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Abstract: Statistical classification of the intensification of different deep Changiang-Huaihe Cyclones (CHCs) over the East China and Yellow Seas (ECYSs) during 2008 to 2012 is studied using the FNL reanalysis data. Based on the penetration depth and the season of occurrence, the CHCs are divided into four categories including warm-season-deep (WSD), warm-season-shallow (WSS), winter-shallow (WTS) and early-spring-bottom (ESB). Statistics show the CHCs take either an eastward or a northeastward path after entering ECYSs. After moving to the seas, the intensification of CHCs is more significant in cold season than that in warm season.  They all have the reduction of the friction of the underlying surface and the increase of the near surface winds. The area of strong winds extends and migrates from the east to the southeast of the CHCs. A significant increase of precipitation during the warm seasons is consistent with the penetration depth of the cyclones. While a slight increase of precipitation in cold season cyclones and scattered precipitation is observed behind the ESB cyclones in the early stage of spring. Synthetic diagnosis analysis of the CHCs over ECYSs shows that the latent heat release plays an important role in the amplification of cyclones during the warm season. The ESB cyclones are sensitive to the dynamic and thermal effects from the underlying surface. The vertical stretching of the positive vorticity volume is much more significant in ESB cyclones than that in other cyclones. The height of maximum upper level divergence is proportional to the penetration depth of the cyclone for all the categories. Diabatic heating from the underlying surface is more prominent in cold season cyclones. Downward transport of the kinetic energy from upper level jet and the reduced friction both have positive contributions to intensification of the CHCs. Moist Potential Vorticity (MPV) has more contribution to the intensification of warm season cyclones, especially WSD cyclones. The combined effects from inertial stability and shear stability are beneficial to the amplification of the cyclones in cold season. The position and strength of the temperature and moisture front from MPV2 term at 1000 hPa coincides with the area and intensity of precipitation, which shows that the MPV2 is an effective reference for CHCs rainfall forecast. 
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Changjiang-Huaihe Cyclone (CHC) is one of the most important weather systems over Yangtze River and Huaihe River. It often occurs with hazardous weather like heavy rain and strong gusts. And it can occur at any season, but most likely in spring and early summer (March-June) (Yang 1995). After analyzing climatology of the Changiang-Huaihe Cyclones (CHCs), Wei et al. (2013) found they mainly originated from Dabie Mountain and/or to the northeast of Dabie Mountain, upstream Huaihe River and joint region of Jiangsu, Anhui and Zhejiang provinces as well as Poyang Lake. Yang (1995) also revealed there were three types of winds associated with the CHCs, i.e. strong south wind, strong north wind and south to north wind. Xiang (2009) examined some CHCs moving over the seas, and suggested that the strong wind behind the CHCs was caused by the stronger pressure gradient and allobaric gradient due to the intrusion of cold air from north. Li et al. (2008) found there was a major precipitation area near the center of the CHC and a second precipitation area to the left of the CHC’s track. Sun et al. (2011) investigated the relationship between storm helicity and precipitation. Moist Potential Vorticity (MPV) and Potential Vorticity (PV) inversion techniques have been widely used in several previous studies to explore the influence of barotropic and baroclinic structure on heavy rainfall (Ding et al. 2012; Guo et al. 2013).  Using PV inversion technique, Zhao et al. (2008,2010) found the disturbance at middle-upper troposphere was one of the important factors for intensification of weak cyclones, and diabatic heating played a dominant role in amplification of strong cyclones. Ma et al. (2002, 2013) analyzed the contribution of baroclinity to the intensification of the CHC based on slantwise vorticity development theory. Xu et al. (2013) proposed that small trough and upper/lower level jets provided kinetic energy for the CHCs associated with Mei-Yu front. Miao et al. (2014) simulated and diagnosed the cyclones originated from shallow low vortex. They pointed out that the orographic effect and the collocation between the coupling center of the upper and lower level jets and the region where latent heat was released were the major causes of development of low vortex. 

Previous studies have already shed some lights on the activities of the CHCs over land, while research on the development of CHCs after entering the ECYSs is becoming a hot topic today with the increased demand of information about ocean and atmosphere because of the marine economic development. Therefore, a comprehensive study about the CHC is a prerequisite to successfully predict its evolution. According to previous studies, the CHCs have different penetration depths, and thus can be divided into shallow CHCs and deep CHCs (Miao et al. 2014; Miao et al. 2014; Chen et al. 2013). In this paper, a composite analysis is carried out on weather and thermodynamic structure of CHCs occurred during 2008 to 2012, as well as a further discussion about the environmental influences on the intensification of the CHCs. 

1  Data and methods

The data used in this study cover the years from 2008 to 2012, which include the history synoptic maps and MICAPS (Meteorological Information Comprehensive Analysis and Process System) pressure level data from national meteorological center of China, FNL 1o x 1o 6-hour global reanalysis data (including ground temperature data TMPsfc) and 0.1o x 0.1o merged CMORPH-AWS (CMORPH data merged with AWS data) hourly precipitation data (version 1.0). Based on the criteria for the occurrence and intensification of a CHC introduced by central forecast office in Jiangsu, we define a criterion for intensification of a CHC after entering the sea. Our statistics are based on these criteria and the defined domain showed in Tab. 1 and Fig. 1. 

Composite method is adopted in this study to obtain the common features of the similar cyclones. We firstly select a 20o x 20o box centered at the center of each CHC, and then study the composite image of the similar cyclones to obtain an averaged map, focusing on the comparison of different weather and thermodynamic aspects of the CHCs both on land and over sea.

3  Statistical facts about the CHCs

3.1  A brief introduction

According to the statistics of the CHCs during recent five years (Tab. 2), the overall occurrence of CHCs is 95 with a life cycle longer than 12 hours. The annual occurrence rate is 19, which shows a decreasing trend during this period, with only 28 of them intensified after moving over sea, taking 29.5% of all the CHCs with an annual occurrence rate of 5.6.
Tab. 1 Statistic criteria of the CHCs 
	CHCs
	Criterion 1
	Criterion 2
	Criterion 3
	Criterion 4

	Definition
	Occurs in the middle and lower reaches of the Yangtze River and reaches of Huai River. (see rectangle in Fig. 1)
	At least one closed isobar can be identified
	Sustain at least 12 hours


	A low with cold/warm front



	Intensification
	Central minimum pressure drops 1 hPa within any period of 12 hours
	At least two closed isobars can be identified at the same period
	Three closed isobars can be identified


	Central minimum pressure drops more than 5 hPa within a period of 12 hours

	Intensification over sea
	Central minimum pressure drops immediately after the cyclone moves over sea
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Tab. 2 Statistics of total CHCs and intensified CHCs after moving over sea during year 2008-2012

	Year
	2008
	2009
	2010
	2011
	2012
	Total
	Year average

	Cyclone frequence(CF)
	30
	21
	16
	14
	14
	95
	19

	CF over sea
	8
	10
	4
	0
	6
	28
	5.6


Based on the definition of the vertical scale for low vortex (Miao et al. 2014; Yang et al. 2010), we define the penetration depth of the intensified CHCs after moving over sea as the highest pressure level at which a closed isobar was found. For example, if a closed isobar could be found from surface to 500 hPa, then the penetration depth of the CHC is defined 500 hPa. From those 28 intensified CHCs, only 5 of them have penetration depth higher than 700 hPa, with the highest penetration depth of 500hPa. All these 5 CHCs occur in late spring or summer (warm season). There are 23 CHCs which have penetration depth no higher than 700 hPa. The most frequent penetration depth is 850 hPa, and this group includes 11 cases and occupies 39.3% of all the intensified CHCs. There are also 4 cases that the penetration depth is only 1 000 hPa, and they all occurred in the early spring. The above statistics imply that the intensified CHC is generally a shallow system.  It is deeper during late spring and summer and shallower during fall and winter. In addition, the penetration depth varies in spring, and it is most likely around 1 000 hPa and 850 hPa (Tab. 3).  

Tab. 3  Seasonal distribution of the CHCs with different penetration depth during 2008 to 2012

	Penetration depth
	1000
	850
	700
	650
	600
	500
	Total

	Spring
	4
	5
	4
	1
	0
	1
	15

	Summer
	0
	3
	4
	0
	1
	2
	10

	Autumn
	0
	1
	0
	0
	0
	0
	1

	Winter
	0
	2
	0
	0
	0
	0
	2

	Total
	4
	11
	8
	1
	1
	3
	28
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Fig. 1  Definition of the source region of the CHCs  图一定要清晰，全英文表述，不要有中文
3.2  Characteristics of the CHCs in different categories

Among all the cyclone tracks in these four categories, eastward track and northeastward track are two dominant tracks. The eastward track starts from the estuary of the Yangtze River, passes the south of the Yellow Sea, north of the China East Sea, south of the Korea peninsular and finally reaches south of Japan or the seas nearby. The northeastward track starts from the north of the estuary of the Yangtze River, passes the Yellow Sea, turns northeastward to the Korea peninsular and finally reaches the Sea of Japan. Of all the CHCs, most of the WSD and all the ESB cyclones have northeastward tracks, while the WTS and the WSS cyclones have both eastward and northeastward tracks (Fig. 2).
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Fig. 2  Tracks of the CHCs (a) eastward track (b) northeastward track

(WSD: solid line; WSS: dashed line; WTS: line with open circle; ESB: line with the open square)

The most significant intensification occurs in the ESB cyclones with their central minimum pressures decreasing up to 3.3 hPa within 6 hours after they enter over sea. For warm season cyclones, the decrease of central minimum pressure is mostly between 0-1 hPa (8 cases). 57.1% of all the warm season cyclones fall in this range. The averaged decrease of central minimum pressure is 1.86 hPa for the WTS and the ESB cyclones, and 1.12 hPa for the warm season cyclones, which indicates that the more significant intensification occurs at the cold season than the warm season. After the cyclone entering the sea, its intensification is dependent on the interaction between the environmental conditions and the cyclone itself. In the following, we will further examine this issue with a composite analysis method. 

Tab. 4  Changes of the CHC’s central minimum pressure within 6 hours before and after the CHCs entering over sea during year 2008-2012

	Pressure change
	-1 - 0
	-2 - -1
	-3 - -2
	-4 - -3

	WSD
	2
	1
	2
	0

	WSS
	6
	1
	2
	0

	WTS
	1
	1
	0
	0

	ESB
	0
	1
	1
	1


 4  Evolution of composite CHC before and after moving over sea

Using FNL reanalysis data, we conduct a composite analysis on the CHCs in four categories. For the 9 CHCs in category WSS, the composite is only carried out on 5 CHCs of them whose penetration depth reaches 850 hPa. By doing so, it is expected to obtain more distinct differences when comparing with the cyclones in category WSD. Also, it will be consistent with the penetration depth of the cyclones in category WTS, and easier for comparison between the CHCs with similar penetration depth in different seasons.
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Fig. 3  Sea level pressure (solid line, unit: hPa) and surface (above 10 m) wind speed (shading, unit: m/s) before (a,c,e,g) and after (b,d,f,h) the CHCs entering over sea.

(WSD: a, b; WSS: c, d; WTS: e,f; ESB: g, h)

4.1  Different weather associated with intensified CHCs after moving over sea

4.1.1  Winds

According to Fig. 3, all these intensified CHCs are accompanied with strong winds.  For the CHCs in category WSD and WSS, south wind can be noticed in the east of the cyclones before entering the sea, and the maximum wind speed is above 8 m/s. After the cyclones entering the sea, the central minimum pressure decreases with increased wind speed, and the maximum wind speed increases to 10 - 11 m/s.  The area with strong wind also extends and the area with most intense wind moves to the southeast of the CHCs. For the CHCs in category WTS, the core of the cyclones extends after the cyclones entering over sea. The averaged wind speed is generally much larger than that in other categories before the cyclones entering over sea, and the maximum wind speed already reaches   12 m/s. After the cyclones entering over sea, it increases to 13 m/s. The area with south wind in front of the cyclones extends to the north, and the strong north winds appear in the north. While for the CHCs in category ESB, the wind speed reaches 11m/s when the cyclones are still over land, and the area of strong winds is in the east of the cyclones. After the cyclones entering over sea, the wind speed increases, and the area of strong winds moves to the southeast, and strong north winds also appear behind the cyclones. 

The dynamic effect of the ocean on the intensification of the cyclones is attributed to the decreased friction due to a smooth sea surface, which is the same for all seasons. This effect is responsible for the increased wind speed in front of the cyclones. However, due to the difference of the magnitudes for the intensification, there are obvious seasonal differences in terms of increased wind speed and extension of the area of strong winds. In winter, the north winds behind the cyclone bring the cold air southward, and increase the meridional pressure gradient, resulting in increased north wind and an area of strong north wind. While for the CHCs in the category ESB, after they entering over sea, the rear side of the cyclones collocates with a cold tongue of SST underneath. The increased baroclinity is the cause of the appearance of an area with stronger wind. In front of the cyclones, the area of strong wind deviates southeastward, which is probably related to the northeastward movement of the cyclone. The translational speed and the south winds in the southeast of the cyclone add together which forms an area of stronger wind. 

4.1.2  Precipitation 

It can be seen from the composite map of precipitation in Fig. 4, that, in warm season, precipitation usually occurs in the north of the cyclone for all the CHCs. During winter and early spring, precipitation occurs in the east of the cyclone. It’s noted that the major precipitation area has moved to the southeast of the cyclones after the cyclones entering over sea, and rainfall appears in the southwest of the cyclones. In terms of intensity, precipitation in warm season is much stronger than that in winter and early spring. After the cyclones entering over sea, the precipitation of the CHCs in category WSD increases from 22 mm/6h to 30 mm/6h. The rainfall of major precipitation area in the north of the CHCs in category WSS also increases from 16m/6h to 22 mm/6h, but the precipitation decreases in the rear side of the cyclones. The increase of rainfall is less significant in winter and early spring. It is only 2 mm /6h for the WTS cyclones, and there is no significant increase of precipitation for CHCs in category ESB. 
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Fig. 4  Same with Fig. 3 except for sea level pressure (solid line, unit: hPa) and 6-hour accumulated precipitation (shading, unit: mm)

Tab. 5  Penetration depth of individual CHC in different categories

	Classification
	Number
	Date
	Penetration depth

	WSD
	1
	2008.6.3—5
	500

	
	2
	2008.6.9—11
	500

	
	3
	2009.5.20—21
	500

	
	4
	2009.7.9—12
	600

	
	5
	2010.5.21—23
	650

	WSS
	1
	2008.5.27—28
	850

	
	2
	2008.6.17—18
	850

	
	3
	2008.8.16—18
	850

	
	4
	2009.5.15—16
	850

	
	5
	2010.7.10—11
	850

	WTS
	1
	2009.2.21—22
	850

	
	2
	2012.12.13—14
	850

	ESB
	1
	2009.3.21—21
	1000

	
	2
	2010.3.14—15
	1000

	
	3
	2012.3.15—16
	1000


During warm season, warm and moist air from the south is dominant. The mixing of warm and cold air occurs in the north of the cyclone center. The collocation of upward motion area and mixing zone of warm and cold air favors a precipitation area in the north of the cyclone center. (The center of the contour in Fig. 5a and 5c is the center of upward motion)

After the warm season cyclones entering over sea, the increased low level moisture convergence leads to the stronger upward motion, which continuously transports the warm and moist air from the sea surface to the upper level of troposphere and resulting in intensified precipitation in the north of the cyclone. In contrast, the enhanced upward motion associated with the CHCs in category WSS is only a quarter of that for the CHCs in category WSD (contours in Fig. 5b and 5d). Therefore, the increased precipitation is much less. And the profile of pseudopotential temperature (not shown in the figure) also shows a stable static stability in the rear side of the cyclone, which is not favorable for sustaining precipitation. The warm and moist air is weak and far south in winter and early spring, while the cold air over land in the west of the cyclone is very strong. Thus the precipitation is mainly taken place in the east of the cyclones. Also, due to less water vapor and lower temperature, the precipitation associated with the CHCs in cold season is much less than that in warm season. For the CHCs in category WTS, the air is stably stratified and not favorable for generating precipitation. However, the precipitation may increase slightly after the cyclones entering over sea due to increased water vapor convergence and upward motion. For the CHCs in category ESB, the cyclones are shallow, so as the layer of upward motion. Because the upward motion and the water vapor flux convergence do not change much after the cyclones entering over sea, there is no change about precipitation. Nevertheless, overlay of cold air at lower level in the rear side of the cyclone with warm air over sea increases the baroclinity after the cyclones entering over sea, which is most significant compared with the CHCs in other categories. Strong baroclinity is beneficial to generation of baroclinic disturbance, and favorable for scattered precipitation in the rear side of the cyclone. In general, the main precipitation area of all the CHCs is coincided with the center of water vapor convergence at 1 000 hPa, also coincided with the center of upward motion at 850hPa. On the other hand, the location of the main precipitation area is also collocated with the area of wind convergence near surface.

4.2  Impact of latent heat release 

According to the formula (1), latent heat release increases with increased precipitation (Yue et al. 2002). 
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where H is latent heat (unit: J); R is rainfall (unit: cm); S is rainfall area; 
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 is density of water (unit: g/cm3); and 
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 is coefficient of latent heat. 

Latent heat release plays a key role in the development of the cyclone (Lu and Lu 1997). As the precipitation has little significant change during the movement of cyclone from land to sea (A usually treated as a constant), the latent heat is approximately proportional to the precipitation. Therefore, the changes of the maximum precipitation in major rainfall area of the cyclones could be used to represent the changes of the latent heat release, and to evaluate their impacts on intensification of the CHCs in different categories (Tab. 6).

The cyclones in warm season are characterized with abundant of precipitation and latent heat release. After the cyclones entering over sea, the magnitude of precipitation significantly increases. With more latent heat release, the cyclones will further intensify. In cold season, there is usually less precipitation associated with the cyclones. With limited increase of precipitation and latent heat release after the cyclones entering over sea, the intensification of cyclones is much weaker than those in warm season. For the cyclones in ESB category, the precipitation and latent heat release does not change much, but the amplification of the cyclone near surface is the most significant. It implies that latent heat release is not the only factor that influences the development of the cyclones in category ESB. Nevertheless, it is still the key factor that influences the development of the cyclones after moving over sea in warm season. The effect of the latent heat release is proportional to the depth of the cyclones in warm season.

[image: image21.emf]

 [image: image22.emf]


[image: image23.emf]

 [image: image24.emf]


[image: image25.emf]

 [image: image26.emf]


[image: image27.emf]

 [image: image28.emf]


Fig. 5  Same with Fig. 3 except for vertical velocity at 850 hPa (solid line, unit: Pa/s) and water vapor flux at 1000 hPa (shading, unit: 10-7g/(cm2·hPa·s). The triangle is the center of the composite cyclone. 
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Fig. 6  Same with Fig. 3 except for vertical cross-section map of vorticity (solid line, unit: 10-5/s) and divergence (shading, unit: 10-5/s) along the latitude of the composited CHC’s center. The arrow points to the height of the reference isoline of vorticity. 
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Fig. 7  Temperature (unit: oC) of the underlying surface after the CHCs entering over sea. (a) WSD (b) WSS (c) WTS (d) ESB

Tab. 6  Changes of the central minimum pressure and maximum rainfall before and after the CHCs entering over sea

	Cyclone type
	WSD
	WSS
	WTS
	ESB

	  Pressure change(hPa)
	-1.35
	-0.93
	-0.84
	-3.48

	Maximum rainfall change(mm/6h) 
	8
	6
	2
	0


4.3  Vertical structure of the CHCs 
The composite vertical structures of the CHCs in different categories (Fig. 6) show the vorticity increasing significantly for all the CHCs after they entering over sea. Specifically, the composite positive vorticity at the top of the CHCs increases from        2 x 10-5/s to 5 x 10-5/s for the cyclones in category WSD (500 hPa), from 8 x 10-5/s and 7 x 10-5/s to 11 x 10-5/s in category WSS (850 hPa) and WTS (850 hPa) respectively, and from 6 x 10-5/s to 8 x 10-5/s in category ESB (1 000 hPa). 

[image: image41.emf](a)

入海前入海后

  [image: image42.emf](b)

入海前入海后


[image: image43.emf](c)

入海前入海后

  [image: image44.emf](d)

入海前入海后


Fig. 8  Vertical cross-section map of wind speeds (unit: m/s) along the longitude of the composite CHC’s center before (dashed line) and after (solid line) the cyclones entering over sea. (a) WSD (b) WSS (c) WTS (d) ESB

Another feature of the positive vorticity change is vertical extension of the 6 x 10-5/s contour line, which indicates the intensification of the cyclone is obvious in both horizontal and vertical direction. For cyclones in category WSD, this contour line increases from 700 hPa to 300 hPa, which is probably related to upper level lows such as westerly trough. For the cyclones in category WSS, it increases from 750 hPa to 650 hPa. Whereas the increase of vertical penetration is not significant in winter, it still increases from 750 hPa to 700 hPa. The most remarkable vertical penetration occurs in early spring when the reference contour moves up to 600 hPa from 900 hPa. This reveals the sensitivity of the cyclones in category ESB to the thermodynamic influences from the ocean surface. 

The composite divergence structures (shadings in Fig. 6) show increased convergence/divergence at lower/upper level of the cyclones. The height of the divergence increases proportionally to the depths of the cyclones, which are 800 hPa, 450 hPa, 350 hPa and 300 hPa for the WSD, WSS, WTD and ESB cyclones respectively. 

5  Influence of the environmental factors

5.1  Temperature of underlying surface

Fig. 7 shows the analysis of the underlying surface temperature (TMPsfc) in the east of China. It can be noticed the temperature near the ocean surface is similar with or slightly lower than that near the land surface in warm season, and the diabatic heating is not significantly stronger after the cyclones entering over sea. However, the entrainment of the ambient moisture around the cyclones is beneficial to the enhanced precipitation and latent heat release. The temperature of underlying surface is significantly higher near ocean surface than that near land surface in winter. After the cyclones entering over sea, the thermodynamic effect (diabatic heating) is remarkable for intensification of the cyclones and heating of the air mass. The temperature of underlying surface exhibits a cold tongue along the coast and warm ridge over the ocean during the early spring. Thus the ESB cyclones receive diabatic heating in the front and diabatic cooling in the rear from the underlying surface. The specific temperature pattern and diabatic heating/cooling effect are consistent with their baroclinity aspect, and is beneficial to the intensification of the cyclones over the ocean. It also causes the decrease of the saturated water vapor pressure behind the cyclones due to the cooling, and with the increase of the water vapor after the cyclones entering over sea, which causes the scattered precipitation. 
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Fig. 9  Changes of (a) averaged MPV (WSD: line with open circle; WSS: line with solid circle) and (b) PV (WTS: line with open circle; ESB: line with solid circle) within a 3o X 3o box centered at composite CHC’s center at different levels after the CHCs entering over sea
5.2  Upper level jet

Upper level jet has a crucial impact on the intensification of the cyclones. In warm season, the upper level jet is further north and to the north of the cyclones due to stronger warm air mass from the south. The strength of the upper level jet is weaker in warm season than that in winter and spring. On the other hand, in warm season, the cyclones are located to the right of the entrance of the jet where strong anticyclonic shear is dominant. The anticyclonic shear in the upper troposphere enhances the upper level divergence, helps to maintain and thicken the upward motion layer, which enables a continuous upward transport of water vapor and latent heat, and finally results in intensification of the cyclones.  

In contrast, the upper level jet is further south and to the south of the cyclones due to the stronger cold air from the north during winter and early spring. Also, the cyclones are located to the left of the entrance of the upper level jet where cyclonic shear is dominant, which leads to the enhancement of the convergence at the upper levels. Without the “pumping effect” of upper level divergence, the structure of the cyclones is not favorable for thickening and vertical penetration of the upward motion layer. However, this specific structure is advantageous to maintain a positive vorticity at lower level. In addition, because the cyclones in winter and early spring are cold, dry and shallow with less latent heat release, they are not sensitive to the suppression of the upward motion and decrease of the latent heat release. This is consistent with the result that latent heat release is not the major factor influencing the intensification of cyclones in category ESB (Fig. 6)

Fig. 8 shows the vertical-latitude cross-section map of upper level jet wind speed before and 6 hours after the cyclones entering over sea. Downward penetration of strong wind from upper level jet can be found on all the CHCs (Fig. 8). If we use 15 m/s wind speed contour as a reference to calculate downward penetration speed, we can easily find that the WSD cyclones have the fastest penetration speed and the ESB cyclones have the slowest penetration, which are 30 hPa/h and 13 hPa/h respectively. For the cyclones in category WSS and WTS, their penetration depths are similar (850 hPa), and the downward penetration speeds are also similar, which is 23 hPa/h and 20 hPa/h respectively. It appears that the downward penetration speed is proportional to the depth of the cyclone itself. The strengthening of the cyclones after moving over sea is due to the reduced friction of underlying surface and the downward propagation of the kinetic energy from the upper level jet. Especially, the wind speed in warm season is weaker than that in winter and early spring, and the faster downward penetration of strong wind is favorable for intensification of the cyclones.

5.3  Moist potential vorticity

Moist Potential Vorticity (MPV) is a parameter that reflects the attribute of dynamic, thermal and moist condition. The unit of MPV is PVU (1PVU=10-6m·K/(s·kg)), and the formula in a pressure coordinate is as the following.
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where  MPV1 is moist barotropic term, representing combined contribution from inertial stability  and convective stability, and 
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Fig. 10  Distribution of MPV2 (unit: PVU) at 1000 hPa after the CHCs entering over sea (a) WSD (b) WSS (c) WTS (d) ESB

Since there is abundant moisture in warm season, we calculate MPV before and after the cyclones entering over sea (Fig. 9a). The averaged MPV for the WSD cyclones at all the levels below 600 hPa increase after the cyclones entering over sea, with maximum increase occurs at 850 hPa. For cyclones in category WSS, the maximum increase occurs at 900 hPa. There is more moisture over ocean than that over land. Both the horizontal and vertical distribution of the moisture has positive contribution to the barotropic and baroclinic terms in MPV’s formula, which indicates a favorable condition for intensification of the cyclones.  Fig. 9a also shows increased MPV can be found at more and higher levels for the WSD cyclones than that for the WSS cyclones, which implies that MPV has more impact on intensification of the deep cyclones. For the WTS cyclones and the ESB cyclones, there is less moisture than that of warm season cyclones, and no vertical extension can be found in the ESB cyclones. Therefore, dry potential vorticity (replaced  in equation (2), hereafter DPV) is applied for the WTS and the ESB cyclones (Fig. 9b). It is clear that DPV increases after the cyclones entering over sea for both cold season cyclones. The maximum increase of DPV occurs at 850 hPa for the WTS cyclones and 1000 hPa for the ESB cyclones. The combined effect of inertial stability and shear stability is favorable for the intensification of the cyclones. 

It’s noted that MPV2 is a representative of both temperature and humidity. A negative MPV2 is associated with dry and cold air, while a positive MPV2 is associated with moist and warm air. The composite of MPV2 at 1000 hPa is analyzed for all the CHCs (Fig. 10). It shows the composite centers of the cyclones in all categories are in an area with negative MPV2, and the magnitude of MPV2 for all the cases increases after the cyclones entering over sea. The results support the existence of a downdraft with dry and cold air, which enhances a stronger warm and moist front near surface. The enhanced moist baroclinity is favorable for more precipitation. Before the cyclones entering over sea, the gradients of the MPV2 in all the categories are comparable, after the cyclones entering over sea, MPV2 gradient for the WTS and the ESB cyclones increases 0.5 PVU and 0.4 PVU respectively, which is much more significant than warm season cyclones. This indicates increased baroclinity for the WTS and the ESB cyclones after they enter over sea. The warm and moist front zone is coincided well with the location of the rainfall. Especially the significant negative MPV2 area indicates that stronger dry and cold air is evident near the center of the WTS and the ESB cyclones (Fig. 10c,d), which is also consistent with the fact that less precipitation is observed for the WTS and the ESB cyclones than that for warm season cyclones. There is another MPV2 negative/positive center with less moist baroclinity in the southwest of the ESB cyclones, which is corresponding to an area with scattered precipitation. MPV2 at 1 000 hPa is a good reference for predicting precipitation associated with the CHCs after they enter over sea.

6  Conclusions 

There is a decreasing trend of occurrence of the CHCs during year 2008-2012.  On average, only 5.6 CHCs experience intensification after moving over sea every year. The vertical penetration depth is lower in cold season than that in warm season. The lowest penetration depth is only 1 000 hPa in early spring. We divide all the CHCs into four categories, including warm-season-deep (WSD), warm-season-shallow (WSS), winter-shallow (WTS) and early-spring-bottom (ESB). After the CHCs entering over sea, they usually take either an eastward path or a northeastward path. All the ESB cyclones took the northeastward path, while the cyclones in the other three categories took either of these two paths. More significant amplification can be found in cold season than that in warm season after the CHCs entering over sea. 

(2) Strong winds and heavy precipitation are common weather for all the CHCs.  After they enters over sea, the strength of winds increases and range of strong winds extends towards southeast of the cyclone. A strong wind zone appears behind the center of the ESB cyclones, which is related to the increased temperature gradient caused by the SST cold tongue and the intrusion of cold air. For the major precipitation area in the north of the cyclones, the intensity of precipitation increases significantly after the cyclones entering over sea, and the increase of intensity is also proportional to the depth of the cyclones. A slight increase of precipitation can be found after the WTS and ESB cyclones entering over sea, and most of the precipitation occurs in the east and southeast of the cyclones. 

(3) In warm season, latent heat release is one of the important factors impacting intensification of the CHCs after they enter over sea. The influence of this factor is proportional to the depth of the cyclones. It also has impact on intensification of the cyclones in cold season though it is not the major factor for the ESB cyclones. After the cyclones entering over sea, the volume of positive vorticity expands in both horizontal and vertical direction, indicating a substantial amplification. The ESB cyclones are more sensitive to the thermal and dynamic influences, and the vertical extension of the positive vorticity volume is more significant than that of other cyclones. Intensification of the CHCs is accompanied with the enhancement of the low level convergence, and the height of the maximum upper level divergence is proportional to the depth of the cyclones. 

(4) Diabatic heating from the underlying surface, downward transport of kinetic energy from upper level jet, reduced friction over sea surface and barotropic/baroclinic structure of moist potential vorticity/potential vorticity are all crucial environmental factors for intensification of the CHCs after they enter over sea. The effect of diabatic heating from the underlying surface is more significant in cold season. Downward transport of kinetic energy from upper level jet as well as reduced friction has effects on all the CHCs. The transportation speed of kinetic energy is proportional to the depth of the cyclones. MPV has positive contribution to intensification of warm season cyclones, especially for the WSD cyclones. The combination of inertial stability and shear stability is beneficial to the increase of the potential vorticity after the cyclones entering over sea. MPV2 at 1 000 hPa is a good reference for predicting precipitation for the CHCs after they enter over sea.
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不同深厚气旋入海发展中环境因子作用对比研究

中文标题：黑体小二，行距：固定值22磅，居中对齐
王坚红1，牛 丹 1, 3，任淑媛2，苗春生1，宋 萍1, 4

中文作者姓名：仿宋四号，行距：固定值16磅，居中对齐
（1. 南京信息工程大学气象灾害预报预警与评估协同创新中心 南京信息工程大学气象灾害教育部重点实验室，       江苏 南京 210044；2. 兰州市气象台，甘肃 兰州 730020；3. 辽宁省气象信息中心，辽宁 沈阳 110166；

4. 山东省气象服务中心, 山东 济南 250031)

单位名称：宋体8号字，数字Arial 8号，行距：固定值16磅，居中对齐
摘 要: 利用 FNL 再分析资料，统计 2008—2012 年入海发展江淮气旋并根据气旋不同深厚程度及季节特征分为：暖季深厚型、暖季浅薄型、冬季浅薄型和春初底层型。各类气旋的统计及合成分析表明四类气旋入海基本特征为：入海路径可分为东路和东北路；冬季与初春气旋入海发展增强幅度大于暖季；不同深厚气旋入海后均有下垫面摩擦力减小近海面风力增强，大风区扩大且由气旋偏东位置向东南偏移；暖季气旋入海降水强度增幅明显，并与气旋深厚程度成正比，冬季及春初气旋入海后降水增幅小，春初气旋后部有零散强降水。对入海发展机制的合成诊断显示，气旋中凝结潜热释放对暖季气旋起重要作用，并与气旋深厚程度成正比，对冬季气旋也有正贡献，但对春初底层型气旋无明显作用。春初底层型对海面动力热力影响更敏感，入海后正涡度区的垂直伸展较其它型更显著。而有利于气旋加深的上空辐散中心位置高度与气旋的深厚程度成正比。气旋入海发展中环境因子分析显示，下垫面非绝热加热对冬季和初春气旋作用显著，对暖季气旋影响不明显。高空急流动量下传与下垫面摩擦减弱促使各类气旋增强。湿位涡对暖季气旋有重要正贡献，对深厚气旋作用更强。冬季和初春风场的惯性稳定度和切变稳定度的共同作用有利于气旋增强。1 000 hPa 上湿斜压项 MPV2 显示的气旋区域温湿锋区位置及强度与入海气旋雨区及雨强对应较好，具有显著指示性。

关键词：天气学；入海江淮气旋；合成分析；天气特征；结构特征；环境因子
中文摘要，关键词：黑体小五，内容宋体小五，里面的数字和英文：Arial小五，行距：固定值16磅，两端对齐
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