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Abstract Cut-off lows (COLs) are significantly associ-
ated with many convective events and anomalous regional
climate in the Northeast China. By using 49-year NCEP/
NCAR reanalysis data, COL events are detected and
tracked by an objective and automatic method based on
synoptic concept model. Based on this dataset and daily
rain-gauge records in Northeast China during 1979-2005,
seasonal climatology of COLs and associated precipitation
patterns over Northeast China are investigated. Most COLs
have a short lifetime of less than a week and have a spatial
size ranging from 500 to 1,000 km, with slight seasonal
differences. Temporal variation of COL occurrence
exhibits a seasonal cycle, with a peak in summer, and
considerable interannual variability. The COLs tend to
occur more frequently over the northern Northeast China
Plain, and the center for maximum frequency shows a
zonal oscillation, with an extension to continent in summer
and a shift to western North Pacific coast in winter. Most
COLs form to the east of Lake Baikal and decay over
the western North Pacific coast. COLs are apt to move
along east or southeast passages around the year, and tracks
are relatively more complicated in warm seasons. About
a quarter of annual mean precipitation over Northeast
China is associated with COLs. Moreover, COL-associated
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precipitation contributes greatly to total precipitation in
northern and northwestern parts of Northeast China, and
the ratios of COL contribution are stronger during spring
and autumn than in summer.

1 Introduction

When a weak cold trough extends equatorward during the
development of planetary waves in the westerlies, its
connection to polar source can be cut off by warm air
masses from lower latitudes, and then a closed cyclonic
eddy, so called cut-off low (COL), may form to the south
of main belt of zonally averaged westerlies (Palmen and
Newton 1969). COLs are typically displayed as closed
geopotential lows with cold core or cold trough in the
middle and upper troposphere, which can persist for a few
days until being destroyed by diabatic heating or friction
(Hoskins et al. 1985).

The troposphere under COLs is generally highly unstable.
When favorable surface conditions are satisfied, severe
convective events can probably occur. Due to its slow
movement, COLs can persist for several days and lead to
moderate to heavy rainfalls over local areas (e.g., Qi et al.
1999; Campetella and Possia 2007). For example, in the
summer of 1998, severe floods by persistent heavy rainfall in
the valley of Songhuajiang River and Nenjiang River of
Northeast China are closely related to long-term continually
anomalous activities of COLs (Zhang et al. 2001; Zhao and
Sun 2007). Accurate quantitative precipitation forecasting
(QPF) under COLs is still a challenge in operational mete-
orology (Wang et al. 2007). Moreover, despite its short
lifetime, the accumulative activities of COLs can affect
regional climate over local and even remote regions (Zheng
etal. 1992; He et al. 2007). COLs also play an important role
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in stratosphere—troposphere exchange (STE) (e.g., Vaughan
and Price 1989; Baray et al. 2003). As lower tropopause with
COL, tropopause fold is in favor of trace gases transporta-
tion from stratosphere to troposphere. Chemical effects by
STE, especially ozone anomalies, can affect tropospheric
radiation flux balance in reverse. STE associated with COLs
is akey factor to tropospheric ozone anomaly in mid-latitude
region (Kentarchos and Davies 1998).

Several studies on COLs have been undertaken on cli-
matological analysis in the northern hemisphere (Bell and
Bosart 1989; Price and Vaughan 1992; Kentarchos and
Davies 1998; Nieto et al. 2005, 2008). With different data
and methods, all these results show that Northeast China—
Siberia is one of the most preferred regions of COL’s
occurrence. It is notable that COL has also been known as
upper cold low, low vortex, and cold vortex, particularly in
Northeast Asia (Sakamoto and Takahashi 2005). However,
most previous studies have focused on the COL’s fre-
quency and favored occurrence regions, paying less
attention to the other characteristics such as duration,
genesis and lysis area, favorable tracks and associated
convection distribution.

Most previous studies on COLs over Northeast Asia
focused on the mesoscale features of individual cases and
associated rainfall (Matsumoto et al. 1982; Chen et al.
1988, 2005), but paid less attention to the climatic aspects
of COLs. Tao (1980) summarized vortex systems related to
heavy rainfalls over China and emphasized effects of
atmospheric anomalies on evolution of COLs over North-
east Asia. Some other studies investigated the statistical
characteristics of COLs over Northeast Asia. Based on
manual analysis of 25-year (1956-1980) daily weather
charts, Zheng et al. (1992) performed a statistical analysis
on COL over Northeast China. Sun et al. (1994) performed
a study similar to Zheng et al. (1992) except for a longer
period. These studies performed manual analyses of daily
weather charts, which are painstaking and with consider-
able subjectivity (Gimeno et al. 2007).

Recently, Zhang et al. (2008) adopted an objective
method similar to Bell and Bosart (1989), and examined
the characteristics of COLs over Northeast Asia and COL’s
influence on precipitation over the area inside the radius of
the COL, focusing only on warm season (May—September).
It is likely that COLs can contribute relatively more to total
seasonal rainfalls during cold seasons than warm seasons,
since rainfalls in warm seasons over Northeast China are
more affected by East Asia Summer Monsoon (EASM),
particularly in July and August (Zheng et al. 1992; Wang
et al. 2007). However, to our knowledge, none of previous
studies have paid attention to seasonal differences. In
addition, the circulation anomalies associated with COLs
may affect weather condition not only at local, but also in
remote areas (Zheng et al. 1992; He et al. 2007). Therefore,
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to obtain the precipitation patterns associated with COL,
one should examine precipitation anomalies over an area
much wider than the circle with the radius of COL.

In this study, to facilitate the comparison with the results
of Zhang et al. (2008), we adopt an objective analysis
technique based on the conceptual model. Actually, there
have been different methods to identify the COLs,
including that based on isentropic potential vorticity (IPV)
analysis (Wernli and Sprenger 2007). Similar results are
identified by using these methods (Nieto et al. 2008). We
construct a long-term dataset of COLs over Northeast Asia,
and investigate the characteristics of COLs such as dura-
tion, size and frequency of occurrences. Moreover, sea-
sonal differences about genesis and lysis areas, favorable
tracks and precipitation patterns associated with COLs are
also examined. The present method can also be used to
assess abilities of climate models in simulating the clima-
tological features of COLs.

In the present study, we focus on seasonal climatology of
COLs and associated precipitation patterns over Northeast
China. The data and method used are present in Sect. 2.
Section 3 shows the seasonal characteristics of COLs. In
Sect. 4, we show the seasonal differences in precipitation
associated with COL. Finally, a conclusion is given in Sect. 5.

2 Data and methodology

In the present study, the National Centers for Environ-
mental Prediction/National Center for Atmospheric Research
(NCEP/NCAR) reanalysis data (Kalnay et al. 1996; Kistler
et al. 2001) are utilized to perform an objective analysis on
the climatology of COLs for a 49-year period from 1958 to
2006. Since typical size of COLs in northern hemisphere
lies in the range of 600-1,200 km (Kentarchos and Davies
1998), it is reasonable that they can be detectable in this
dataset with 2.5° x 2.5° horizontal resolution. In addition,
it is believed that 6-h data are relatively more objective and
effective to detect and track extra-tropical cyclones than
lower temporal resolution data (Blender and Schubert
2000).

Similar to the synoptic definition of COL by Zheng et al.
(1992), we detect and track a COL event as: (1) closed low
pressure located in the region range, 100°-150°E, 30°-
65°N at 500 hPa isobaric surface; (2) cold core or evident
cold trough accompanying with the above-mentioned low
pressure. It should be noted that in the present study, we
have extended the study region and lowered the bottom
limit of duration in order to detect and track COLs as
accurately as possible.

To quantify the definition of COL on grid dataset
operationally, a three-step algorithm based on above defi-
nition is designed as below (Fig. 1).
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Fig. 1 Schematic representation of the objective method used to
detect and track COLs event from grid-point dataset. Solid lines and
solid dots denote geopotential height contour at 500 hPa at a given
time ¢ and grid points with 2.5° x 2.5° resolution, respectively. Long-
dashed lines denote geopotential height contour at 500 hPa at next

(a) Detection algorithm

At the 500-hPa level for the specified region, a grid is
considered as minimum if geopotential height is the lower
than that of the surrounding eight grid points (A in Fig. 1a).
Then, the minimum can be regarded as potential COL grid
if any of the nine grid points in the box has positive zonal
temperature Laplacian, e.g., %‘77{ > 0 (T denotes air tem-
perature at the 500-hPa level).

(b) Merger algorithm

At any certain time, we regard the grid points fitted
above criteria as the same system when they are in the
same 5 x 5 grid box (B and C in Fig. 1b), and consider the
grid point with lower geopotential height value as the main
center of system (B in Fig 1b).

(c) Track algorithm

At any two consecutive times (6 h), two detected grids
above are viewed as the same system (D and D’ in Fig. 1c)
only if speed of movement is less than 10 dol/6 h
(dol = degree of longitude). Otherwise, they belong to two
independent systems.

We have redone the above detection, but by using the
isobaric surfaces of 300 and 200 hPa, respectively, and
found similar results. Since one of the main motivations of
this study is to investigate precipitation distribution asso-
ciated with COLs, and since the Chinese weather fore-
casters are used to predicting weather by using charts at
500 hPa, we adopt 500 hPa to detect COLs, rather than
higher levels which may be more appropriate when
studying other topics such as STE.

Despite lack of available statistical data by previous
subjective analysis, a comparison was also performed to
check between our results of objective analysis and 23-year
(1958-1980) historical statistical result from manual

time ¢t + dr (dt = 6 h). Dot-dashed arrow denotes moving distance of
COL at two consecutive times. a, b and ¢ describe “detect”, “merge”
and “track” algorithm of 3-step method, respectively. A, B, C, D and
D’ denote grid points satisfied with certain terms for each step,
namely, potential centers of COL

I Vanual Analysis
450 + 1 Objective Analysis [T

Days
nN
3

Apr May Jun Jul Aug Sep Oct
Month

Fig. 2 Comparison of 23-year (1958-1980) monthly total COL days
between manual analysis and objective result

analysis by Zheng et al. (1992) (Fig. 2). In this comparison,
it should be noted that results from objective analysis are
based on the region and duration threshold same as Zheng
et al. (1992), i.e., the region of 115°-145°E, 35°-60°N, and
duration threshold of 3 days. On monthly mean distribution
of frequency, objective result agrees well with the feature
by manual analysis. Concerning inter-annual variation of
frequency between two methods’ results, two time series
have a correlation coefficient of 0.505 at the 95% signifi-
cance level. For a random selected season (summer in
2007), we also have compared the outputs by objective
tracking with manually analyzed cases from historical
weather charts provided by National Meteorological Center
(NMC), China Meteorological Administration (CMA), and
on the whole the two show a good consistency.

To investigate seasonal precipitations associated with
COLs, daily rain-gauge records during 1979-2005 at the
stations covering Northeast China are analyzed. The rain-
gauge data were obtained from the National Meteorological
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Fig. 3 Spatial distribution of total frequency of COLs in Northeast Asia during the 49-year period. Light and heavy shadings are areas with 392

and 490 units, respectively, namely, 8 and 10 for annual mean

Information Center (NMIC) of CMA. Climatology of daily
and seasonal precipitation is defined as mean value for the
whole 27-year period. As long as any COL develops in the
domain of Northeast Asia, we attribute simultaneous rain-
fall over this domain to this event, regardless of whether the
effect is direct or indirect.

3 Seasonal characteristics of COLs

By the three-step algorithm described in Sect. 2, a multi-
decadal database on frequency of COLs can be obtained.
Furthermore, more detailed features of any individual COL
event, such as duration, size and favorable track, also can
be available from this database.

3.1 Spatial distribution of frequency

Figure 3 shows spatial distribution of annual mean fre-
quency of COL in Northeast Asia. It is evident that the
most concentrated area of COL has a slightly southwest—
northeast oriented band shape with two maximum. The
main maximum core (129°E, 50°N), with value larger than
8, locates over northern Northeast China Plain. This dense
center overlaps the low-lying area (Fig. 4), which implies
that topography has an important role in the development
of COL, like COLs in the lee side of the Andes (Fuenzalida
et al. 2005). The other slightly weaker maximum center
(142.5°E, 54°N), lies over western North Pacific coast.
Despite smaller area, its central intensity is roughly
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Fig. 4 The locations of the major rivers and mountains in Northeast
China

equivalent to the main density center. This result is con-
sistent with that of Porcu et al. (2007), who found that
lower sea surface temperature can inhibit convection
development and slow down the decay process of COLs in
Europe—Atlantic sector, suggesting that the heating differ-
ence between Northeast Asia and the North Pacific may
influence the evolution of COL.

Spatial distribution of COLs varies with seasons.
Figure 5 shows the frequency distributions in spring
(MAM, i.e., March-May), summer (JJA, i.e., June—
August), autumn (SON, i.e., September—November) and
winter (DJF, i.e., December-February). With seasonal
march, frequency maximum has an east-west orientation
oscillation. In spring and autumn, the frequency center lies
around the annual mean climatological location, about
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Fig. 5 Spatial distribution of seasonal frequency of COLs in a MAM, b JJA, ¢ SON and d DJF. Light and heavy shadings are areas with 98 and

147 units, respectively, namely, 2 and 3 for annual mean

50°N. The maximum moves toward the Eurasian continent
during summertime and retreats back to western North
Pacific coast in winter, which is similar to the results by
Nieto et al. (2005). This may account for the two maxima of
Fig. 3. With regard to the summer extension to the conti-
nent of COLs in Asia, Nieto et al. (2005) related this zonal
oscillation possibly to the strength and position of the
upper-level jet streams.

With regard to intensity, the maximum reach its peak in
summer with value larger than 3 times/year, followed by
winter and spring. In autumn, only 2 times of COLs
develop in the maximum center. This is consistent with the
spatial distribution of frequency in COL in Fig. 3.

3.2 Temporal variation of frequency

In this subsection, we examine the temporal variation of
frequency of COLs in the specified region, i.e., 100°—
150°E, 30°-65°N. It should be noted that here, “days”
mean the number of total days when COL occurs in each
month or year hereafter.

Figure 6 shows the monthly occurrence of COLs in
Northeast Asia. It is evident that both number and days for
COLs have a seasonal cycle, and summer is the most
favorable season for occurrence. Activities of COLs in
cold season (October—April) are relatively less frequent,

26

Days
Number

18

: ‘ : : : : : : : ‘ 25
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Fig. 6 Monthly distribution of COL for days (solid line) and number
(dashed line) based on objective analysis

especially in October and November. On average, COLs
can affect weather condition over Northeast Asia for about
24 days in each month of June and July, but less than
15 days in each month of October and November. Monthly
variation in days and number are consistent, implying that
the duration of COLs does not change much with month.

Frequency of occurrences for COL has a considerable
interannual variability (Fig. 7); 59 COLs developed in
1980 while the number in 1964 is only 38. The largest
year-to-year variation appears over two consecutive years,
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Fig. 7 Yearly variation of COLs for days (solid line) and number
(dashed line)
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Fig. 8 Duration (a) and size (b) of COLs over Northeast Asia. On the
left axis is shown total number of COLs

1988 and 1989, in which there are 267 and 172 days for
COLs, respectively. On average, about 49 COLs, which
cover 225 days, occur in Northeast Asia in each year. The
annual number of COLs does not exhibit a significant
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increasing or decreasing trend during 1958-2006, and the
seasonal numbers show a significant increasing tendency
for spring but not for other seasons (not shown). Days and
number of COL have a good coherence in Fig. 7, with a
correlation coefficient of 0.827, suggesting that the dura-
tion of COL does not change much year to year.

3.3 Duration and size

Duration of a COL event is defined as the difference
between initial time and final time when it can be detected
during its lifetime. More than half of detected COLs are
with short lifetime (Zhang et al. 2008), and most of short-
lived systems are either shallow troughs or secondary
minima with complex systems (Trigo et al. 1999). Thus,
only COL events lasting no less than 2 days are retained

(a) Genesis

55N

50N

45N 1

40N

50N

45N

2 j

()]

55N

50N

45N

40N
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Fig. 9 Genesis (a), lysis (b) and their difference (¢) of total
frequency of COLs over Northeastern Asia. Bold contours are 15
and 25 units for a and b, —10 and 10 units for ¢
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and considered hereafter. From the duration distribution of
COL (Fig. 8a), most of COLs last only 2-4 days.
Seasonally, 83.0% for MAM, 71.9% for JJA, 82.4% for
SON, and 79.8% for DJF last only 2—4 days. Results also
show that the number of the events lasting nine or more
days is extraordinarily small (1.7, 4.7, 1.7, and 3.7% for
MAM, JJA, SON and DIJF, respectively). What is more,
COL events in summer and winter are likely to be with
longer duration than other seasons, which are the seasons
with more frequency of occurrences for COL (see
Sect. 3.2).

Similar to Nielsen and Dole (1992), size of COL is
defined as the distance between the center and the outmost
closed contour. For each event, we mark its size by the
longest dimension during lifetime. For convenience, events
are classified into four categories: 0-500, 500-1,000,
1,000-1,500 and larger than 1,500 km. Figure 8b shows
the total number of COLs for each category in the 49 years
(1958-2006). Most of COLs lie in the range between 500
and 1,500 km (81.9, 92.6, 80.3, and 73.1% for MAM, JJA,
SON, and DIJF, respectively). During cold seasons, a
greater percentage of COLs tend to have maximum radius
larger than 1,500 km than that in summer season (25.1%
for DJF and 4.9% for JJA), which may be related to more
convective events in summer that suppress farther devel-
opment of COL (Porcu et al. 2007).

3.4 Genesis and lysis of COLs
Figure 9 depicts genesis, lysis and their difference in spa-

tial distribution of total frequency of COLs during the 49-
year period. In this study, the first (last) detected grid point

(a)

during the lifetime of any individual COL is deemed as the
genesis (lysis) location. To avoid potential errors resulting
from boundary effect, we ignore 5° in the zonal boundary
and 2.5° in the meridional boundary. Most of COLs form to
the east of Lake Baikal, and decay around the western
North Pacific coast. Genesis area is more concentrated than
lysis region, which may imply that tracks of COLs exhibit
a greater variety in the downstream region than the
upstream region. Additionally, to some extent, the orien-
tations from center of positive value to center of negative
value in the differences between genesis and lysis can
describe favorable movement directions of mid-latitude
cyclones (Trigo et al. 1999). From the differences distri-
bution (Fig. 9¢), therefore, it can be inferred that most
COLs tend to move southeastward or eastward.

On seasonal scale, spatial patterns of COL genesis
(Fig. 10) and COL lysis (Fig. 11) are similar to pattern of
annual mean frequency (Fig.9). Seasonally, the COL-
genesis distribution tends to be in an elongated shape
ranging from 115°E to 140°E in DJF, which may attribute
to the weaker dense center (142.5°E, 54°N) of total annual
spatial distribution of COLs (Fig. 3). In JJA, COL-lysis
area distributes more dispersedly and the maximum
extends toward continent.

Figure 12 shows seasonal distribution of frequency
differences between genesis and lysis. As a whole, differ-
ence patterns in each season are similar to the annual mean
differences, that is, net source to east of Lake Baikal and
net dissipation around the coast of west North Pacific,
specially in MAM and SON. The words “net source” (“net
dissipation™) here mean that the genesis (lysis) of COLs is
dominant over the regions. In DJF, net source area shifts
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Fig. 10 Seasonal spatial distribution of genesis frequency of COLs in a MAM, b JJA, ¢ SON and d DJF. Light and heavy shadings are areas

with 4 and 8 units, respectively
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Fig. 12 Same as Fig. 10, but for frequency difference between genesis and lysis. Light and heavy shadings are areas with —3 and 3 units,

respectively

eastward about 10° and net dissipation area moves to
around northern Sea of Japan, indicating that most COLs
may move more southeastward. In JJA, more pronounced
minima appear over continent, which suggests more com-
plicated tracks or shorter durations of COLs.

4 Seasonal precipitation patterns associated with COLs
Figure 13a shows spatial distribution of annual precipitation

from 1979 to 2005. Climatologically, precipitation decreases
along southeast—northwest orientation in Northeast China,
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with maxima 1,055 mm in Kuandian (124.47°E, 40.43°N)
and minimum 249 mm in Xinbaerhuqi (116.49°E, 48.4°N).
This spatial distribution of precipitation is basically
determined by summer monsoon circulation (e.g., Zheng
et al. 1992; Sun et al. 2007) and by the terrains in Northeast
Asia (Wang and Xie 1994), as well as by the COLs (see
Fig. 13b). In addition, seasonal difference of precipitation
pattern over Northeast Asia is distinct (e.g., Zheng et al.
1992; Lian and An 1998; Jia et al. 2003). Most areas in
Northeast China have annual precipitation amounts more
than 300 mm in summer (Fig. 14b), while these values are
less than 20 mm in winter period (Fig. 14d).
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COLs significantly affect disastrous weather in North-
east China. However, most previous research on relation-
ship between COLs and convective events is either limited
to case studies (e.g., Chen et al. 1988; Zhao and Sun 2007),
or without noticing seasonal differences (Zhang et al.
2008). In this section, by the use of long-term objective
dataset of COLs and observed station precipitation data,
seasonal precipitation patterns over Northeast China asso-
ciated with COLs are illustrated.

The percentage of annual precipitation associated with
COLs to total annual precipitation is depicted in Fig. 13b.
It should be mentioned that in this paper, precipitation
“associated with” COLs represents rainfall that happened
during COL days, rather than induced directly by COLs. It
is evident that, for most of the region, more than a quarter
of total annual mean precipitation is associated with COLs.
According to statistic analysis by Zheng et al. (1992),
COLs are responsible for about 7% of regional rainstorms
and 22% of local rainstorms in Jilin Province of Northeast
China. As Zhang et al. (2008) adopted a more rigorous
threshold value of geopotential height (40 gpm) to detect
COLs, it is likely that quite a few shallow and weak COL
events may have been filtered out. Therefore, the ratio of
precipitation limited to deep and strong COL systems in
their study is much higher than our work.

Moreover, over the areas where annual precipitation is
less (Fig. 13a), such as the northern and western part of
Northeast China, rainfall is more likely to be linked to
COL, which is consistent with result of Zhang et al. (2008).
In these regions, precipitation associated with COLs
accounts for more than 30% of annual total. Thus, it may
be indicated that precipitation over northern and western
part of Northeast China is relatively more affected by
COLs, while the rest may be more related to the southerly
flows of East Asian summer monsoon circulation.

The ratios of COL-associated precipitation to total pre-
cipitation also have remarkable seasonal differences
(Fig. 15). Even though COLs are less active in MAM and
SON, the ratios are larger than 30% over most of the
region. On the other hand, in JJA, the most favorable
season for development of COL, precipitation over
Northeast China is least likely to be associated with COLs,
with the ratio being lower than 30% over the whole region.
This can be explained by that precipitation in summer is
more related to East Asian monsoon.

5 Conclusions

In this study, by using 49-year NCEP/NCAR reanalysis
data and daily rain-gauge records in Northeast China dur-
ing 19792005, seasonal climatology of COLs and asso-
ciated precipitation patterns over Northeast China are
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Fig. 13 Spatial distribution of a annual precipitation (unit, mm) and
b percentage of precipitation associated with COLs to total annual
precipitation

analyzed. At first, based on a three-step objective method
of synoptic concept of COL, a multi-decadal dataset of
COL in the Northeast Asia is obtained. Then, using this
dataset, the seasonal characteristics of COLs over North-
east Asia, such as frequency, duration, radius, genesis, lysis
and favorable tracks are revealed. Finally, seasonal pre-
cipitation patterns associated with COLs over Northeast
China are briefly discussed. The main conclusions can be
summarized as follows:
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In general, most COLs have a short lifetime of less than
a week, and are apt to have longer duration in summer
and winter. Also, most of COLs have a large scale size,
ranging between 500 and 1,500 km, and a greater
percentage of COLs have a larger size in cold seasons
than in warm seasons.

The frequency of COLs has a seasonal cycle with peak
phase in summer and bottom phase in late autumn and
early winter. Annual frequency of COLs has a consid-
erable interannual variability with no significant long-
term trends.

The spatial distribution of annual frequency has a main
center over northern Northeast China Plain and a
secondary center over western North Pacific coast. The

Most of COLs form to the east of Lake Baikal, and end
their lifetime over western North Pacific coast. COLs
are apt to move along east or southeast passage, and
tracks are relatively more complicated in warm
seasons.

About a quarter of the annual mean precipitation over
Northeast China is associated with COL systems. In
particular, the ratios of COL-associated precipitation to
total precipitation are relatively larger in northern and
northwestern parts of this area than other regions. The
ratios are the greatest in spring and autumn, and the
smallest in summer.

In this study we focus on the statistical results of cli-

matological features of COLs. The physical processes
responsible for these features, such as the interaction
between COLs and upper-tropospheric westerly jet, and the

density band of frequency has a zonal oscillation with
season, namely, extension to continent in summer and
approach to coast in winter.
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Fig. 15 The percentage of precipitation associated with COLs to total seasonal precipitation

detailed characteristics of COL-related rainfall are not well
known and need to be studied further.

Acknowledgments We highly appreciate two anonymous reviewers
for their valuable comments and suggestions, which greatly helped us
in improving the presentation of this paper. This research work was
supported by the National Natural Science Foundation of China under
Grant Nos. 40633016 and 40725016.

References

Baray JL, Baldy S, Diab RD, Cammas JP (2003) Dynamical study of
a tropical cut-off low over South Africa, and its impact on
tropospheric ozone. Atmos Environ 37:1475-1488

Bell GD, Bosart LF (1989) A 15-year climatology of northern
hemisphere 500 mb closed cyclone and anticyclone centers.
Mon Weather Rev 117:2142-2164

Blender R, Schubert M (2000) Cyclone tracking in different spatial
and temporal resolutions. Mon Weather Rev 128:377-384

Campetella CM, Possia NE (2007) Upper-level cut-off lows in
southern South America. Meteorol Atmos Phys 96:181-191

Chen SJ, Bai L, Barnes SL (1988) Omega diagnosis of a cold vortex
with severe convection. Weather Forecast 3:296-304

Chen LQ, Chen SJ, Zhou XS, Pan XD (2005) A numerical study of
the MCS in a cold vortex over northeastern China. Acta
Meteorol Sin 63(2):173-183 (in Chinese)

Fuenzalida HA, Sanchez R, Garreaud RD (2005) A climatology of
cutoff lows in the southern hemisphere. J Geophys Res
110:D18101. doi:10.1029/2005JD005934)

Gimeno L, Trigo RM, Ribera P, Garcia JA (2007) Editorial: special
issue on cut-off low systems (COL). Meteorol Atmos Phys 96:1-2

@ Springer


http://dx.doi.org/10.1029/2005JD005934)

48

K. Hu et al.

He JH, Wu ZW, Jiang ZH, Miao CS, Han GR (2007) Climate effect
of the northeast cold vortex and its influences on Meiyu. Chin
Sci Bull 52(5):671-679

Hoskins BJ, McIntyre ME, Robertson AW (1985) On the use and
significance of isentropic potential vorticity maps. Q J R
Meteorol Soc 111:877-946

Jia XL, Wang QQ, Zhou NF (2003) Analysis of climate features of
precipitation anomalies in Northeast China in recent 50 years. J
Nanjing Inst Meteorol 26(2):164—171 (in Chinese)

Kalnay E, Kanamitsu M, Kistler R, Collins W, Deaven D, Gandin L,
Iredell M, Saha S, White G, Woollen J (1996) The NCEP/NCAR
40-year reanalysis project. Bull Am Meteorol Soc 77:437-472

Kentarchos AS, Davies TD (1998) A climatology of cut-off lows at
200 hPa in the northern hemisphere, 1990-1994. Int J Climatol
18:379-390

Kistler R, Kalnay E, Collins W, Saha S, White G, Wollen J, Chelliah
M, Ebisuzaki W, Kanamitsu M, Kousky V, Doof H, Jenne R,
Fiorino M (2001) The NCEP-NCAR 50-year reanalysis: monthly
mean CD-ROM and documentation. Bull Am Meteorol Soc
82(2):247-267

Lian Y, An G (1998) The relationship among East Asia summer
monsoon El Nino and low temperature in Songliao plains
Northeast China. Acta Meteorol Sin 56(6):724-735 (in Chinese)

Matsumoto S, Ninomiya K, Hasegawa R, Miki Y (1982) The
structure and the role of a subsynoptic-scale cold vortex on the
heavy precipitation. J] Meteorol Soc Jpn 60:339-354

Nielsen JW, Dole RM (1992) A survey of extratropical cyclone
characteristics during GALE. Mon Weather Rev 120:1156-1168

Nieto R, Gimeno L, de la Torre L, Ribera P, Gallego D, Garcia-
Herrera R, Garcia JA, Nunez M, Redano A, Lorente J (2005)
Climatological features of cutoff low systems in the northern
hemisphere. J Climate 18:3085-3103

Nieto R, Sprenger M, Wernli H, Trigo RM, Gimeno L (2008)
Identification and climatology of cut-off lows near the tropo-
pause. Ann NY Acad Sci 1146:256-290. doi:10.1196/annals.
1446.016

Palmen EH, Newton CW (1969) Atmospheric circulation systems:
their structure and physical interpretation. Academic Press, New
York, pp 603

Porcu F, Carrassi A, Medaglia CM, Prodi F, Mugnai A (2007) A
study on cut-off low vertical structure and precipitation in the
Mediterranean region. Meteorol Atmos Phys 96:121-140

@ Springer

Price JD, Vaughan G (1992) Statistical studies of cut-off-low systems.
Ann Geophys 10:96-102

Qi LX, Leslie LM, Zhao SX (1999) Cut-off low pressure systems over
southern Australia: climatology and case study. Int J Climatol
19:1633-1649

Sakamoto K, Takahashi M (2005) Cut off and weakening processes of
an upper cold low. J Meteorol Soc Jpn 83:817-834

Sun L, Zheng XY, Wang Q (1994) The climatological characteristics
of northeast cold vortex in China. Q J Appl Meteorol 5(3):297-
303 (in Chinese)

Sun L, Shen BZ, Gao ZT, Sui B, Bai LS, Wang SH, An G, Li J (2007)
The impacts of moisture transport of East Asian monsoon on
summer precipitation in Northeast China. Adv Atomos Sci
24(4):606-618

Tao SY (1980) Rainstorms in China. Scientific Press, Beijing, p 224
(in Chinese)

Trigo IF, Davies TD, Bigg GR (1999) Objective climatology of
cyclones in the Mediterranean region. J Climate 12:1685-1696

Vaughan G, Price JD (1989) Ozone transport into the troposphere in a
cut-off low event: Ozone in the atmosphere. Deepak, Hampton,
VA, USA, pp 415418

Wang XM, Xie JF (1994) The analysis of the effects of topography in
Northeast China on strong convection weather. Sci Geo Sin
14(4):347-354 (in Chinese)

Wang DH, Zhong SX, Liu Y, Li J, Hu KX, Yang S, Zhang CX, Sun L,
Gao ZT (2007) Advances in the study of rainstorm in Northeast
China. Adv Earth Sci 22(6):549-560 (in Chinese)

Wernli H, Sprenger M (2007) Identification and ERA-15 climatology
of potential vorticity streamers and cutoffs near the extratropical
tropopause. J Atmos Sci 64:1569—-1586

Zhang QY, Tao SY, Zhang SL (2001) A study of excessively heavy
rainfall in the Songhuajing—Nenjiang River valley in 1998. Chin
J Atmos Sci 25(4):567-576 (in Chinese)

Zhang CX, Zhang QH, Wang YQ, Liang XZ (2008) Climatology of
warm season cold vortices in East Asia: 1979-2005. Meteorol
Atmos Phys 100:291-301

Zhao SX, Sun JH (2007) Study on cut-off low-pressure systems with
floods over Northeast Asia. Meteorol Atmos Phys 96:159-180

Zheng XY, Zhang TZ, Bai RH (1992) Rainstorm in Northeast China.
Meteorological Press, Beijing, p 219 (in Chinese)


http://dx.doi.org/10.1196/annals.1446.016
http://dx.doi.org/10.1196/annals.1446.016

	Seasonal climatology of cut-off lows and associated precipitation patterns over Northeast China
	Abstract
	Introduction
	Data and methodology
	Seasonal characteristics of COLs
	Spatial distribution of frequency
	Temporal variation of frequency
	Duration and size
	Genesis and lysis of COLs

	Seasonal precipitation patterns associated with COLs
	Conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /DEU <>
    /ENU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


