, an AR, a trough associated with
the AR, the mid-Pacific trough, and precipitation areas.
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ensure intense precipitation (Bretherton et al. 2004;
Takayabu et al. 2006; Hirota et al. 2014; Hamada
et al. 2015).
The roles of cutoff lows on the enhancement of precipitation associated with this interplay are different
from those of upper tropospheric phenomena shown in
most previous studies. Most such studies emphasized the
effects of upper-tropospheric disturbance in the transport of moisture (e.g., Maddox et al. 1979). Piaget et al.
(2015) showed that moisture associated with a rainfall
event in the northern Alps is collected by a cutoff low
over West Africa and then transported by synoptic
flows. Froidevaux and Martius (2016) and de Vries et al.
(2018) also focused on moisture transport associated
with upper tropospheric cutoff lows or PV streamers.
Martius et al. (2013) investigated a rainfall event in
Pakistan and showed the importance of the effect of an
upper tropospheric PV anomaly for inducing a wind
field directed toward a mountain. On the other hand,
Corbosiero et al. (2009) showed the interaction between a
cutoff low and a tropical cyclone causing heavy
rainfall in the southwestern United States. This is
similar to the interplay shown in this study at a point
where moist plumes associated with the tropical
cyclone provide moisture and the cutoff low induces
upward motion.
The small difference in the absolute values of precipitation between the AR-close and AR-distant categories in the cutoff-NW-rain area can be the result of
temporal and spatial smoothing during the composite
analyses. Therefore, it is important to confirm the statistically significant difference even if the absolute values
are small. The quantitative evaluation of precipitation
enhancement through the interplay described herein requires other approaches, such as sensitivity studies
using a numerical model, which may form the subject of
future work.
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