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ABSTRACT

Despite the long existence of theoretical studies, few statistical studies of precipitation characteristics on the
northern Pacific storm track have been reported due to lack of observation. Using data from GPM DPR and
ERA-Interim, we examined the precipitation features of extratropical cyclones in the northern Pacific storm-
track region. Extratropical cyclones were classified into four categories including developing, mature, dissi-
pating, and short-term based on their life stages. Our results show that extratropical cyclones of all categories
had a “‘comma” rainband and precipitation mostly occurred to the east of the cyclonic center. The extra-
tropical cyclones promote precipitation to the east of their centers, but suppress precipitation to the west.
Precipitation to the east of the extratropical cyclones had larger and more condensed droplets, a stronger
intensity, and a higher rain top than the local seasonal average, while the opposite characteristics were seen to
the west. Our results suggest that the different types of vertical air motion and moisture content in these two
regions induced by the frontal structure of extratropical cyclones play important roles in the different impact
of extratropical cyclones. Furthermore, the different life stages of extratropical cyclones had different degrees
of impact on precipitation: the highest impact in the developing stage, followed by the mature stage, and the
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weakest impact in the dissipating stage.

1. Introduction

Extratropical cyclones (ECs) in the boreal winter
most commonly occur in the northern Pacific storm-
track region (Chang and Fu 2002; Hoskins and Hodges
2005; Shaw et al. 2016). With strong vertical and hori-
zontal exchanges of heat, water vapor, and momen-
tum, the ECs in this region play an important part in
the global atmospheric circulation and energy budget
(Bengtsson et al. 2006; Held et al. 1989; O’Gorman
2010). Furthermore, the storm track of ECs has a close
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and complex interaction with regional and global cli-
mate disturbances (Lau 1988; Hoskins and Valdes 1990;
Chang et al. 2012; Graff and LaCasce 2012; Kidston et al.
2015; Lehmann and Coumou 2015). For instance, based
on numerical simulations, Graff and LaCasce (2012)
pointed out that the intensity and location of storm track
respond to changes in both the mean sea surface tem-
perature (SST) and SST gradients. Using regression
analyses, Lehmann and Coumou (2015) showed that the
intensity of midlatitude storm-track activities influences
the hot, cold, dry, and wet extremes.

Although most of the studies have focused on the
climate impact or interdecadal variations of storm track
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(Johnson et al. 1998; Yin 2005; Chang and Fu 2002, 2003;
Bengtsson et al. 2006; Harvey et al. 2015; Adler et al.
2017), the structural features of ECs associated with
the storm track still received widespread attention
(Bjerknes 1919; Shapiro and Keyser 1990). The polar
front theory, which is closely related to the structure
of ECs, was first proposed by the Bergen school
(Bjerknes 1919; Bjerknes and Solberg 1921, 1922).
Bjerknes (1919) proposed a flow model for ECs and
showed that every EC has two lines of convergence
that are actually the cold and warm fronts bordering
the warm area of the cyclone. Bjerknes and Solberg
(1922) further presented the frontal cyclone model
describing the variation of the inner fronts during the
life cycle of ECs. Each EC experiences four life stages
of incipiency, rapid development, maturity, and dis-
sipation, and the most well-known structure of the
occluded front occurs at the mature stage. By combining
the results during the Alaskan Storm Program (ASP)
and the Experiment on Rapidly Intensifying Cyclones
over the Atlantic (ERICA), Shapiro and Keyser (1990)
modified the model of the life cycle of the marine
extratropical frontal cyclone. Specifically, they pointed
out the T-bone shape of fronts during the rapid devel-
oping stage instead of the continuous fronts in the
Bergen theory.

The frontal structure of ECs affects the precipitation
of the cyclone, and the position of the fronts often cor-
responds to the position of the precipitating clouds
(Palmen and Newton 1969). Hobbs et al. (1975) classi-
fied the mesoscale rainbands in ECs into six categories
(warm frontal, warm sector, cold frontal-wide, cold
frontal-narrow, wave-like, postfrontal) according to
their position in the frontal structure. Carlson (1991)
further summarized that most of the precipitating
clouds of ECs belong to either the cold or warm
frontal system. Therefore, determination of the dis-
tribution and detailed features of EC precipitation
will help us to better understand the structure of ECs
and provide a reference for the cloud and precipita-
tion modules in the EC model. However, despite the
long existence of theoretical studies, observations of the
EC precipitation, especially carried out over a long pe-
riod of time in the northern Pacific storm track are still
lacking due to the geographic location of this region.

The existing research on the cyclonic precipitation
in the northern Pacific storm track mainly relies on
reanalysis data as well as a few observations of marine
observational experiments and ground-based radar,
which restrict the detailed statistical study of precipita-
tion features. For instance, using ground-based radar,
Houze et al. (1976) compared six types of rainbands (as
seen above) in 11 ECs and indicated that these rainband
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types occur rather generally. Mace (2010) analyzed the
properties of clouds in the Atlantic storm track through
A-Train observations. Based on data from the Global
Precipitation Climatology Project (GPCP), Hawcroft
et al. (2012) reported that more than 90% of precipita-
tion in the storm-track region comes from ECs. Using
reanalysis data, Pfahl and Sprenger (2016) studied the
relationship between the intensity of ECs and precipi-
tation, pointing out that stronger precipitation occurs in
more intense cyclones but the correlation coefficient
reduces after the time of maximum intensity. However,
all of these data are highly restricted in statistically
revealing the precipitation structures, and we need to
introduce more robust observations to study the three-
dimensional structures of cyclonic precipitation in the
northern Pacific storm-track region.

In the preset work we used the precipitation products
from the Global Precipitation Measurement (GPM)
Mission Dual-Frequency Precipitation Radar (DPR)
instrument to characterize the precipitation features in
ECs in the northern Pacific storm track. Being the first
onboard dual-frequency precipitation radar instrument,
the GPM DPR provides an excellent opportunity to
study the structural characteristics of precipitation in
mid- and high-latitude regions (Hou et al. 2014). We aim
to reveal the precipitation features under the dynamic
background of ECs and validate the previous cyclonic
theories using DPR observations.

2. Data and methods

We used precipitation data from the GPM DPR in-
strument, which was co-designed by the Japan Aerospace
Exploration Agency (JAXA) and the National Institute
of Communication Technology (NICT). The DPR con-
sists of a Ku-band precipitation radar (KuPR, 13.6 GHz)
and a Ka-band precipitation radar (KaPR, 35.5GHz)
covering the Earth from 65°S to 65°N (Hou et al. 2014).
The KuPR has only one scan mode (normal scan) with a
minimum detectable reflectivity of 14.5dBZ, whereas
the KaPR has two scan modes (matched scan and high-
sensitivity scan) with minimum detectable reflectivities
of 16.7 and 10.2 dBZ, respectively (Hamada and Takayabu
2016). Based on the different responses of the KuPR and
KaPR to atmospheric hydrometeors, the GPM has de-
veloped dual-frequency algorithms for precipitation in-
formation (e.g., rain type, storm-top height, droplet size
distribution, and rain rate; Iguchi et al. 2012). We used
the GPM dual-frequency product 2ADPR from 4-yr
(2014-18) winter seasons (DJF) in the northern Pacific
storm-track region (30°~70°N, 140°E—120°W).

We used the 1° X 1° grid mean sea level pressure
(MSLP) from the European Centre for Medium-Range
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Weather Forecast interim reanalysis (ERA-Interim)
dataset to calculate the location and movement of ECs
in the northern Pacific storm track. The ERA-Interim
dataset has been widely used in atmospheric research
(Dee et al. 2011; Zhang et al. 2018). ECs were identified
and tracked using the method of Pinto et al. (2005),
which consists of four steps listed below. Similar iden-
tification methods were used in many other studies (e.g.,
Romanic et al. 2016).

1) Calculate the Laplacian operator of the MSLP V;
and the local minimum of the MSLP.
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FIG. 1. Average distributions of the (a) 1000-,
(b) 850-, (c) 500-, and (d) 200-hPa geopotential
height in the extratropical cyclone coordinate
system. (e) Northwest-southeast vertical cross
section of the vertical velocity along the dashed
line in (a), derived from the ERA-Interim dataset
for December—February 2014-18. The black dots
indicate the center of the extratropical cyclone.

Within a 500-km distance from the MSLP minimum,
calculate the average VIZ,, then eliminate the MSLP
minima of the average V; < 50Pakm >

Within each radius of 500 km, retain at most one
MSLP minimum. If there are two or more MSLP
minima, only the strongest minimum (with the larg-
est averager,) is retained. These retained MSLP
minima are the identified EC centers.

Successive EC centers are connected if they occur
within a specific search area that depends on the
trajectory of the previous EC. These isolated EC
centers were also eliminated.
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Over four boreal winters, we identified 539 valid EC
tracks in the study region. We defined a new EC coor-
dinate system to facilitate the statistics. In this coordi-
nate system, the origin indicates the center of the EC,
the x axis represents the east-west direction and the y
axis represents the south-north direction. For every
2ADPR precipitation pixel, if there is at least one EC
track at the precipitating time, we would calculate the
positions of the EC centers at that time by linear inter-
polation and then recalibrate the 2ADPR pixel to the
nearest EC coordinate system. Consistent with the work
of Hawcroft et al. (2012), we found that more than 90%
of the precipitation pixels were within 1500 km of the
center of the EC. We calculated the average near-
surface rain rate, near-surface rain rate anomaly rela-
tive to local seasonal average, and storm-top height
anomaly relative to local seasonal average within the EC
coordinate system. In our study, we did not use non-
precipitation 2ADPR pixels in calculating average
precipitation. The calculation method of local sea-
sonal average near-surface rain rate (storm top height)
contains two steps as following. First, we divided the
study region into 1° X 1° grids. Then within each grid,
the local seasonal average of near-surface rain rate
was obtained as the average near-surface rain rate for
4-yr winter seasons (DJF).

To investigate the impact of EC life cycle on pre-
cipitation features of ECs, ECs were classified into
four categories based on their life stage. These four
categories are developing ECs, mature ECs, dissi-
pating ECs, and short-term ECs. The classification
method is described as follows. First, ECs with life-
time shorter than 24 h were identified as short-term
ECs. Then, for each non-short-term EC track, we
established a time series of cyclonic MSLP at a time
resolution of 6 h. Based on this time series, we found
out the time with minimum MSLP P,,;, of EC. This
time and its nearby time in the series with MSLP less
than 3hPa + P.,;, were classified into mature ECs. At
last, for each EC track, ECs that happened before the
mature stage were classified as developing ECs and
those after the mature stage were classified as dissi-
pating ECs.

In addition, we also used the geopotential height,
temperature, vertical velocity, and specific humidity
from the ERA-Interim dataset to provide relevant en-
vironmental information for precipitation caused by
ECs. All of these parameters were studied statistically
based on the defined EC coordinate system. In addition,
we also matched the nearest grid of ERA-Interim in-
formation (within =3 h) to the 2ADPR precipitation
pixels to obtain the environmental information of EC
precipitation.

JOURNAL OF HYDROMETEOROLOGY

VOLUME 21

S
€ =N

N f -

E

FIG. 2. Sketch of the extratropical cyclone (blue, depression; red,
high pressure region; purple vectors, upward/downward motion;
black lines, isobaric lines; black vectors, horizontal flow).

3. Results
a. Overall atmospheric circulation

Tropical cyclones are generally much stronger than
ECs and the low-level convergence field of tropical cy-
clones can extend from the Earth’s surface to more than
14km (Houze et al. 2007; Li et al. 2013). However, the
low-level circulation for ECs is very different from
the circulation at mid and high levels (Carlson 1991).
The range of ECs can reach more than 1400 km,
whereas the range of tropical cyclones is generally
~500km (Hawcroft et al. 2012).

Figures la—d show the average distribution of the
geopotential height at different pressure levels in the EC
coordinate system. The contours of geopotential height
appeared as concentric circles in the lower troposphere,
with the lowest geopotential height in the center of the
EC (Figs. 1a,b). This indicated that the center of the
EC has the lowest air pressure in the lower troposphere
with significant convergence around this center. As
the pressure, which is affected by the atmospheric
baroclinicity, increased (Figs. 1c,d), the center of
lowest geopotential height gradually spread to the
northwest, indicating movement of the depression.
The pressure field in the mid- to upper troposphere
was low in the northwest and high in the southeast. The
changes in the pressure field in the upper troposphere
naturally resulted in a change in horizontal flow, further
influencing the vertical flow of air around the EC. The
cross section of the vertical velocity (Pas™ ') along the
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FIG. 3. The distribution of (a) precipitation frequency, (b) near-surface rain rate, (c) near-surface rain rate
anomaly relative to the local seasonal average, and (d) storm-top height anomaly compared with the local seasonal
average at each 100 km X 100 km grid in the EC coordinate system, derived from 2ADPR for December—February

2014-18. The black dots indicate the EC center.

northwest-southeast line in Fig. 1a (dashed line) is
shown in Fig. 1e. It can be clearly seen that, in addition
to the center of upward motion in the center of the EC,
there was another center of upward motion 1000 km
southeast of the center, whereas the corresponding
position northwest of the center of the EC showed
downward motion.

To give a better understanding of the environmental
field of the EC, Fig. 2 shows a sketch of a typical three-
dimensional structure (Bjerknes 1919; Carlson 1991;
Palmen and Newton 1969). There are distinct fronts in
the structure of ECs, which are related to significant
differences in the pressure field in the upper and lower
troposphere. A cold front extends from the southwest to
the center of the EC and a warm front extends from the
center to the east of the EC. The area surrounded by
these two fronts, which corresponds to a warm conveyor
belt in the EC structure (Schultz 2001; Field and Wood
2007; Schultz and Vaughan 2011; Schemm and Wernli
2014), is a region of upward motion and promotes the
generation of clouds and precipitation. By contrast, the

downward motion in the northwest is associated with a
dry airstream with EC and suppresses clouds and pre-
cipitation (Schultz and Vaughan 2011).

b. Precipitating features

To validate these suggestions about the precipitation
features of ECs, we recalibrated the 2ADPR precipita-
tion pixels to the EC coordinate system and studied
the three-dimensional structural features of EC pre-
cipitation. Figure 3 shows the average distribution of
the precipitation frequency, near-surface rain rate, and
storm-top height in the EC coordinate system. It is well
known that the rainband of tropical cyclones usually
occurs on the eyewall and spiral rain belts (Houze et al.
2007). However, the precipitation related to ECs is very
different (Fig. 3a). The distribution of precipitation
frequency showed as a comma shape and was quite
similar to the shape of the comma cloud system, both of
which are affected by the large-scale baroclinic system
(Carlson 1980). The “comma’ rainband was located in
the eastern part of the EC coordinates with precipitation
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fective particle diameter D, anomaly relative to the local seasonal average. Specifically,
samples should be within 2000-km distance of the EC center.

frequency of ~0.15. This validates the impact of fronts
on precipitation related to ECs (Carlson 1991).

Figure 3b shows the average distribution of the near-
surface rain rate in the EC coordinate system. Because
the storm-track region is located in the high-latitude
ocean, the average rain rate was generally <2.5mmh ™!,
although there were still apparent regional differences
in the distribution of the near-surface rain rate. The
near-surface rain rate in the south of the EC was sig-
nificantly larger than that in the north, which is sug-
gested to be the result of the warmer sea surface
temperature and moister atmospheric layer within the
southern part of the EC structure. The near-surface rain
rate was greater in the east than the west, which may be
related to the frontal structure of the EC. To eliminate
the impact of geographical location, we calculated the
distribution of the near-surface rain rate and storm-top
height anomalies relative to the local seasonal average
(Figs. 3c,d). The near-surface rain rate and storm-top
height in the east of the ECs were 20% and 8% greater,
respectively, than the local average, showing that the EC
promotes precipitation to the east. By contrast, the
precipitation was depressed in the west of the ECs,

although ECs were previously thought to promote heavy
precipitation. Compared with the local seasonal average,
the precipitation was weaker and lower in the west of the
ECs. Our results are consistent with the cloud belt
model of marine mature frontal cyclones (Shapiro and
Keyser 1990) and further revealed the suppression of
precipitation in the west of EC.

For better understanding the variant impact of EC
structures on precipitation, the azimuthal distributions
of rain rate, storm-top height, droplet size distribution
(DSD) parameters, and relevant environmental pa-
rameters were studied within 2000km of the center of
the ECs. The water vapor content and the vertical ve-
locity are generally considered to have a large impact on
precipitation (Chen and Fu 2018; Zhang and Fu 2018).
Considering the storm-top height of precipitation,
Fig. 4a shows the azimuthal distributions of specific
humidity and vertical velocity at the 850-hPa pressure
level. Since only the values of precipitation time were
accounted, the 850-hPa air mass showed uplift with
specific humidity more than 2 gkg ™! at each direction of
ECs. The average upward vertical velocity peaked at the
northeast of the EC with a value of 0.35Pas™'. By
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contrast, the peak of the 850-hPa specific humidity ap-
peared 45° southeast of the ECs with a value of 5.0 gkg ..
It is suggested that this different azimuthal peak of spe-
cific humidity is also related to the locations of conveyor
belts in the EC structure (Schultz and Vaughan 2011;
Schemm and Wernli 2014). The warm conveyor belt is
located to the southeast of the ECs, which corresponds to
the azimuthal peak of moisture. The dry airstream is lo-
cated to the northwest of ECs, which corresponds to the
azimuthal regions of low humidity.

Figure 4b shows the azimuthal distribution of near-
surface rain rate and storm-top height anomalies rela-
tive to their local seasonal average. The distribution of
the near-surface rain rate was highly consistent with that
of the storm-top height. The precipitation was more
intense and higher than the local seasonal average in the
east of the ECs, consistent with the results shown in
Fig. 3. The southerly moister air brought to this area by
the cyclonic circulations, along with the upward motion,

promoted the development of precipitation. Due to the
opposite reason, the precipitation was weaker in the
west of ECs, with a lower rain top than the local seasonal
average.

It is well known that the rain rate is co-controlled by
the concentration and diameter of rain droplets (Iguchi
et al. 2012). These DSD parameters reflect the micro-
physical features of precipitation and can provide us an
excellent opportunity to study the dynamical and mi-
crophysical process of precipitation (Ulbrich and Atlas
2007; Cao et al. 2008). The dual-frequency retrieval of
GPM DPR first provides the space-based DSD profiles,
which lays a good foundation for microphysical studies
(Hou et al. 2014). We hence calculated the azimuthal
distribution of the near-surface droplet concentration
Ny anomaly and the near-surface effective particle
diameter D, anomaly relative to the local seasonal
average (Fig. 4c). The azimuthal distributions of the
Ny anomaly and D, anomaly showed very different
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features. The N, of precipitation was similar to the local
seasonal average in the northwest and northeast of the
EC, while it was 4% lower in the southwest and 4%
higher in the southeast. We suggest it is because the low-
level air is much moister to the southeast than to the
southwest of the EC (Fig. 3a). The D, of precipitation
was 2% larger than the local seasonal average in the
east, whereas it was 2% smaller in the west of the EC.
This is consistent with the azimuthal distribution of 850-
hPa vertical velocity (Fig. 4a). The droplets in the east of
ECs need to grow larger before falling as a result of the
strong upward flow (Langmuir 1948).

These results revealed the horizontal distributions of
EC precipitation in the Pacific storm track. We further

analyzed the vertical structure of EC precipitation
based on the Ku-band reflectivity profiles provided by
the 2ADPR data (Fig. 5). Figure 5a shows the cross
section of reflectivity from the southwest to northeast
of the ECs. The echo intensity and storm-top height
had two peaks, which appeared at the most southwest
part in the cross section and 500 km northeast of the
center, respectively. This bimodal structure of the
cross section may be resulted from the collective ef-
fect of latitude and cyclonic fronts. Figure 5b shows
the azimuthal distribution of the Ku-band reflectivity
in the EC coordinate system. Consistent with the
earlier results, the echoes were highest and strongest
in the southeast of the ECs. We further analyzed the
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FIG. 7. The azimuthal distributions of (a) near-surface rain rate anomaly and (b) storm-top

height anomaly relative to the local seasonal average for ECs at different life stages.

contoured frequency by altitude diagrams (CFAD) of
the Ku-band reflectivity in the southwest and south-
east of the ECs (Figs. 5c,d). These two regions were at
the same latitudes but had quite different vertical
velocity and specific humidity. The Ku-band echoes in
the southwest of the ECs were much more concen-
trated in the area below 3km and <24dBZ. This
further validated the different impact of vertical air
motion on precipitation in the EC structure.

c. Life cycle effects

The above studies gave the atmospheric circulation
and precipitating features of ECs from the perspective
of overall average. However, due to the multiple stages
of an EC’s life process, the structure characteristics of an
EC vary considerably over its life time (Bjerknes and
Solberg 1922; Shapiro and Keyser 1990). Thus, we must
take into account the life cycle effects of ECs on the
precipitating features of ECs. Here, we divided ECs into
four categories: developing, mature, dissipating, and
short-term ECs according to the variation of pressure of
cyclonic centers.

Figure 6 shows the distribution of precipitation fre-
quency for four EC categories in the EC coordinate
system. The distribution of each category showed a
comma shape, consistent with the conceptual model of
the life cycle of the marine extratropical frontal cyclone
proposed by Shapiro and Keyser (1990). The head of the
comma rainband located to the northeast of the EC

center (Fig. 6). Precipitation of all categories tended to
be distributed on the east side, the moving direction of
ECs, which is related to the inner fronts. In addition to
the commonality, there were also differences in the dis-
tribution of precipitation frequency of four categories.
Precipitation frequency corresponding to the developing
stage was the largest, followed by the mature stage, and
was the smallest for the dissipating stage, indicating the
tendency of EC precipitation. The precipitation frequency
of the dissipating stage was the most dispersed, showing
the weakest influence of ECs at this stage (Fig. 6¢). In
addition, the comma rainband of short-term ECs (Fig. 6d)
was much smaller than the others, indicating that short-
term ECs have the smallest influential ranges.

To qualify the differences of precipitating features for
ECs at different stages, we calculated the azimuthal
distributions of near-surface rain rate anomaly and
storm-top height anomaly relative to local seasonal av-
erage for ECs of each category (Fig. 7). The lines of
near-surface rain rate anomaly showed great consis-
tency with that of storm-top height anomaly, and the
tendencies of azimuthal lines of the four categories were
also the same. On the west of the EC, precipitation was
weaker with lower storm-top height relative to the sea-
sonal average, indicating that EC restrains precipitation
development there; and it was just the opposite on the
east of the EC. There were numerical differences in the
peaks of the near-surface rain rate anomaly and storm-
top height anomaly for ECs of different life stages. On
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FIG. 8. The southwest-northeast vertical cross section of droplet concentration N, anomaly for (a) developing
ECs, (b) mature ECs, (c) dissipating ECs, and (d) short-term ECs. The contoured lines indicate the potential
temperature anomaly (K) relative to the local seasonal average.

the east of the ECs, the near-surface rain rates of de-
veloping, mature, and dissipating stages were 30%, 15%,
and 5% larger than the local seasonal average; and the
storm-top heights were respectively 12.5%, 8%, and 4%
higher than the local seasonal average. Hence it was
indicated that the promotion of EC on precipitations to
its east side becomes weaker as the life stage of EC in-
creases. Furthermore, it was revealed the life cycle im-
pact of ECs is very different from that of clouds, which
exerts the strongest promotion on precipitation at ma-
ture stage of clouds (Zhang and Fu 2018).

Similarly, we calculated the vertical cross section of
droplet concentration N, anomaly and effective droplet
size Dy anomaly along the southwest-northeast cross
section of the EC coordinate system (Figs. 8 and 9). The
vertical cross section of the potential temperature
anomaly was also shown as contoured lines. For EC

precipitation of all categories, the potential temper-
ature anomaly showed a positive center to the north-
east of the EC (Figs. 8 and 9), which corresponds to
the head of the comma rainband (Fig. 6). The positive
anomaly of potential temperature represents that the
air mass receives more heat than the local average,
suggesting that a large amount of water vapor changes to
liquid water or ice and releases latent heat. As a result of
that, the droplets in the regions of positive potential
temperature anomaly were either larger or denser than
the local average (Figs. 8 and 9).

The cross sections of DSD parameters were also dif-
ferent for ECs of the four categories (Figs. 8 and 9). The
positive DSD anomalies were the largest in the devel-
oping stage (Figs. 8a and 9a), followed by the mature stage
(Figs. 8b and 9b), and smallest in the dissipating stage
(Figs. 8¢ and 9c), which was consistent with the results in
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Fig. 7. Furthermore, the N, anomaly of the developing
stage reached 20% in the head of comma rainband, while
that of the mature stage was less than 0%. This behavior is
worthwhile of further investigation, and we think it may be
linked with the occluded front in ECs of the mature stage.
The cross sections of short-term ECs (Figs. 8d and 9d)
were exactly similar to that of the developing stage, further
validating that the short-term ECs are incipient ECs but
are dying out without entering maturity.

At last, to verify the influence of updraft and water
vapor content on the development of EC precipitation,
we carried out a correlation analysis of storm-top height
anomaly with 850-hPa vertical velocity and specific
humidity for ECs of different life stages (Fig. 10). Our
results show that there were significant positive cor-
relations between the storm-top height anomaly and
850-hPa upward vertical velocity or specific humidity

for ECs of all stages, and the correlations all passed
the 95% confidence ¢ test. The numerical order of cor-
relation coefficients of each stage also corresponds to
that of the near-surface rain rate anomalies (Fig. 7): the
largest for the developing stage, followed by the mature
stage, and the smallest for the dissipating stage.

4. Conclusions

To investigate the precipitation features of ECs in the
northern Pacific storm track, we first identified the
tracks of ECs using the ERA-Interim MSLP data and
then established an EC coordinate system with the
origin indicating the center of the ECs. Under this
coordinate system, the distribution of precipitation
parameters for ECs, including the environmental field,
the near-surface rain rate, the radar reflectivity, and the
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droplet size distributions were plotted and the causes of
the spatial precipitation distributions were explored.

Consistent with the previously reported results (Carlson
1991; Hoskins and Pedder 1980), the pressure fields ac-
companying the ECs in the storm-track region were sig-
nificantly different between the lower troposphere and the
mid- to upper troposphere. The pressure field in the lower
troposphere showed significant convergence with the
lowest air pressure in the center of the EC. The pressure
field in the mid- and upper troposphere was low to the
northwest, but high to the southeast of the ECs. There
were two obvious fronts in the EC structure under this
pressure situation. To the southeast of the ECs, where it
was surrounded by two fronts, the vertical air motion
showed upward motion, whereas downward motion was
seen to the northwest of the ECs.

Using the 2ADPR products and the EC coordinate
system, we showed a unique comma rainband to the east
of ECs. The structure of the ECs had the opposite im-
pact on precipitation to the west and east. The near-surface
droplet concentration N, the effective droplet size Dy,

near-surface rain rate, and storm-top height to the east
of the ECs increased by 4%, 2%, 15%, and 5%, respec-
tively, relative to the local seasonal average as a result of
the obvious updraft and the moist air brought by the
southerly cyclonic circulation. By contrast, the precipitation
was weaker and lower than the local seasonal average in the
region to the west of the ECs. Our analysis of the Ku-band
reflectivity of EC precipitation validated these conclusions.

Considering the structural changes of EC during its
life cycle, we also studied the life cycle effects on the
precipitation distribution of ECs. ECs were classified
into four categories including developing, mature, dis-
sipating, and short-term ECs. ECs of all categories had a
comma rainband to the east of the cyclonic center. All
types of ECs promoted precipitation to their east while
suppressed precipitation to their west. ECs of different
life stages had different degrees of impact on precipi-
tation: the highest in the developing stage, followed by
the mature stage, and the weakest in the dissipating
stage. The precipitation of short-term ECs showed ex-
actly similar properties to that of developing ECs,
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indicating that short-term ECs may be incipient ECs,
but they die out without entering maturity. By DSD
analysis, we further revealed that regions of positive
potential temperature anomalies in the EC coordinate
were accompanied by either larger or denser droplets
than the local average, and the relations between po-
tential temperature anomalies and DSD parameters
were also influenced by the life stage of ECs.

In this manuscript, we have shown that the structure
of ECs promotes precipitation to the east, but sup-
presses precipitation to the west. We should therefore
account for the location of precipitation in the structure
of ECs in future studies of cyclonic precipitation in the
northern Pacific storm-track region. Our results would
also be helpful to provide observational evidence for the
model of extratropical cyclones.
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