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Abstract:  Recent research on tropical cyclone rainfall has focused on several different topics.  A number of studies have focused on assessing the climatology of tropical cyclone rainfall both globally and in various basins around the globe.  In addition, there has been an increasing emphasis in the United States on assessing the relationship between landfalling tropical cyclones and the climatology of inland flooding. 
Recent research has also focused heavily on better understanding the dynamics of tropical cyclone rainbands.  Results are presented that highlight findings from reconnaissance missions into the rainbands of Hurricane Rita (2005).  Results are also presented that detail characteristics of long-lasting rainbands in Western Pacific tropical cyclones, including a description of outer mesoscale convective systems and enhanced rainbands.
Research has also focused on a variety of topics related to the impact of environmental interactions on tropical cyclone rainfall, including work to better understand the role of vertical wind shear on rainfall.  One topic related to environmental interactions that has gained an increasing amount of focus in recent years is remote rainfall, a phenomenon that has been described for cases occurring in the United States as a predecessor rain event, and in Southeast Asia as a tropical cyclone remote precipitation event.  In addition, recent research on storms making landfall in China has focused on a phenomenon described as rainfall reinforcement, whereby a storm is reinvigorated and rainfall enhanced, despite the fact that the storm has already made landfall.
8.1.0.  Introduction
Landfalling tropical cyclones present an array of hazards to life, property and ecosystems.  Tropical cyclone (TC) rainfall is a particularly serious threat due to inland flooding and landslides.  Prior to Hurricane Katrina (2005), drowning due to inland flooding was the leading cause of death from landfalling TCs in the United States over the previous three decades (Rappaport 2000).  Landslides and flooding in Taiwan resulting from the record rainfall of Typhoon Morakot (2009) claimed the lives of about 700 people (Hall et al. 2013).  In the North Indian Ocean basin, Cyclone Nargis (2008) dropped approximately 600 millimeters of rain in Myanmar, which contributed to a staggering toll of 130,000 dead or missing (McPhaden et al. 2009).  In addition to loss of life, recent studies (e.g., Czajkowski et al. 2013, Pielke et al. 2008) have also highlighted the severe economic losses resulting from inland flooding due to TC rainfall.
At the same time, TCs may also bring beneficial rainfall to regions outside the tropics.  Several recent studies (e.g., Jiang and Zipser 2010, Kubota and Wang 2009, Rogers et al. 2009, Shepherd et al. 2007, Ren et al. 2006, Rodgers et al. 2000, 2001) have described the contribution of TC rainfall to total annual precipitation in various basins across the globe.  
Rainfall from TCs is associated with several different structures.  Rainfall near the eyewall is convectively driven and is associated with the secondary (radial-vertical) circulation of the storm.  The rainfall rates in this region may be very intense and can approach 70 mm h-1 or more (Marks 2003).  Precipitation that falls outside the eyewall region in the spiraling rainbands is a mixture of both convective and stratiform rain.  Outside of either the eyewall region or the rainbands, generally lighter stratiform rainfall may occur.
A number of environmental factors can have a significant impact on both the amount and distribution of rainfall associated with  landfalling TCs.  An influx of low-level moisture is critical for enhancing rainfall, and that can be accomplished in a number of ways, including frictional convergence in the front-right (front-left) quadrant  for Northern (Southern) Hemisphere TCs (e.g., Powell 1982;  Corbosiero and Molinari 2003; Lonfat et al. 2004), and it can also be accomplished for storms in the Southeast Asia region via interaction with monsoon surges.  Interaction with mid-latitude troughs can modify both the intensity and distribution of TC rainfall by modifying the locations of updrafts and downdrafts due to vertical shear (e.g., Rogers et al. 2003) and also through the process of extratropical transition (e.g., Jones et al. 2003).  Topography and microphysical processes can also have a profound impact on the evolution of rainfall occurring within landfalling TCs.  The schematic in Figure 1 illustrates the interplay of some of the various components that are instrumental to the TC rainfall process.
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Figure 1.  General physical processes related to tropical cyclone rainfall.
Highlights of recent research into tropical cyclone rainfall are summarized in this report.  The first section will contain recent reports on the climatology of TC rainfall in various basins as well as globally.  The next section will contain recent work on rainband dynamics, while the last section will detail work on the impact of environmental interactions on TC rainfall.
8.1.1.0  Tropical cyclone rainfall and flooding climatology
8.1.1.1  Global TC rainfall climatology
Tropical cyclones (TCs) have a great impact on the total precipitation over global ocean basins. The contribution of TCs to cumulative precipitation has been investigated in regions such as the North Pacific (Rodgers et al. 2000) and North Atlantic (Rodgers et al. 2001) basins, China including Taiwan and Hainan Islands (Ren et al. 2006), and four mini-basins near coastal southeastern Unites States (Shepherd et al. 2007) etc. More recently, Jiang and Zipser (2010) presented the climatology of TC rainfall and the contribution of TCs to total precipitation using eight years of Tropical Rainfall Measuring Mission (TRMM) data for six TC-prone basins: Atlantic (ATL), east/central Pacific (EPA), northwest Pacific (NWP), North Indian Ocean (NIO), South Indian Ocean (SIO), and South Pacific (SPA). Based on TC rainfall within 500 km from the TC center, they found: 1) TC rain maximum locations are poleward of those for total/non-TC rains, and the maximum TC rain percentage is at the same place as where the TC rain is concentrated in the ATL, NWP, and SIO basins, while it is poleward of the TC rain in the EPA, NIO, and SIO (Fig. 2). 2) TCs contribute 8-9%, 7%, 11%, 5%, 7-8%, 3-4% of the seasonal rainfall to the entire domain of ATL, EPA, NWP, NIO, SIO, and SPA basins, respectively.  
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Figure 2. The TRMM Precipitation Radar (PR) derived 2A25 (a) total rain, (b) non-TC rain, (c) TC rain, and (d) TC rain fraction based on 5° grid averages for the TC season (June-November for ATL, EPA, and NWP basins, and May-June & October-January for the NIO basin) for the years of 1998-2000 and 2002-2006 in the Northern Hemisphere and November-April for the years of 1998/1999-2005/2006 in the Southern Hemisphere. Borders of six basins (ATL, EPA, NWP, NIO, SIO, and SPA) are indicated in (c) (Jiang and Zipser 2010).

8.1.1.2  Australia TC rainfall climatology 
The Australian continent is affected by TCs that form over the Indian and Pacific Oceans, plus TCs that form over the Timor and Arafura Seas directly north of Australia. Approximately 12 TCs are observed within the Australian region 90°E to 160°E each season (McBride and Keenan 1982; Dare and Davidson 2004). Most TCs that affect Australia occur during the 6-month period November to April. In Australia, inland river systems, pastoral enterprises, rural dams, and groundwater can all be recharged by rain from TCs (Middelmann 2007). 
The TC contribution to total rainfall over Australia is investigated here by assessing rainfall over the continent within 500 km of the TC track. Locations of TCs for seasons 1969/1970 to 2010/2011 are provided by the Australian Bureau of Meteorology National Climate Centre. Rainfall data are extracted from a 0.05x0.05 degree gridded dataset that covers the Australian continent, which has an extensive network of rain gauges (Jones et al. 2009).
A total of 491 TCs were observed within the 90ºE-160ºE region and 325 TCs (66%) either crossed the Australian coastline or were located within 500 km of the Australian continent at some time during their lifetime.  Of the 325, 210 (65%) crossed the coastline, while 115 (35%) were close enough (TC center within 500 km of the coast) to potentially contribute rain to the continent (Dare et al. 2012, Fig. 1).
The season (November to April) volume is used here because it represents, as a single number, the total volume of water produced either by an individual TC (Marchok et al. 2007; Nogueira and Keim 2010; Dare 2013) or also the total volume deposited by all TCs during a season.  In the Australia region, the mean rain volume produced by each TC is 26 km3. The seasonal total TC rain volume (SRV) ranges from a minimum of 34 km3 in 1987/1988 to a maximum of 564 km3 in 2000/2001. The mean SRV contributed by TCs is 199±107 km3. TCs contribute 7.6% to the total rain volume produced by all sources of rain over Australia during the November-April season. This percentage varies with the phase of the ENSO, with the largest value during neutral seasons (8.8%), followed by La Nina (7.5%), and El Nino (5.7%). Because these standard deviations are larger than the differences among these percentages, one should be cautious when attempting to relate Australian TC rainfall to the phase of ENSO (Dare 2013).  Although 65% of the 325 TCs cross the coastline, they contribute approximately 94% of the total rain produced by TCs.  The number of TCs in a season is not the most reliable indicator of the total amount of rainfall produced by TCs during a season.  Statistically, the relationship between the number of TCs and the SRV has a correlation coefficient (cc) of 0.52 (Fig. 3) which is significant at the 99% confidence level (cc ≥ 0.393). 
[image: ]
Figure 3:  Season total rain volume in Australia correlated with the total number of TCs observed during a season (n), the number of TCs that make landfall during a season (nLAND), the total time that TCs spend over land during a season (TIME), and the total land area covered by TCs during a season (AREA). The dashed horizontal line indicates the 99% confidence level (Dare 2013).
The total time TCs spent over land during a season correlates very well (cc = 0.79) with the SRV. The seasonal total area covered (based on the area defined by the 500-km radius along the TC track) has the highest correlation (0.84) with SRV (Dare 2013), which is consistent with the correlation of 0.674 between TC area and TC rain volume over the eastern United States found by Nogueira and Keim (2010). Ren et al.(2006) found that the length of TC lifetimes overland, rather than the number of TCs, was the most important factor affecting TC rainfall over China.
While the largest values of monthly mean rainfall over the 6-month period occur north of 20°S (Fig. 4a), these rain amounts are mainly due to the contribution of the Australian monsoon (McBride 1987, 1998). For TC rainfall, the largest monthly mean values are found along the northern coastline between 120°E and 150°E, with most amounts above 20 mm (Fig. 4b). These TC rain values appear to be small because they are monthly mean amounts averaged over a 6-month period.
Thus, the percentage of total rainfall contributed by TCs (Fig. 4c) along the northern coastline from 125° to 150°E is only about 10% of the total seasonal rainfall. However, values along the coastline west of 125°E are above 20%, and near the northwest Australia coast TCs contribute as much as 40% of the seasonal rainfall. These values are consistent with results found by McBride (1983), Jiang and Zipser (2010), Dare et al. (2012), and Lavender and Abbs (2013).
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Figure 4. The mean amount of rain per month (mm/month) in Australia for (a) all rain, (b)TC rain, and (c) the percentage of the all rain amount that is due to TCs, over the 6-month season November-April (Dare et al. 2012).
TC rainfall generally decreases with distance inland from the coast, as TCs generally weaken after making landfall. The distance from the Australian coast at which the TC rain within each 5° longitude band is reduced to half of its respective coastal value is shown in Figure 5 from Dare et al. (2012). While the distances in the west generally exceed 200 km, they are less than 100 km in the east. This penetration of TC-related rain farther inland over the western continent is expected considering the distribution of TC tracks (e.g., Figure 1, Dare et al. 2012). Interactions of TCs with midlatitude cold fronts near the west coast of Australia (Foley and Hanstrum 1994) may also contribute to this pattern.
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Figure 5.  Distance inland from coast of Australia within each 5º longitude band where the TC rain amount falls to half of the coastal value observed within the same longitude band. Updated from Dare et al. (2012).

8.1.1.3  China TC rainfall climatology
While TC-related rainfall can affect more than half of mainland China, the annual TC rainfall generally decreases northwestward (Fig. 6a). The TC rainfall above 50 mm per year occurs mainly south of the Yangtze River. In the coastal provinces of southern and southeastern China, the TC rainfall exceeds 100 mm per year. In the southern coastal areas (Guangdong Province and Hainan Island), the TC rainfall is generally more than 300 mm per year. Studies including or not including rainfall related to tropical depressions have similar spatial distributions of the annual TC rainfall in mainland China (Ren et al., 2006; Cheng et al., 2007; Zhang et al., 2013). TC rainfall contributes more than 10% of the annual rainfall in the southeastern coastal areas of mainland China, and becomes more important during the typhoon peak season (July-September). TC rainfall could account for more than 20% of the summer rainfall in the coastal provinces of southern and southeastern China (Fig. 6b).
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Figure 6.  TC rainfall distribution in China:  (a) Annual TC precipitation (mm) and (b) the percentage (%) of annual rainfall attributable to TCs during 1965-2009 (Zhang et al. 2013, Fig. 3a, c).
TC-related rainfall in mainland China has a distinct seasonal variation (Fig. 7)  with a gradual increase from April, and a rapid increase from July. While TC-related rainfall is a maximum in August, there is a rapid decrease from October onward, although there is still some TC precipitation in November and December (Ren et al. 2011).
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Figure 7.  Multi-year averaged TC-related rainfall in mainland China by month  (Ren et al. 2011, Fig. 3.3a).
8.1.1.4  Taiwan TC rainfall climatology
In Taiwan, an incoming tropical cyclone (TC) during summer (Jun.-Aug.) may interact with seasonal southwesterly flows to induce prolonged heavy rainfall during the landfall and post-landfall periods, often leading to significant floods. TC-southwesterly flow interactions mainly occur in two types of TC tracks: northwestward movement through northern Taiwan (i.e., type-2 track) and northward movements along the ocean off the eastern coast (i.e., type-6 track). TC-southwesterly flow interactions and associated rainfall amounts in Taiwan are found to be systematically modulated by the intraseasonal oscillation (ISO). 
For a type-6 TC track with prolonged heavy rainfall, the TC-southwesterly flow interaction features a meridional pair of low-level anomalous cyclonic and anticyclonic circulations of both 30-60 day and 10-24-day oscillations progressing northward from the tropics toward Taiwan. During landfall and the ensuing few days, Taiwan has a cyclonic anomaly to the north and an anticyclonic anomaly to the south associated with two ISOs. Both anomaly pairs are accompanied by anomalous westerly/southwesterly flows or enhanced seasonal southwesterly flows. The enhanced moisture supply from the South China Sea (SCS) into Taiwan maintains prolonged heavy rainfall over western Taiwan across the landfall and post-landfall periods. The landfall of a TC coincides with the arrival of a minimum phase of the 30-60-day circulation in the vicinity of Taiwan, but with various phases of the 10-24-day circulation. Thus, the 30-60-day oscillation plays a more important role than the 10-24-day oscillation in inducing heavy rainfall in western Taiwan. For a type-6 TC without east-west pair of circulation anomalies associated with     prolonged heavy rainfall, both the 30-60-day and 10-24-day ISOs surround Taiwan during the landfall period. These anomalous southerly/southeasterly flows over eastern Taiwan do not enhance the seasonal southwesterly flows that facilitate heavy rainfall due to TC-southwesterly flow interactions.
For a type-2 TC track, interaction with the seasonal southwesterly flow induces heavy rainfall over western Taiwan in addition to rainfall directly associated with the incoming TCs over eastern Taiwan.  A positive contribution to maintainence of prolonged heavy rainfall occurs if both the 30-60-day and 10-24-day ISOs have a cyclonic anomaly that propagates northwestward from the southeast of Taiwan across northern Taiwan toward southern China. The most favorable condition is if both ISOs have a low-level cyclonic anomaly with a center to the northwest of Taiwan during landfall and subsequent two days.  The  anomalous westerly flow at the southern boundary enhances seasonal southwesterly flows to maintain persistent moisture supply from the SCS and prolonged heavy rainfall in Taiwan. By contrast, type-2 TCs with small rainfall tend to have a more westward track across northern Taiwan, which may be associated with a northward progression of the 30-60-day ISO from the tropical western Pacific toward Japan and a westward propagation of the 10-24-day ISO along the 20oN latitude from the tropical western Pacific toward the SCS during landfall and the ensuing two days. In these conditions both ISOs tend to have a zonally elongated cyclonic anomaly with a center to the south of Taiwan that leads to anomalous westerly flows that are displaced southward across the central SCS. Without moist westerly flows from the SCS, small rainfall amounts occur over Taiwan. 
In summary, enhanced seasonal southwesterly flows during the landfall periods of type-2 and type-6 TC tracks over Taiwan enhance moisture supply from the SCS to maintain prolonged heavy rainfall in Taiwan. The TC-southwesterly flow interaction is the key process determining rainfall amounts over western Taiwan. This interaction may be modulated by the 30-60-day and 10-24-day ISOs by creating a more favorable large-scale environment. 
8.1.1.5  United States TC rainfall and flooding climatology
Heavy rainfall and flood events associated with North Atlantic (NA) TCs making landfall across the coastal areas of the United States are responsible for a large number of fatalities and economic damage (e.g., Pielke et al. 2008, Jonkman et al. 2009, Czajkowski et al. 2011, 2013, Mendelsohn et al. 2012, Peduzzi et al. 2012, Rappaport 2014). Rappaport (2014) documented that 27% of all the NA TC fatalities over the period 1963-2012 were related to heavy rainfall and flooding. Almost 50% of all the TCs with fatalities had at least one death from freshwater flooding. Czajkowski et al. (2013) found that inland riverine flooding caused by Hurricane Ivan (2004) was responsible for 67% of the total residential flood insurance claims and 54% of the total residential flood damage.
Consequently, freshwater flooding from NA TCs is a topic of high societal and economic relevance. Its importance has become clear with recent flooding associated with Hurricanes Irene (2011) and Isaac (2012). This heightened interest is also reflected in the increasing number of studies dealing with this important topic (e.g., Groisman et al. 2004, Shepherd et al. 2007, Konrad and Perry 2010, Kunkel et al. 2010, Barlow 2011, Prat and Nelson 2013). Kunkel et al. (2010) found that NA TCs are responsible for a large fraction of heavy rainfall events over Florida, the U.S. east coast and the Gulf of Mexico coast. Moreover, Kunkel et al.  found an increased contribution of TCs to heavy rainfall over the most recent decades. The contribution of TCs to heavy rainfall inland over the continental United States was also discussed by Barlow (2011).
This TC-related heavy rainfall is a major factor in the flood generating processes.  Other key factors are, river discharge,  localized land use / land cover properties,  and antecedent soil moisture conditions (e.g., Hellin et al. 1999, Sturdevant-Rees et al. 2001). Most of the effort on TC-related flooding over the continental United States has been on the regional scale or has been focused on a small number of events (e.g., Sturdevant-Rees et al. 2001, Villarini and Smith 2010, 2013, Smith et al. 2011, Villarini et al. 2011). Recently, Villarini et al. (2014) provided a climatological perspective of the link between NA TCs and U.S. flooding (Figure 8) during 1981-2011 based on discharge measurements from over 3000 U.S. Geological Survey (USGS) stream gage stations. The state of Florida and the U.S. eastern coast (from North Carolina to Vermont) are particularly subject to major flood events caused by TCs. A secondary swath with large TC floods exists over the central United States, with major flood events in some large urban areas in the U.S. Midwest such as Chicago and Detroit. This Villarino et al. study highlights that TCs can cause flooding over very large areas, far from the landfall location, and hundreds of kilometers away from the center of circulation. 
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Figure 8.  Spatial interpolation of the maximum flood ratio values in the United States associated with TCs at each location. The darker shades of gray represent the extent of the 500-km buffer around the center of circulation for all the storms during the study period. Values larger (smaller) than 1.0 indicate TC flood peaks larger (smaller) than the 10-y flood peak at a particular location ( Villarini et al. 2014a).
TCs are responsible for major flooding over large inland areas because they undergo extratropical transition (ET). This phase is accompanied by the formation of outer rain bands and heavy rainfall hundreds of kilometers away from the center of the storm. In addition to ET, TCs can have predecessor rain events (PREs; Galarneau et al. 2010). PREs are responsible for heavy rainfall 1000 km poleward of recurving TCs and will be discussed in further detail later in this report. Rowe and Villarini (2013) examined the flood impacts of PREs and found that they are responsible for major flood events over larger areas of the central United States. Therefore, heavy rainfall and flooding associated with TCs can affect areas that are not in the proximity of the center of circulation of these storms, but at distances of 1000 km and larger.
8.1.2  Tropical cyclone rainband dynamics
8.1.2.1  Tropical cyclone rainband complexes
8.1.2.1.0  Tropical cyclone rainband complexes:  Overview
Multiple rainbands that occur within 200 km of the TC center tend to form an organized rainband complex beneath the cirrus canopy that extends from the eyewall. This rainband complex, which is approximately stationary relative to the storm center, contains a large, long-lasting principal rainband and several smaller, more transient secondary rainbands (Willoughby et al. 1984). These rainbands begin as convective cells in the upwind end of the complex, while the rainbands merge downwind into a broad swath of stratiform precipitation (Atlas et al. 1963; Hence and Houze 2008; Didlake and Houze 2009). In the presence of environmental wind shear, the rainband complex becomes oriented such that the convective and stratiform ends occur in predictable regions of the storm (Corbosiero and Molinari 2002; Hence and Houze 2012). The Hurricane Rainband and Intensity Change Experiment (RAINEX; Houze et al. 2006) during 2005 provided the opportunity for a detailed look at these rainband structures using the high-resolution airborne ELDORA Doppler radar. Using these measurements, Didlake and Houze (2013a,b) analyzed the three-dimensional winds and reflectivity to better understand the organization and driving forces of the rainband structures, as well as their roles in the evolution of the vortex circulation. Results from the Didlake and Houze (2013a, b) analyses of Hurricane Rita (2005) are presented herein.
8.1.2.1.1  Tropical cyclone rainband complexes:  Convective end of rainband complexes
Hurricane Rita had a stationary rainband complex with a typical orientation relative to the environmental vertical wind shear. The convective end of the complex was located in the upshear right and downshear right quadrants. In these regions, robust convective cells occurred between 70 and 170 km from the storm center. In the plan view of reflectivity shown in Figure 10, these convective cells are to the south and southeast of the eye. The hypothesis was that the TC vortex exerts different influences on the convective cells at different radii and that these cells would consequently have notable differences in their structures.  Convective cells were objectively identified based on their three-dimensional reflectivity structure, and cross-section composites were made for cells at smaller radii (~70-120 km – the inner region) and cells at larger radii (~120-170 km – the outer region).
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Figure 9. Plan view of ELDORA reflectivity data at 2 km altitude observed in Hurricane Rita during 1642-1927 UTC 21 Sep 2005. Figure adapted from Didlake and Houze (2013a, b).
Convective cells in the outer region mostly took on the form of principal rainband cells (Cell 2 in Fig. 10b). These cells consisted of outwardly leaning intense reflectivity cores with lighter stratiform rain radially outward of the cell. Associated with these cells was an overturning circulation that consisted of deep radial inflow (~4 km deep), which turned upward into a robust updraft (up to 5 m s-1 in magnitude) and outward in the middle levels. The reflectivity core and overturning circulation all occurred below 10 km altitude. These convective cells also led to a convective-scale local tangential jet that, unlike the midlevel jet documented in prior principal rainband studies, occurred at altitudes ranging between 1 km and 9 km. Convective cells in the inner region (Cell 1 in Fig. 10b) had noticeable differences in structure and dynamics. These reflectivity cores were weaker and more shallow. The overturning circulation consisted of a shallower but stronger inflow layer, a weaker updraft, and a more shallow outflow layer that occurred near ~7 km altitude.  These cells also contained a local tangential jet, but this jet only occurred in the lower levels (below 3 km altitude). This tangential jet was also found to be supergradient, which indicates that the outward-pointing radial forces exceeded the inward-pointing radial forces.
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Figure 10. a) Plan view schematic of an organized rainband complex in a mature tropical cyclone from Didlake and Houze (2013a, b). The gray lines represent the cross sections conceptualized in (b) and (c). b) Schematic of the convective motions associated with two mature convective cells at different radial distances from the storm center within the inner core. Reflectivity contours are drawn showing Cell 1 at a smaller radius and Cell 2 and a larger radius. The solid arrows represent the overturning secondary circulation within each cell. The plus signs and minus signs indicate regions of increasing and decreasing tangential velocity, respectively. V1 and V2 represent the tangential velocity jets in each cell. c) Schematic of the dynamics within a stratiform rainband as indicted by reflectivity contours. The line arrows represent vortex-scale motions associated with the overall storm, and the broad arrows represent mesoscale motions associated with the stratiform rainband. The broad arrows of the descending inflow are driven by two regions of a radial buoyancy gradient, ∂B/∂r. The plus signs indicate regions of increasing tangential velocity by the secondary circulation. The circled region indicates the tangential jet V3. Latent cooling and latent heating occur in the indicated regions. 
A momentum budget analysis revealed how the vortex dynamics are creating the disparity between the structures of the inner and outer convective cells. With stronger vertical updrafts, outer convective cells have stronger and deeper vertical advection that leads to higher outflow layers and higher tangential jets. The presence of increased CAPE and buoyant updrafts at these radii explains these deeper precipitation cores and circulations. Meanwhile, the inner convective cells occur on a background vortex circulation with stronger tangential flow and low-level inflow. The increased inflow leads to a tangential jet at lower levels because the weaker updrafts cannot advect the enhanced tangential winds into higher altitudes. Thus, the tangential jet mostly remains in the low levels. 
While the vortex dynamics affect the convective-scale structures of rainband cells, these recurring structures may also have an influence back onto the overall vortex structure. Convectively-generated jets that are supergradient and remain in the lower levels are more likely to further enhance inner-core convection. This enhanced convection can have an upscale feedback that promotes the formation of a secondary eyewall.
8.1.2.1.2  Tropical cyclone rainband complexes:  Stratiform end of rainband complexes
In the downwind portion of the stationary rainband complex, slowly falling ice particles ejected from the upwind convective cells merge into a mesoscale, relatively invariant swath of stratiform precipitation (Hence and Houze 2012). This downwind stratiform precipitation, which is located to the north and west of the eye in Fig. 9, is distinct from the stratiform portions of more active rainbands containing embedded convective cells (Powell 1990). The rainband has reflectivities with a median value of 30 dBZ in the lower troposphere and a clear bright band at 4.5 km altitude. A line of enhanced reflectivity (~35 dBZ) develops within the rainband that is not produced by convective updrafts, but rather results from the heating and cooling patterns within the stratiform cloud. 
Small vertical velocities (< 2 m s-1)  exist in the stratiform rainband that transport upward air that originated on the radially inner side of the band and continue as rising radial outflow (as shown in Figure 10c). This stratiform cloud layer thus has latent heating due to this upward transport. Below the cloud layer, downward transport is connected to the descending radial inflow in response to two regions of latent cooling. In the outer, upper regions of the rainband, sublimational cooling introduces horizontal buoyancy gradients,  that have associated horizontal vorticity and descending inflow similar to that of the trailing-stratiform region of a mesoscale convective system. Within the zone of heavier stratiform precipitation, melting cooling along the outer rainband edge creates a midlevel horizontal buoyancy gradient across the rainband that transports air farther inward beneath the bright band. The organization of this transport and the rainfall reflectivity signature initially is robust but fades downwind as the convection dissipates.
This surge of midlevel inflow associated with the heaviest precipitation converges with the rising outflow along the inner rainband and the inflow branches off in three directions. Some of the inflow turns upward, which locally enhances the precipitation and creates the collocated enhanced reflectivity column. Some of the inflow continues downward into the boundary layer, which locally enhances the frictional inflow. The remaining inflow continues inward along midlevel altitudes but at weaker speeds.
The descending inflow within the stratiform rainband results in convergence of angular momentum above the boundary layer and broadening of the tangential wind field. At the radial location where inflow suddenly converges, a midlevel tangential jet develops that extends to the downwind end of the rainband complex. This circulation may also contribute to ventilation of the eyewall as inflow of low-entropy air continues past the rainband in both the boundary layer and midlevels. Given the large expanse of the stratiform rainband region, its thermodynamic and kinematic impacts likely modify the structure and intensity of the TC vortex.
8.1.2.2  Long-lasting Rainbands Outside the Eyewall Region of Western North Pacific Tropical Cyclones
8.1.2.2.0  Long-lasting Rainbands Outside the Eyewall Region of Western North Pacific Tropical Cyclones:  Introduction
Forecasting the long-lasting torrential rainfall outside the tropical cyclone (TC) eyewall region is an important operational issue for TC warning and disaster management in the western North Pacific. A well-known example is TY Morakot (2009) that produced record-breaking rainfall > 3000 mm well to the south of the center after it passed over northern Taiwan, which made TY Morakot the deadliest typhoon to impact Taiwan in recorded history. The record accumulated rainfall over southern Taiwan during 6-10 August 2009 due to TY Morakot has been related to the interaction between the TC circulation and the southwest monsoon (Chien and Kuo 2011; Lee et al. 2011).  A mesoscale convective complex (MCC, Maddox 1980) developed over the Taiwan Strait about 300 km south of the TC center that included a quasi-stationary and long-lasting convective band. The interaction of this MCC with the steep Taiwan terrain produced extremely intense rainfall of approximately 1500 mm from 1200 UTC 8 August to 0300 UTC 9 August 2009 (Lee et al. 2012). 
Lee et al. (2012) defined “outer-MCSs" (OMCSs) as convective systems that develop in a distant rainband of a TC, have a large cold cloud shield (area of the 208 K cold cloud shield must exceed 72000 km2), and persist for more than six hours based on hourly infrared channel-1 (IR1) cloud-top temperatures and passive microwave (PMW) images. They documented 109 OMCSs in 22% of the western North Pacific TCs that occurred from 1999 to 2009.
Chen et al. (2014a) studied the development, kinematic structure, and maintenance mechanisms of an OMCS (Fig. 11a) that occurred to the southwest of TY Fengshen (2008) using observations and Weather Research and Forecasting model simulations. A key feature of the OMCS conceptual model (Fig. 11) from the Chen et al. (2014a, Fig. 18) study is that the interaction between a nearly north-to-south elongated moisture band in the TY Fengshen northerly circulation and the low-level monsoonal southwesterly flow results in the formation of the OMCS (Fig. 11b).
The kinematic structure of the simulated convection in the OMCS was composed of a continuous line of convective cells and a large stratiform precipitation region to the south of the convective line as shown in the schematic in Fig. 11c. As the OMCS developed in the region of low-level monsoon westerlies and mid-level northerlies associated with the outer circulation of Fengshen, the simulated OMCS had a structure in the cross-line direction similar to the rear-fed inflow and leading stratiform type of MCS (Pettet and Johnson 2003). Furthermore, a strong cold pool (Δθ > - 3 K) was simulated in association with the large stratiform precipitation region over a layer of dry air (blue arrow in Fig. 11b and yellow shaded area in Fig. 11c) in the lower to middle  troposphere. Continual cell formations were simulated where the air with high θe values from the north converged with the leading (northern) edge of the cold pool, which contributed to the longer duration of this OMCS than typically exists for TC rainbands.
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Figure 11. (a) Schematic diagram of radar reflectivity with a long-lasting OMCS well to the southwest of the TC center (Chen et al. 2014a). (b) Conceptual model (from Chen et al. 2014a, Fig. 18) of the TC-monsoon flow interaction that is favorable for the OMCS development (star) with the streamlines of the TY Fengshen circulation affected (not affected) by the Luzon terrain indicated by solid (dashed) lines. The outer TC circulation streamlines (heavy black lines with arrows), the north-south moisture band (green shading), and the wavenumber 1 vorticity asymmetry (red, dashed lines) that is consistent with the vertical wind shear (VWS, thick black arrow) are indicated. (c) Conceptual model of kinematic structure of OMCS in height-latitude cross-section from A to B in panel (a) for radar reflectivity, θ, θe, wind speed (arrows), and low-level jet (Chen et al. 2014a).


8.1.2.2.1  Long-lasting Rainbands Outside the Eyewall Region of Western North Pacific Tropical Cyclones:  Generality of the Fengshen-based OMCS conceptual model 
A key feature in the Fengshen-based conceptual model (Fig. 11b) is the interaction of an elongated moisture band in the TC northerly circulation with the low-level monsoon flows. Since 83 of the 85 south-type OMCSs documented by Chen et al. (2014b) did have a moisture band at 950 hPa, the primary classification is according to their formation locations with respect to the confluence region between the outer TC circulation and the monsoon flow. If the OMCS developed less than 100 km from the confluence region of northerly TC circulation with the monsoon flow, it will be classified as an “Intersection (I)” type. Otherwise, the OMCS will be classified as an “Upstream (U)” type if it developed in the TC circulation north of the confluence region, or as a “Southwesterly (SW)” type if it developed within the southwest monsoon flow south of the confluence region. If the moisture band associated with the OMCS developed in the TC northerly or southerly circulation or within the southwest monsoon flow, it will be classified as “TC (T)” type or “Monsoon (M)” type, respectively.  
A further sub-classification is added as to whether the I-T OMCSs developed in the west quadrant (as the York case) or in the south quadrant (as the Bilis case). This sub-classification is important for rainfall forecasting in cases such as TY Mindulle (2004) and TY Morakot (2009) that produced an OMCS south of the center with heavy rainfall over southern Taiwan. If these TCs had produced OMCSs to the west, the torrential rainfall would have occurred over the sea.  Therefore, all I-T OMCSs will be further classified into western Iw-T or southern Is-T types. 
Thus, four types of OMCSs are classified (Table 1). The I-T, U-T, and SW-M OMCSs account for 95% of the 85 south-type OMCSs that have been examined in this study. The I-T OMCS is most similar to the Fengshen-based conceptual model (Fig. 11) from Chen et al. (2014a), and accounts for 51% of the 85 OMCSs.  Since the U-T OMCSs account for 29%, the combination of I-T and U-T OMCSs accounts for 80% of the 85 OMCSs, which indicates the importance for the formation of the OMCSs of the moisture band that forms in the TC northerly circulation (Chen et al. 2014a).
Table 1.  Classification by the OMCS development region relative to 950 hPa flow patterns (Upstream, Intersection and Southwesterly) and by the origin of the associated 950 hPa moisture bands (TC and Monsoon) for the 85 south-type OMCSs.

	Moisture band
	Upstream
(U) 
	Intersection
(I)
	Southwesterly
(SW)

	TC (T)
	25 (29%)
	43 (51%)
	-

	Monsoon (M)
	-
	2
	13 (15%)



8.1.3  Environmental interactions
8.1.3.1  Impact of vertical wind shear on TC rainfall
While TC rainfall has a large axisymmetric component, previous observational (Lonfat et al. 2007; Chen et al. 2006; Cecil 2007; Ueno 2007) and theoretical (Jones 1995; DeMaria 1996; Frank and Ritchie 1999, 2001; Rogers et al. 2003; Ueno 2008) studies have shown that environmental vertical wind shear leads to an asymmetric component of the vertical motion and precipitation fields. Composites consistently depict a precipitation enhancement downshear and also cyclonically downwind from the downshear direction. For consistency with the literature based on Northern Hemisphere observations, this is subsequently referred to as “Downshear-Left”. Larger amplitude precipitation asymmetries are associated with stronger shear magnitudes. Recent research has mainly focused on TCs away from land to limit the influence of other processes that might distort the signal related to vertical wind shear, but there are also studies that suggest vertical wind shear can also play a major role in precipitation asymmetries during and after landfall (Wu et al. 2013; Yu et al. 2014; Xu et al. 2014).
Observational studies have generally used the 200-850 hPa wind vector difference averaged over several hundred kilometers to characterize the vertical wind shear. Wingo and Cecil (2010) showed that shear-relative rainfall composites from ~20,000 passive microwave satellite snapshots  of >1000 tropical cyclones are generally similar (favoring the Downshear-Left region) whether considering deep-level (200-850 hPa), mid-level (500-850 hPa), or low-level (700-925 hPa) shear. They noted that these shear directions are usually similar, and that the deep-level shear seems most important when considering the small subset of cases in which these shear vectors are out of phase. Wingo and Cecil (2010) also found a greater amplitude asymmetry in the rainfall composites for westerly shear than for easterly shear, but the Downshear-Left direction was favored regardless of shear direction. Similarly, the Downshear-Left direction is favored regardless of the storm motion direction, but the amplitude of the asymmetry varies. Wingo and Cecil (2010) considered cases with at least 5 m s-1 for both the shear magnitude and the storm motion. The asymmetry was largest for cases with shear to the right of the storm motion vector, such that the Downshear-Left and Front-Right quadrants coincide. Shear oriented toward the left of storm motion has the smallest asymmetry, and major hurricanes in the sample. The magnitude of the shear-induced precipitation asymmetry decreases with increasing tropical cyclone intensity, possibly due to azimuthal advection of hydrometeors by the stronger winds.  The shear-induced composited rainfall asymmetry is primarily a result of asymmetries in the heavy rain locations – rainfall occurrence (i.e., areal coverage at a given time) does not vary by quadrant as much as the rain rate magnitude does. 
Yu et al. (2014) examined precipitation asymmetries in tropical cyclones making landfall in mainland China and Taiwan Island. They found that the Downshear and Downshear-Left precipitation enhancement dominates before, during, and after landfall in all regions (Fig. 12). Landfalls in the southern China provinces and Taiwan tend to have east-northeasterly shear, and composited precipitation asymmetries favor the southwest and southern parts of the storms. Landfalls in the northern China provinces such as Zhejiang more often have a westerly component of shear due to the mid-latitude westerlies, and precipitation is enhanced in the eastern (downshear) quadrants. Wu et al. (2013) investigated the asymmetric distribution of precipitation in six TCs making landfall along the east China coast using reflectivity data collected from coastal Doppler radars. It is found that all six TCs possessed distinct asymmetric precipitation patterns between the inner- and outer-core regions. In the inner-core region, the heavy rainfall with reflectivity factor above 40 dBZ tends to locate at the downshear side before landfall. Four of the six cases have precipitation maxima on the downshear-left side. As TCs approach land (~ 2 hr before landfall), their precipitation maxima generally shift to the front quadrant of the motion which may be partly due to the interaction of TC with the land surface. In the outer-core region, the precipitation maxima occur in the front quadrant of the motion in five of the six cases before landfall. After landfall, the precipitation maxima shift from the right-front quadrant clockwise to the right-rear quadrant of the motion collocated well with the mountainous areas along the coast, which indicates the impact of topography forcing on the precipitation distribution. Xu et al. (2014) examined rainfall asymmetries of tropical cyclones prior to, during, and after making landfall in South China and the southeastern United States from 1998 to 2011 based on TRMM rainfall products. They found that effects of the deep vertical wind shear dominate the rainfall asymmetries and produced maxima in the downshear section of the storms and the downshear-left quadrant in particular. This wind shear effect is still dominant even for TCs during landfall, after landfall, and for those that are interacting with mountains.
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Figure 12. Shear-relative rainfall asymmetry before (left), during (middle), and after (right) landfall for regions of mainland China and Taiwan Island. Regions progress from south at the top to north at the bottom of the figure. Rainfall is maximized Downshear-Left in almost all composites. (Yu et al. 2014)
Much of the earlier theoretical research on shear-induced asymmetries has emphasized a tilted vortex in response to the vertical wind shear. Reasor et al. (2013) recently confirmed that the vortex does tilt in a downshear-left direction in observational composites from airborne radar in 75 hurricane flights. Reasor et al.’s composites for the hurricane core region have convective initiation in the downshear-right region, peak ascent just left of the downshear direction, peak low-level reflectivities throughout the downshear-left quadrant, and the deepest radar echoes also in the downshear-left quadrant. Sinking motion is prevalent in the upshear-left quadrant, although advection carries a substantial amount of precipitation into this quadrant.  By contrast, radar echoes are suppressed in the upshear-right quadrant. 
This description of the radar structure is confirmed by the Hence and Houze (2011) analyses of hurricane eyewalls from the TRMM satellite’s Precipitation Radar. Vertical reflectivity profiles from TRMM suggest convective development in the downshear-right quadrant, with maximum precipitation cyclonically downwind in the downshear-left quadrant. Hence and Houze (2011) noted that this pattern is rotated one quadrant clockwise for cases of large storm motion, and is oriented in nearly the opposite direction. The normally suppressed upshear-right quadrant has new convective development in those cases, with precipitation maximized downshear-right. Hence and Houze (2012) note that hurricane outer eyewalls have much less shear-induced asymmetry in the TRMM radar data. Concentric eyewall cases do have the previously described structure for the inner eyewall, but increasing shear only slightly favors the left-of-shear direction for strong convection in the outer eyewall.
DeHart et al. (2014) analyzed a subset of the airborne radar cases used by Reasor et al. (2013), with emphasis on the kinematic fields in the hurricane eyewall. Frequency distributions of vertical velocity (Fig. 13) have more updrafts and fewer downdrafts in the downshear-right quadrant, relative to a frequency distribution for the entire eyewall. Cyclonically downwind in the downshear-left quadrant, there is a preference for stronger updrafts, particularly aloft. Downdrafts are favored and updrafts suppressed in the upshear quadrants, other than some weak upper-level updrafts in the upshear-right quadrant. Figure 14 is an application of the same analysis technique to radar reflectivity. The combination of strong updrafts in the downshear-left quadrant and advection of precipitation that was generated in the downshear-right updrafts yields positive reflectivity anomalies in the downshear-left quadrant. The upshear-right is most suppressed, in terms of radar reflectivity. The schematic from DeHart et al. (2014) in Fig. 15 here is consistent with the findings from many of the recent studies of shear-induced asymmetries: updrafts initiate in the downshear-right region and are maximized in the downshear-left. The upshear-left region has more downdrafts, and upshear-right has weaker vertical motion in general. These vertical motions coupled with horizontal advection of hydrometeors puts the largest precipitation in the downshear-left, with the least precipitation in the upshear-right.
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Figure 13.  Anomaly Contoured Frequency by Altitude Display (CFAD) from DeHart et al. (2014) of eyewall vertical velocity for each shear-relative quadrant, relative to a CFAD for the eyewall in general. Contours represent the frequency anomaly, contoured every 5%, where red contours are positive anomalies and blue contours are negative anomalies..
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Figure 14. As in Figure 13, but for radar reflectivity. 
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Figure 15. Schematic of the eyewall vertical motion distribution in each shear-relative quadrant. The environmental shear vector points toward the top of the figure. 
8.1.3.2  Remote rainfall 
8.1.3.2.0  Remote rainfall: introduction 
In addition to the heavy rainfall near a storm center associated with inner-core processes at landfall, there has been increasing attention in recent years placed on understanding mechanisms whereby TCs can either directly or indirectly enhance rainfall at great distances inland ahead of the path of the TC, a phenomenon referred to as remote rainfall.  A number of recent studies have described predecessor rain events (PREs) as a mechanism for remote rainfall in the eastern United States, while tropical cyclone remote precipitation events (TRPs) have been described for storms affecting southeast Asia.   These mechanisms are very similar and will be described in the following two sections. 
8.1.3.2.1  Remote rainfall in the north Atlantic basin: Predecessor Rain Events (PREs)
Predecessor rain events (PREs) are subsynoptic-scale regions of high-impact heavy rainfall that occur ahead of tropical cyclones (TCs). Cote (2007) first coined the term PRE, and identified rain events as PREs based on the following criteria [Galarneau et al. (2010), p. 3275]: 1) radar reflectivity values ≥35 dBZ within a coherent area of rainfall persisting for at least 6 hours; 2) average rainfall must be ≥100 mm (24 h)−1 over the entire life of the PRE; 3) clear separation on the radar imagery between the coherent area of rainfall and the TC rain shield; and 4) deep tropical moisture directly associated with the TC must be advected away from the TC into the region of the coherent area of rainfall. Cote (2007) identified 47 PREs associated with 21 TCs over the eastern third of the U.S. and western North Atlantic during 1998–2006. Additionally, Cote found that nearly one-third of all landfalling TCs produced at least one PRE, which demonstrated that these events are not rare. 
Motivation to study PREs was provided by a mesoscale PRE that occurred over New York City and flooded parts of the subway system on 8 September 2004 ahead of TC Frances, which was moving northeastward over the western flank of the Appalachians. The combination of poor forecasts by the operational numerical weather prediction models and a focus on the location and evolution of the remnants of Frances by forecasters and the general public both contributed to the unexpected socioeconomic impact of this PRE. Even PREs over the Midwest U.S. have been documented to produce extreme flooding. Rowe and Villarini (2013) used stream gauge data to show that of the six PREs that occurred over the Midwest U.S. during 2002–2008, four produced widespread flooding with at least a 10-year recurrence interval.
The Galarneau et al. (2010) climatology and compositing study covered PREs over the continental U.S. (CONUS) east of the Rockies from 1995–2008. They found that PREs occurred most commonly in August and September and that 30% of all TCs that occurred west of 70°W and north of 20°N produced at least one PRE over the CONUS. In agreement with Cote’s (2007) analysis, these PREs were characterized by a median PRE-TC separation distance of 1000 km, longevity of 15 hours, and time lag between PRE occurrence and eventual TC passage of 36 hours. While 17 of 28 PREs examined by Galarneau et al. (2010) occurred left of the TC track, PREs that occur along-track (7/28) can be particularly devastating as rains directly associated with the TC fall onto soil already saturated by the PRE.
Galarneau et al. (2010) examined the synoptic-scale flow patterns associated with PREs using composite analyses in PRE-relative coordinates. They classified PREs by the curvature of the upper-level jet, and they found that 17 of 28 PREs occurred with an anticyclonically-curved jet , eight of 28 with a cyclonically-curved jet,  and three of the PREs were not classifiable. Composite analysis of the PREs with an anticyclonically-curved jet structure showed that PREs occurred along a frontogenetical low-level baroclinic zone in the equatorward entrance region of an upper-level jet streak. Organized precipitation developed in this favorable synoptic-scale region for ascent when deep tropical moisture was advected poleward by a low-level jet from the parent TC to the baroclinic zone. Frontogenesis along the low-level baroclinic zone then forced the moist tropical air to ascend. Case studies of PREs associated with TC Erin (2007) by Galarneau et al. (2010) and Schumacher et al. (2011) and TC Ike (2008) by Bosart et al. (2012) have shown that the organized rain regions associated with PREs are heavy-rain-producing mesoscale convective systems that developed in a flow pattern that resembled the “frontal”-type MCS identified by Maddox et al. (1979).
Moore et al. (2013) made a significant contribution to PRE research with their compositing study of PREs that occurred over the CONUS east of the Rockies during 1988–2010. Moore et al. identified three distinct synoptic-scale weather patterns in which PREs occur. These three synoptic patterns were termed “Jet in Ridge” (JR), “Southwesterly Jet” (SJ), and “Downstream Confluence” (DC), which are schematically illustrated in Fig. 16. Composites of these categories have many of the same characteristics identified by Galarneau et al. (2010), and primarily that PREs developed as moist air from the TC circulation was transported poleward and forced to ascend near a low-level frontogenetical baroclinic zone beneath the equatorward jet entrance region of an upper-level jet streak. 
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Figure 16. Conceptual model by Moore et al. (2013, Fig. 20) of the key synoptic-scale features and processes for (a) Jet Ridge, (b) Southwesterly Jet, and (c) Downstream Confluence category PREs. 
A useful aspect of Moore et al.’s (2013) classification is that it allows an assessment of the role of the TC in PRE development. For the JR category (Fig. 16a), the TC has an indirect role in PRE development, as the TC only acts as a source for anomalously high water vapor that is transported to the PRE region by the low-level jet. The JR cases resemble the Maddox et al. (1979) frontal type flash-flood, and the PREs associated with TC Erin (2007) and TC Ike (2008) are examples of the JR synoptic classification. As discussed by Galarneau et al. (2010) and Moore et al. (2013), these JR PREs occur in synoptic patterns that would be conducive to heavy rainfall whether a TC was present or not. As shown by Schumacher et al. (2011) in a numerical modeling study of the TC Erin (2007) PRE, the TC moisture plume contributed to a 33% increase in the area mean rainfall and a doubling of the maximum rainfall, which turned a 100-y rain event to an estimated 2000-y rain event.
For the SJ and DC synoptic patterns (Figs. 16b,c), the TC has a direct role in PRE development in two ways. First, the strong low-level southerly flow driven by the pressure gradient between the recurving TC and the subtropical anticyclone to the east advects moist air poleward. Second, combined diabatic outflow from the TC and the developing PRE acts to strengthen and anchor the upper-level jet streak. The TC-jet interactions for the JR and SJ composites are compared in Fig. 17. Note that for the JR case, diabatic outflow associated with the developing PRE acts to strengthen and anchor the upper-level jet north of the PRE by sharpening the upper-level potential vorticity (PV) gradient through negative advection of PV by the irrotational wind (Figs. 17a,b). For the SJ composite, diabatic outflow from both the TC and the developing PRE act to strengthen and anchor the upper-level jet north of the developing PRE region (Figs. 23c,d). Strengthening and anchoring of the upper-level jet by the TC and/or developing PRE have been documented to facilitate the development of subsequent PREs (Bosart et al. 2012) and aid in the development of atmospheric rivers over the western North Pacific (Cordeira et al. 2013).
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Figure 17.  PRE-relative composites of (a),(c) 200 hPa geopotential height (contours every 10 dam) and wind speed (shaded, color bar in m s−1) and (b),(d) 250–200 hPa layer-mean irrotational wind (arrows in m s−1), 700–500 hPa layer-mean ascent (green contours every 1.0×10−3 hPa s−1 starting at −1.0×10−3 hPa s−1), PV in the 250–200 hPa layer (shaded, color bar in PVU), and PV advection by the 250–200 hPa layer-mean irrotational wind (negative values contoured in red every 2.0 PVU day−1 starting at −2 PVU day−1) at time T−0 for the (a),(b) JR and (c),(d) SJ category PREs. The PRE initiation location and the composite TC location are indicated (Reproduced from (a) Fig. 5c, (b) Fig. 8b, (c) Fig. 9c, and (d) Fig. 12b from Moore et al. (2013)).

8.1.3.2.2  Remote rainfall in other global basins
Remote rainfall also been documented in other parts of the world.  For example, a heavy rainfall event over Japan on 2–4 September 2004 was linked to moisture transport by TC Songda’s outer circulation (Wang et al. 2009). From a climatological perspective, Corbosiero et al. (2009) showed that nearly 20% of the annual rainfall over the southwest U.S. occurred in conjunction with TC remnants. It is highly likely that some of these events were PREs.  Byun and Lee (2012) showed that PREs over Korea can occur in situations where moisture surges northwestward ahead of a recurving TC in the presence of enhanced southerly flow between a midlatutude trough to the west and the subtropical high to the east.  Gao et al. (2009) reported that the flooding and mudslides from Tropical Storm Bilis (2006) that killed more than 840 people in China resulted from interactions that included remote rainfall.  Meng and Zhang (2012) showed that PREs over China occasionally develop into organized propagating mesoscale convective systems due to the enhanced moisture, instability, and vertical wind shear ahead of the TC.
Cong et al. (2012) showed that 14.7% of TCs passing near or making landfall in China during the period of 1971-2006 were associated with remote rainfall, which they referred to as tropical cyclone remote precipitation (TRP).  Satellite images for two such events are presented in Fig. 18.
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Figure 18. Tropical cyclone remote precipitation (TRP) occurs frequently in two regions: Bohai Sea and its marginal area (left- Region I) and middle northwest China (right- Reigion II).
The highest frequency of TRP events occurred in July and August (Fig.19) and the characteristics of rainfall from TRP events include a wide spatial distribution, a higher rainfall rate, and an extended duration (around two days). Two regions in China have frequent TRP events: Region I, which includes the Bohai Sea and its marginal area; and Region II, which is in the interior, middle-northwest of mainland China. While TRP events in Region I are often induced by offshore typhoons near southeast China and the Taiwan Strait, TRP events in Region II usually occur when typhoons approach or make landfall in South China.
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Figure 19.  Histogram from Cong et al 2011 of the distribution of TRP occurrences by month for TCs passing near to or making landfall in China during the period of 1971-2006.
Whereas some typhoons can transport moisture far away from its source location by a southeast jet in lower levels, the moisture transport in others is confined to the cyclone circulation.  Analyses of the moisture budget for a TRP area indicated an important role for the moisture transport from a distant typhoon right before onset of the TRP event.
The interaction between a typhoon and a mid-latitude westerly trough during a TRP event Is very similar to the PRE described above. Topography may also have an important role in increased rainfall. Three sensitivity experiments with the WRF/ARW model 3.1 version were conducted with the following results: (1) TRP rainfall would be dramatically decreased if the typhoon was removed or its intensity was reduced; (2) The westerly trough is an another important contributor to TRP events.  The amount of rainfall from a TRP event is directly proportional to the strength of the westerly trough; and (3) Topography also plays an important role, as precipitation from TRP events would decrease if the topography was removed.
8.1.3.3  Rainfall reinforcement
Tropical cyclones typically decay after making landfall due to a combination of surface friction as well as the disconnection from a deep source of enthalpy to fuel the storm after moving over land.  Nevertheless, TCs have occasionally regained strength after landfall via a number of physical processes, and this regeneration can lead to enhanced rainfall over inland areas.  Dong et a.l (2010) investigated the occurrences and characteristics of rainfall from landfalling TCs over mainland China during a 57-year period from 1949-2006.  Dong et al. refer to this revitalization of a TC and its associated enhanced rainfall as “rainfall reinforcement associated with landfalling tropical cyclones” (RRLTC).  Only 9.7% of the TCs in their database that made landfall in China during that period exhibited these characteristics of rainfall reinforcement.
Dong et al. (2010) show that storms that exhibit rainfall reinforcement are generally aligned along two main tracks (Fig. 20):  Northward or northwestward (TN) tracks that allow a storm to interact with a westerly trough and a low-level jet in order to gain baroclinic potential energy as well as an enhanced moisture supply; and Westward or southwestward (TW) tracks that would enable a storm to interact with a monsoonal surge and gain plentiful moisture and corresponding energy from latent heat release.  Of the 9.7% of TCs in the 57-year database that experienced rainfall reinforcement, 51% had TN tracks, while 27% had TW tracks.
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Figure 20.  Frequency of tracks (unit: %) for landfalling tropical cyclones associated with rainfall reinforcement during 1949-2006 over mainland China.  The yellow TW and TN tracks indicate, respectively, the westward and northward tracks, which are the most common tracks taken by landfalling TCs that experience RRLTC.
For TCs with TN tracks, composite analyses from Dong et al (2010) indicate the presence of a westerly trough nearby.  However, no such westerly trough existed for storms that did not experience RRLTC (Fig. 21).  Numerical simulations by Xu et al. (1998) indicate the importance of interaction with a baroclinic trough for storms making landfall in China to help provide potential energy to the storm during extratropical transition and increase rainfall from the storm.
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Figure 21. Composite analyses of 500 hPa geopotential heights (contours) and 850 hPa moisture flux (g.h.Pa cm-2 s-1) (vectors and shadings) for TCs that make landfall (D1- landfall day, D2, D3 – the second and third day) in mainland China along a northward track (TN) as defined by Dong et al. (2010). Composites are for landfalling cases exhibiting RRLTC (top panels) versus no rainfall reinforcement (bottom panels).
Landfalling TCs in China with RRLTC that have westward (TW) tracks (Fig. 20) interact with southwest monsoon surges.   Composite analyses from Dong et al. (2010) of 850 hPa moisture flux indicate that these westward moving TCs  that undergo RRLTC are associated with enhanced moisture flux convergence (Fig. 22, top panels).  However, the composite of TCs that do not experience RRLTC does not have enhanced moisture flux (Fig. 22, bottom panels).  The enhanced moisture drawn into the TC circulation can not only lead to excessive rainfall, but it may also provide latent heat release to delay the decay of the storm.  Dong et al. (2010) also showed that a high percentage of RRLTC events occurred with weakened TC remnants that were moving slowly so the rainfall accumulation was large.
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Figure 22. Composite analyses of 850 hPa moisture flux (g.h.Pa cm-2 s-1) for TCs that make landfall in mainland China and have westward tracks (Tw). Composites of TC cases with RRLTC (top panels) and are compared with cases without RRLTC (bottom panels) for Days, D1, D2, and D3 as defined in Fig. 21.
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