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Climatology of Tropical Cyclone Rainfall Magnitude at Different Landfalling Stages:
An Emphasis on After-Landfall Rain
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ABSTRACT: Estimating the magnitude of tropical cyclone (TC) rainfall at different landfalling stages is an important as-
pect of the TC forecast that directly affects the level of response from emergency managers. In this study, a climatology of
the TC rainfall magnitude as a function of the location of the TC centers within distance intervals from the coast and the per-
centage of the raining area over the land is presented on a global scale. A total of 1834 TCs in the period from 2000 until
2019 are analyzed using satellite information to characterize the precipitation magnitude, volumetric rain, rainfall area, and
axial-symmetric properties within the proposed landfalling categories, with an emphasis on the postlandfall stages. We found
that TCs experience rainfall maxima in regions adjacent to the coast when more than 50% of their rainfall area is over the
water. TC rainfall is also analyzed over the entire TC extent and the portion over land. When the total extent is considered,
rainfall intensity, volumetric rain, and rainfall area increase with wind speed intensity. However, once it is quantified over the
land only, we found that rainfall intensity exhibits a nearly perfect inversely proportional relation with the increase in TC
rainfall area. In addition, when a TC with life maximum intensity of a major hurricane makes landfall as a tropical depression
or tropical storm, it usually produces the largest spatial extent and the highest volumetric rain.

SIGNIFICANT STATEMENT: This study aims to describe the cycle of tropical cyclone (TC) precipitation magni-
tude through a new approach that defines the landfall categories as a function of the percentage of the TC precipitating
area over the land and ocean, along with the location of the TC centers within distance intervals from the coast. Our
central hypothesis is that TC rainfall should exhibit distinct features in the long-term satellite time series for each of the
proposed stages. We particularly focused on the overland events due to their effects on human activities, finding that
the TCs that at some point of their life cycle reached major hurricane strength and made landfall as a tropical storm or
tropical depression produced the highest volumetric rain over the land surface. This research also presents key observa-
tional evidence of the relationship between the rain rate, raining area, and volumetric rain for landfalling TCs.
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1. Introduction account for as much as 50% in large regions over the open
ocean. In a similar way, but focused on the continental part
only, Prat and Nelson (2016) evaluated the TCP contribution
over the land from 1998 to 2012, showing that an average of
3.5% of the total number of rainy days are caused by cyclonic
activity. Their study also found that TCP-related days represent
over 13% and 31% of extreme events but can account for more
than 70% of extreme rainfall over higher-latitude areas. The
study also reported that the major contribution usually occurs
right after the peak of cyclonic activity in each global basin.
Some other specific basin-focused studies have reported the
influence of TCP at local scales. For example, Bregy et al. (2020)
characterized the total contribution over the eastern United
States during the TC season, finding maxima on the Louisiana,
North Carolina, and Texas coasts, decreasing farther inland at
rates of approximately 6.2-6.7 mm km™!; in their findings,
they also report TCP is more closely linked to variations in the
shape its intensity and geographic distribution over oceans  osition of North Atlantic subtropical high than to the ENSO
and continents. For example, Jiang and Zipser (2010) calcu-  jpdex. In the western North Pacific, especially for those TCs
lated the contribution of TCP to the total precipitation bal- making landfall over China (including Taiwan and Hainan
ance over all the TC-prone basins, finding that TCs accounts  Jglands), Ren et al. (2006) found that TCs significantly con-
for 4%-11% of the precipitation over the tropics but can tribute to annual rainfall in the southern east coastal region,
accounting for 20%-40% of the total annual balance. Simi-
larly, and for the same basin, Zhang et al. (2017) revealed
Corresponding author: Oscar Guzman, oguzm013@fiu.edu an increasing trend in the TCP based on the assessment of

When tropical cyclones (TCs) approach the coastline and
make landfall, severe weather conditions can cause serious
damage to coastal communities. The torrential precipitation
produced by the storms poses one of the most dangerous
threats to human life and infrastructure due to its potential to
trigger inland freshwater flooding and mudslides (Willoughby
2012; Rappaport 2000). Therefore, a better understanding of
the precipitation patterns at different landfalling stages is an
extremely important input for emergency responders in cata-
strophes mitigation. A fundamental step in this effort is pre-
dicting specific areas within the TC structure that will develop
the heaviest rainfall rates and their magnitude variations be-
fore, during, and after landfall events.

Several studies have examined the climatological features
of tropical cyclone precipitation (TCP) and the factors that
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extreme precipitation events that triggered floods over the
Guangdong province. In such study, the authors also demon-
strated that more than 60% of the largest hazardous floods in
the northern and eastern parts of the province had been di-
rectly linked to TCP activity. In the Philippines, TC contribu-
tion to annual rainfall ranges from 6% in the southern regions
to 54% over the northern regions (Bagtasa 2017). Over the
South Pacific basin, continental Australia receives a contribution
of between 30% and 70%, making it one of the regions of the
globe where this fraction reaches the highest values (Dare et al.
2012). Finally, over the Indian ocean, Uddin et al. (2019) found
that TCP contributes for about 8% of the total overland rainfall
during 1998-2016 with a maximum occurrence during October—
December (16%-18%) with more frequent occurrence in the
Bay of Bengal.

In terms of the internal distribution of TCP, previous studies
found that TCs over the ocean have a precipitation maximum
in the front quadrants, either the left or the right forward half
depending on the moving speed (Burpee and Black 1989;
Rodgers et al. 1994). More recently, modeling results ob-
tained by Kimball (2008) found that maximum rainfall occur-
ring on the right side of the storm before landfall shifts to the
left of the storm track during landfall (as the TC interacts with
the coast); the author explains this variation in terms of the dif-
ferential intrusion of dry air between the left and right sides of
the storm using idealized landfalling modeling hurricanes. As
TC makes landfall, interaction with land surface causes the
wind and precipitation fields to decrease (Kaplan and DeMaria
1995), but the extent of the rainfall does not necessarily follow
the same trend nor the same decreasing pace because of the
complexity of the forcing factors that might drive rainfall distri-
bution at landfall (Matyas 2010).

Internal TC rainfall distribution has also been analyzed un-
der the influence of vertical wind shear (e.g., Corbosiero and
Molinari 2002; Lonfat et al. 2004; Cecil 2007; Wingo and Cecil
2010). In most of these investigations, the rainfall variations are
quantified as low wavenumber asymmetries using the Fourier
decompositions over shear-relative rainfall distributions. The
larger the asymmetry, the more variability in the internal spatial
distribution may be explained (Yu et al. 2015). These studies
coincide with the same conclusion: TCs over the ocean show
downshear to downshear-left maximum in the wavenumber-1
asymmetry field. Besides, over land, Xu et al. (2014) and Yu
et al. (2015, 2017) confirmed that this wind shear effect is still
dominant even at different landfalling stages. Xu et al. (2014)
also suggest that the magnitude of the rainfall asymmetry in-
creases with the wind shear magnitude but decreases with the
increasing TC rainfall intensity, and the wind shear effect is less
efficient for TCs in environments of relatively low values of sea
surface temperature (SST) and total precipitable water (TPW).

With reference to the TCP size, Kimball (2008) found that
after landfall, the increasing friction results in broadened areas
of accumulated precipitation with decreasing rain rates. This
finding is consistent with observational studies analyzing TCP
overland (Ren et al. 2006; Zhang et al. 2017; Bregy et al. 2020).
In particular, Touma et al. (2019) refined previous investiga-
tions using the concept of life maximum intensity (LMI), stating
that the highest median rainfall intensity and the largest median
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spatial extent over land occur when major hurricanes have weak-
ened to tropical storms, resulting in greater flood risk despite the
weaker wind speeds. However, Touma’s findings could poten-
tially contradict previous investigations on the rainfall intensity
assessment. For instance, using satellite precipitation retrievals,
Jiang et al. (2008) found that the total volumetric rain after land-
fall is still highly dependent on the observed maximum wind
speed and moisture parameters (e.g., the higher the TC max
wind speed, the higher the rainfall intensity). So further research
about the characteristics of the precipitation intensity and the
volumetric rainfall for landfalling TCs is a must to clarify the rea-
son for this potential contradiction.

Although the studies mentioned above characterize key
features of TCP, there are few observational studies about its
variation as a function of the location of the TC centers and
the percentage of the raining area over the land on a global
scale. In this paper, we explore the axial variations, distribu-
tion, and evolution of rainfall during the landfalling process of
TC through a statistical approach that uses a homogeneous
long-term time series of satellite retrievals. In addition, an
emphasis on the postlandfall stage is presented by analyzing
the TC LMI and the total volumetric rain, with the aim to in-
vestigate further the contradictions of previous studies about
the behavior of the precipitation intensity on landfalling TCs,
by taking advantage of the benefits of the spatial and tempo-
ral characteristics of the satellite data.

2. Data and methods
a. Data

The analysis period spans from June 2000 to December 2019,
covering all the TC-prone global basins. A total of 1834 TCs
are analyzed with a sample distribution of 315 in the North
Atlantic basin (ATL), 363 in central and east Pacific (ECPA),
572 in western North Pacific (WNP), 114 in north Indian
Ocean (NIO), 303 in the south Indian Ocean (SIO), and 167
in the South Pacific (SPA), respectively. Rainfall information
is obtained from NASA Integrated Multi-satellitE Retrievals
for the Global Precipitation Measurement (GPM) mission
(IMERG) product version 6 (Huffman et al. 2019, 2020).
IMERG combines multisatellite passive microwave (PMW)
precipitation estimates, microwave-calibrated IR rain esti-
mates, and rain gauge measurements into a homogeneous,
high-quality retrieval. This study uses the final run version
of IMERG with a spatial resolution of 0.1° X 0.1° (nearly
10 km X 10 km) with a 3-hourly temporal resolution. Uncer-
tainties about the IMERG products such as differences in the
rainfall retrievals over the land and the ocean, availability of
rain gauge station for calibration, and availability of enough
microware measurements are not accounted in this study.
We assumed the use of the IMERG final run as a reliable sat-
ellite product (as is) to study the TCP events at the best possi-
ble spatiotemporal scale on a global basis. Table 1 shows the
number of IMERG files employed in this study grouped by
TC intensities and basin; each file was converted to a GIS-
readable format and cataloged using a relational geodatabase
for easier interaction with other geographics datasets.
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TABLE 1. Number of best-track records with IMERG retrieved rainfall for TCs during 2000-19 in different TC intensity categories and

different TC-prone basins.

Category/basin ATL ECPA WNP NIO SIO SPA Total
Tropical depression 2694 4365 7135 1742 5614 2255 23805
Tropical storm 6050 7169 9357 1862 6388 2791 33617
Category 1 1624 1846 3613 331 1651 791 9856
Category 2 673 837 2033 104 822 399 4868
Category 3 611 768 1611 113 853 361 4317
Category 4 515 531 1796 103 581 276 3802
Category 5 126 53 542 21 68 66 876
Total 12293 15569 26087 4276 15977 6939 81141

TC attributes such as center coordinates, time, and maximum
wind speed are obtained from the International Best Track Ar-
chive for Climate Stewardship (IBTrACS version 4; Knapp et al.
2018) in both point and line vector topologies. To maximize the
temporal match with the IMERG overpasses, we used the
3-hourly positions obtained by spline interpolation from the origi-
nal 6-hourly best-track coordinates, as reported in columns 9 and
101in IBTrACS. Several filters were applied to the best-track data-
base to maximize the quality of the data, including the removal of
subtropical and extratropical positions; the omission of records
with low-quality attributes in columns 8, 14, 17, 23, and 26 of the
IBTrACS; and the removal of poleward positions beyond a lati-
tude of 35° to minimize the effect posttropical storms in the re-
sults. Both developing and nondeveloping tropical depressions
were included in the final geographic database. Considering
IBTrACS is a collection of other best-track datasets created by
different WMO agencies, discrepancies in the reported values
were resolved by performing a meticulous verification at the geo-
graphic borders between reporting agencies (e.g., between the
U.S. agencies and JMA near 180° longitude) In all cases, the val-
ues reported from U.S. agencies were in the first order of eligibil-
ity (NOAA NHC and JTWC). No adjustment was made for
differences in wind speed averaging periods between the reported
values of each WMO agency.

Environmental conditions around the storms are obtained
from the Statistical Hurricane Intensity Prediction Scheme

(SHIPS; last updated: April 2020) developmental dataset,
which includes 6-h retrievals of observational and derived
data over various annular regions calculated from the TC
center (DeMaria and Kaplan 1994, 1999; DeMaria et al. 2005;
Schumacher et al. 2013). In this study, we selected four SHIPS
environmental parameters to be examined at each landfall
stage: Reynolds sea surface temperature (RSST), wind shear
with vortex removed and averaged from 0 to 500 km (SHDC),
wind shear heading averaged from 0 to 500 km (SHDD), and
total precipitable water between 0 and 500 km. Only the val-
ues at the initial time (¢ = 0) are employed in our analyses.

b. Definition of stages relative to landfall

Previous studies of rainfall distributions in landfalling
TCs classified stages relative to landfall in different ways.
Jiang et al. (2008) grouped Tropical Rainfall Measuring Mis-
sion (TRMM) 3B42 overpasses into ocean, mixed, and land
groups using the percent coverage of raining area over land or
ocean. For each 3B42 snapshot within a 5° radius of the TC cen-
ter, if greater than 60% of the raining area was over the ocean
(land), this overpass was attributed to ocean (land) group. If
40%—-60% of the raining area is over land/ocean, this overpass
was grouped as mixed. Xu et al. (2014) defined three landfalling
stages of TRMM 3B42 overpasses based on the TC center’s
proximity to the coast. If the TC center was 400 to 700 km, O to
300/400 km, and —200 to 0 km from the coast, this overpass

TABLE 2. Classifications of various stages before, during, and after TC landfall in Jiang et al. (2008), Xu et al. (2014), Yu et al.

(2017), and this study.

Jiang et al. (2008)

Xu et al. (2014) Yu et al. (2017)

This study

Before Ocean: TC raining
landfall area > 60%
over ocean
During Mixed: TC raining
landfall area 40%—-60%
over land
After Land: TC raining
landfall area > 60%

over land

Offshore: TC center
400-700 km away
from coast

Stage I: 24 h prior
to landfall

Preland: TC center
0-300/400 km
away from coast

Stage II: at the
time of landfall

After-land: TC
center —200-0 km
away from coast

Stage III: 24 h
after landfall

Open Ocean

Adjacent to the coast:
TC center 0-400 km
away from the coast

Overland: TC center
is over land

Ocean: TC center >700 km
away from coast
Offshore: TC center 400—
700 km away from coast
Near-Land I: TC raining
area < 50% over land
Near-Land II: TC raining
area = 50% over land
Overland I: TC raining
area < 50% over land
Overland II: TC raining
area = 50% and <
100% over land
Overland III: TC raining
area 100% over land
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FIG. 1. Locations of TC centers for all best-track records as a function of the three main landfalling stages. Magenta color represents TC
centers over the open ocean, blue color represents TC centers adjacent to the coast, and green color represents TC centers over land. Pie
charts show the percent contribution of each landfall stage per global basin. Regions corresponding to each category as the distance from
the shoreline are also shown. Land surfaces with areas less than 1400 km? are not considered.

was defined as offshore, preland, and aft-land, respectively. Yu
et al. (2017) described three stages associated with before, dur-
ing, and after landfall based on the observation time of 3B42
relative to the TC center’s landfall time, with stage I, II, and 111
defined as 24 h prior to, at the time of, and after the TC center’s
landfall. Table 2 summarizes the classifications in these three
studies.

Note that the classifications in the last two studies only con-
sidered the TC center’s landfall, while the first study only con-
sidered the raining area’s landfall. A good classification method
should consider both. Yu et al.’s (2017) definition is based on
the period before or after the TC center’s landfall, which de-
pends not only on how far the observation is close to the coast
or inland but also on the storm translation speed. Therefore, in
this research, we adopted both Jiang et al’s (2008) and Xu
et al.’s (2014) approaches. As shown in Table 2, we classified
into three main categories, including Open Ocean, Adjacent to
the Coast, and Overland. In a vast majority of cases, these cate-
gories follow a perfect chronological order (before, during, and
after landfall). However, careful exceptions must be considered
when analyzing TC experiencing multiple landfalls or moving
backward across the proposed landfalling categories. The
Open Ocean category is further divided into two subcatego-
ries: Ocean is for TCs with centers greater than 700 km
away from the coast, and Offshore is for TCs with their cen-
ters 400 to 700 km away from the coast. The Adjacent to the
Coast category is defined as TCs with their centers 0 to 400 km
away from the coast. This category is further divided into two
subcategories: Near-Land I and Near-Land II, based on how
many percentages of the TC raining area are over land. The
Overland category is defined as TCs with their centers over
land. This category is further divided into three subcategories:
Opverland I, Overland II, and Overland III, based on how many
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percentages of the TC raining area are over land. Notice that
we do not explicitly consider time criteria in proposed landfal-
ling categories (e.g., hours before or after the landfall event).
Therefore, for comparison purposes with previous studies, our
nearly equivalent definitions of before, during, and after land-
fall are based merely on spatial criteria with a sense of a tempo-
ral evolution implicit, but not on a pure and perfect temporal
scale, like that suggested by Yu et al. (2017).

With these definitions, a geospatial classification of the
best-track record was performed to obtain the TC samples for
each landfall stage. As a first step, each TC center is assigned
to a geographic region representing Open Ocean, Adjacent to
the Coast, and Overland, as shown in Fig. 1. Several minimum
island sizes were tested during the buffer operation to obtain
consistent areas for each category across all the TC-prone
global basins. This procedure was particularly sensitive for
the North Atlantic and South Pacific basins due to the pres-
ence of large chains of islands. A final threshold of 1400 km?
was employed to remove minor islands. Figure 1 shows a map
with the classification of best-track records and the percentual
distribution of each basin. It can be noticed that globally the
majority of the TC positions fall into the Open Ocean cate-
gory (48%-77%), followed by Adjacent to the Coast (21%—
53%), and ending with Overland records (2%-10%). In addi-
tion, each basin exhibits unique features. For instance, ECPA
is less prone to landfalling events; in contrast, ATL, WNP,
and NIO exhibit the highest susceptibility. Table 3 shows the
same best-track records as Fig. 1 but normalizing by storm ID
(including named and no-named TC). Under the above con-
siderations, global TCs have a fraction of landfall near 38%.
As the second step, each Tropical Cyclone Precipitation Fea-
ture (TCPF; see the details below in section 2¢) is determined.
Its areal portion over both land and ocean is calculated to



JuLy 2023 GUZMAN AND JIANG 805
TABLE 3. Number of TCs and landfalling TCs (in parentheses) categorized by season and basin during the period 2000-19. Note

that the fraction of landfall TCs is calculated as TC center over land. Only land surfaces greater than 1400 km? are considered.

Values for Southern Hemisphere basins during 2000 are not available.

Season/basin ATL ECPA WNP NIO SIO SPA Total
2000 18 (5) 19 (2) 31 (12) 4 (3) N/A N/A 72 (22)
2001 16 (7) 17 (1) 33 (17) 5(Q2) 16 (5) 8(2) 95 (34)
2002 14 (8) 16 (2) 31 (12) 50) 17 (5) 9(4) 92 (34)
2003 21 (8) 16 (5) 27 (14) 4 (3) 19 (7) 11 (2) 98 (39)
2004 15 (7) 16 (2) 32 (14) 6(2) 18 (8) 7 (3) 94 (36)
2005 29 (15) 16 () 25 (15) 703) 19 (3) 8(2) 104 (38)
2006 9(2) 21 (2) 26 (16) 7 (5) 16 (5) 8(2) 87 (32)
2007 14 (9) 15 (2) 27 (12) 6 (5) 14 (7) 10 (1) 86 (36)
2008 16 (10) 18 (4) 27 (13) 7(7) 20 (6) 9(2) 97 (42)
2009 9(2) 20 (3) 28 (13) 5(4) 18 (5) 10 (2) 90 (29)
2010 21 (8) 12 (3) 19 (11) 54) 15 (5) 10 (4) 82 (35)
2011 18 (5) 13 (3) 27 (12) 6(3) 13 (6) 9(3) 86 (32)
2012 18 (6) 17 (1) 27 (12) 4 (3) 17 (6) 4 (0) 87 (28)
2013 14 (5) 18 (4) 33 (18) 7(7) 16 (3) 8 (1) 96 (38)
2014 9(2) 21 (2) 23 (13) 5(Q2) 15 (5) 11 (6) 84 (30)
2015 11 (3) 22 (4) 28 (13) 4(2) 18 (6) 9(2) 92 (30)
2016 16 (9) 21 (3) 30 (14) 5@2) 9 (1) 11 (3) 92 (32)
2017 18 (10) 20 (5) 33 (23) 503) 11 (4) 8 (3) 95 (48)
2018 14 (4) 25 (5) 35 (21) 99 13 (6) 8(2) 104 (47)
2019 15 (4) 20 (3) 30 (15) 8(4) 19 (4) 9 (4) 101 (34)
Total 315 (129) 363 (56) 572 (290) 114 (76) 303 (97) 167 (48) 1834 (696)
TC landfall fraction 41% 15% 51% 67% 32% 29% 38%

refine at the subcategory level within each landfall stage. Table
4 summarizes the final sample size obtained for each category
across global basins.

c¢. Precipitation features and axisymmetric
decompositions

As a prerequisite to calculating TC rain-associated parame-
ters, a definition of the TC rainfall area must be adopted.
Therefore, we define the TC raining area using the concept of
TCPF suggested by Jiang and Zipser (2010). Under the TCPF
framework, a precipitation cell (precipitation feature) is delin-
eated by contiguous grouping pixels that comply with a selec-
tion criterion. In this study, only IMERG pixels with a rain
rate greater than 0.1 mm h™' are chosen to be part of each
precipitation cell, zero values and nondata values are excluded
from the calculations. Furthermore, to be qualified as TCPF,
the distance between the TC center and the geometric center
of each valid cell must be less than 500 km. A geodatabase

with raster and vector versions of the TCPF at each IMERG
observation time was created to subsequently allow the match
with the best-track and SHIPS databases through predesigned
foreign keys within a relational database model.

The axisymmetric decomposition is performed by deter-
mining the azimuthal mean rainfall rate in 100 steps of 10-km
wide annuli from the storm center outward to the 1000 km.
Only pixels belonging to TCPF are considered in calculating
the averages to avoid contamination from neighboring non-
TC precipitation features. Since 10-km is about the IMERG
spatial resolution, the algorithm only includes pixels when
more than half of its size is within the annulus. Finally, the
2D composites of rainfall rate distribution rotated relative
vertical wind shear (the SHDD parameter from SHIPS)
are calculated for different TC landfall stages as a function of
the storm translation speed and environmental variables.
The shear directions of Southern Hemisphere overpasses are
flipped around the motion direction to be consistent with the

TABLE 4. Number of selected satellite overpasses of IMERG records over TC centers in different landfall stages.

Landfall stage Subcategory ATL ECPA WNP NIO SIO SPA Total

Open Ocean (TC center over open ocean) Ocean (>700 km) 5659 8814 12130 287 8237 1519 36646
Offshore (400-700 km) 1189 3196 3544 1329 2184 1841 13283

Adjacent to the Coast (0-400 km) Near-Land I < 50% over land 4129 3229 8608 2125 4460 3060 25611
Near-Land II = 50% over land 204 89 309 126 99 165 992

Overland (center over land) Overland I < 50% over land 356 174 666 86 332 109 1723
Overland II = 50% and 661 67 780 302 574 216 2600

< 95% over land
Overland III > 95% over land 95 0 50 21 91 29 286
Total 12293 15569 26087 4276 15977 6939 81141
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Variation of averaged precipitation as a function of the landfalling stage and TC intensity
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FIG. 2. Variation of the mean tropical cyclone precipitation intensity (rain rate) as a function
of the landfall stage for different storm intensities.

Northern Hemisphere frame of reference and to account for
the Coriolis effect, as explained in Chen et al. (2006). We
stratified the motion speed into two categories as suggested
by Pei and Jiang (2018): Low motions speed (0 < 5 m s 1)
and fast motion speed (=5 m s™!). In the case of the wind
shear magnitude, it was stratified into two categories looking
for a 50%-50% split: low shear (0-8 m s™') and high shear
(>8 ms™!). TPW was also divided into two categories look-
ing for a 50%-50% split: low TPW (0-60 mm) and high
TPW (>60 mm), and finally, the sea surface temperature
was also stratified into two categories (by following Cecil
2007): Low SST (<28°C) and high SST (=28°C). Results of
this classification for the Open Ocean, Adjacent to the
Coast, and Overland landfall stages are presented in the dis-
cussion section.

d. Area and volumetric rain analysis over landfalling TCs

For those TCs with tracks that at some point during their
lifetime fall in the postlandfall categories (i.e., Overland I,
Overland II, and Overland III), we identified the individual
LMI by looking at the maximum sustained wind speed and
categorizing this value into an abbreviated intensity scale that
consists of four categories: tropical depression (TD), tropical
storms (TS), minor hurricanes (CAT12), and major hurricanes
(CATS35). In this way, each TC track snapshot can be catego-
rized by combining its point intensity (current) and the LML
For instance, TD/CAT35 indicates that the storm intensity at
the current satellite observation position is a TD and that storm
at some moment during its lifetime reached CAT35. Thus, there
are 10 possible point-intensity-LMI combinations TD/TD,
TD/TS, TD/CAT12, TD/CAT35, TS/TS, TS/ICAT12, TS/CAT3S,
CATI12/CATI12, CAT12/CAT35, and CAT35/CAT3S.

As a second step, the average rainfall rates and the precipi-
tation area for each satellite overpass are calculated. This pro-
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cedure is applied over the raining pixels obtained from the
TCPF method suggested by Jiang and Zipser (2010), that is,
precipitation cells with values greater than 0.1 mm h™ ! in the
IMERG file. Then, average rainfall rate values per overpass
are categorized following the proposed landfalling stages, the
storm intensity in the Saffir-Simpson scale, and the point-
intensity—-LMI schemes. For each category, an averaged value
is obtained and analyzed (average per category of the aver-
aged raining pixels per overpass).

The last step calculates the volumetric rain over the total
TC area and over the effective land portion (rain pixels
over land only). Although both averages are reported, this
procedure was performed to facilitate an objective compari-
son with studies working with rainfall over land and provide a
more realistic estimation of the rainfall magnitude that affects
human activities inland. In calculating rain over land, a raster
map of 0.1° X 0.1° containing the continental and island poly-
gons was employed to distinguish between land and ocean
pixels by looking for a perfect match with the spatial resolu-
tion of the satellite IMERG rain data. The total volumetric
rain of each overpass is calculated by multiplying the average
TC rain by the TC area.

3. Results and discussion
a. TC precipitation over the open ocean

During the TC travel over the open ocean, TCP experien-
ces a homogeneous growth mainly controlled by TC wind
intensity and environmental conditions (Jiang et al. 2008).
As shown in Fig. 2, for the two open ocean categories
(Ocean and Offshore), it can be noticed that the averaged
TCP is >higher for storms closer to the land, this behavior is
consistent with the traditional strengthening trend of TC
characteristics when TCs move freely over the ocean with
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full access to surface fluxes of latent heat that favor its intensifi- ~ differences, Fig. 4 shows the axisymmetric patterns for each
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lows the classic wind patterns reported in the TC literature = the WNP and ECPA basins, where Ocean profiles are higher
(e.g., Holland 1980; Holland et al. 2010). For the interbasin  than Offshore, particularly at the inner core level.
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FIG. 4. Radial distribution of azimuthally averaged rainfall rate for different landfall stages in (a) ATL, (b) ECPA, (c)WNP, (d). NIO,
(e) SIO, and (f) SPA basins.
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b. TC precipitation adjacent to the coast

In the case of the two Adjacent to the Coast categories, we
found opposite behavior (Fig. 2). For the first part, when at least
half of the TCP area remains over the ocean (Near-Land I), the
average precipitation reaches its maximum across all the land-
falling categories. In contrast, once the TCP area exceeds 50%
over land (Near-Land II), there is lower precipitation produc-
tion caused by the abrupt change in the surface predominance
from water to land. Across the Adjacent to the Coast stages,
the azimuthally averaged profiles of Fig. 3 still show an axisym-
metric structure. However, in the Near-Land II stage, eye pat-
terns in TCs begin to disappear at the inner-core level (Fig. 3).

For the interbasin differences, each basin exhibits a differ-
ent level of separation between the axisymmetric profiles of
both Adjacent to the Coast stages (Fig. 4), perhaps because of
specific geographic conditions. However, a formal explanation
of such differences (and others between basins) is difficult to
determine and beyond the scope of the present research.

c. TC precipitation over the land

Overland stages show their highest TCP values in storms
with up to 50% of their TCP area over the ocean, followed by
lower values in the categories where the TCP area moves in-
land. Interestingly, the Overland I region reveals higher rainfall
rates than Near-Land II. However, a rigorous chronological or-
der between the two categories is difficult to establish under the
proposed landfalling categories. In addition, data with better
temporal resolution would be required for a more detailed
analysis of this potential precipitation enhancement during the
first part of the stages over the land.

TCs in the Near-Land II and Overland I categories ex-
hibit similar axisymmetric properties in most of the panels
in Figs. 3 and 4 with minor variations. We noticed that these
profiles are difficult to differentiate due to the oscillation in
the average precipitation rates near the landfall time. Al-
though our proposed classification of landfalling stages is in-
tended to follow an evolution order in terms of the TCP
cycle, the irregular shape of TCP areas near the coastline
can lead to two imperfections: 1) storms with TC centers
overland containing most of their TCP area over the ocean,
and 2) TC centers over the ocean with their TCP area
mostly over the land. In other words, under certain circum-
stances, Near-Land II and Overland I might not necessarily
follow a strict chronological order because the TC center
(as reported in the best track) does not coincide with the
geometric center of each TCPF due to the complex coexist-
ing factors that affect the shape of the precipitating area at
landfall.

About Overland II and Overland 111, there is a noticeable
decrease in the average rainfall intensity as the storm moves
into the land (Fig. 2 and axisymmetric profiles in Figs. 3 and 4).
This behavior is consistent with the overall weakening observed
in TCs during their final life cycle stages.

Regarding the radial distribution by basins, WNP shows
the maximum rate of reduction in the Overland categories,
though its final Overland intensity reaches a similar level to
other global basins. An interesting feature in the global
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comparison is that ATL storms exhibit an apparent increase
in the region near 300 km. However, further analysis reveals
this feature could be the consequence of the combination of
both scenarios: TCs with weak precipitation in the outer re-
gion disappeared at the Overland III stage, and relatively
strong TCs with relatively intense rainfall near 300 km from
the center survived at the Overland III stage. In addition,
ATL profiles reveal a more drastic reduction in the rainfall
rates across the inner-core area for the Overland II and
Overland III stages.

d. TC Volumetric rain for over land stages

Considering after-landfall (Overland) stages are the most
influential to human activities, a more detailed look at rainfall
production is presented for such a portion of the TCP life cy-
cle. Figure 5 shows the variation of the TC average rainfall
rates, rain area, and volumetric rain as a function of intensity.
Figures 5a and 5b describe the variation for the full extent of
the average TCPF over both land and ocean. It can be noticed
that in all the cases, the mean rate, mean rain area, and volu-
metric rain decrease systematically with the weakening of the
TC intensity after landfall. However, when the portion over
the ocean is removed (as shown in the procedure of Fig. 6),
the observed trend of the TCP area increases as the TC inten-
sity weakens (Fig. 5c). In other words, stronger TCs tend to
have higher precipitation within smaller TC rainfall areas (i.e.,
TC precipitation over land is characterized by cases with high
rainfall rates over a limited area and cases with low rainfall
rates over a wide area). A potential explanation for the in-
crease in the rainfall area with weaker systems is that the area
for CAT2-CATS5 centers must be close to the coast before
experiencing the weakening of maximum winds, while TD-CAT1
centers could be much farther inland to have the same effect.
With the former being much closer to the coast, only about
half of the area would be over land versus weaker systems far-
ther inland. Regarding the volumetric rain, Fig. 5d shows the
global average as a function of the TC intensity. Interestingly,
it can be noticed that despite the reduction in the rain rate, the
net amount of volumetric rain remains almost constant through-
out all the intensity categories, with a minor increasing trend,
having its maximum values for CAT1 and TS events. However,
this apparent peak has low statistical significance as shown by
the dispersion on the boxplots in Fig. 5d.

Based on the above results, calculations of combinations of
the point (current) intensity versus LMI were performed for
the volumetric rain calculations over two different areas of in-
fluence: 1) total TCP area (Fig. 7), and 2) the portion of the
TCP that lies over the land (Tables 5 and 6).

Concerning the volumetric rain over the entire TCP area,
Fig. 7 shows that when combining the contributions between
both sections (ocean and land), it is difficult to establish a
well-defined pattern in the global averages and the interbasin
differences. However, it can be noticed that volumetric rain in
the point-intensity-LMI approach generally increases with
the point-intensity category (first part of the index). In addi-
tion, this trend is subsequently modulated by variations of the
LMI, in which the volumetric rain reaches maximum values
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when the point intensity is equal to the LMI (e.g., TS/TS,
CAT12/CAT12, and CAT35/CAT35). Interestingly, the mini-
mum volumetric values are obtained for the combinations
with pronounced gradients such as TD/CAT12, TS/CATS3S,
and CAT12/CAT3s.

When the same analysis is performed over the portion of
land only, global averages show that at least in ATL, ECPA,
WNP, and SPA storms with an LMI of a major hurricane that
makes landfall as either a TS or a TD they usually produce
the most volumetric rain (Table 5, see bold numbers). At first
look, this result seems opposite to Jiang et al. (2008), which
showed that the TC volumetric rain decreases with TC cur-
rent intensity as the storm makes landfall (i.e., TS and TD
produced less volumetric rain). However, Jiang et al.’s (2008)
results were for both overland and over-ocean portions of the
TC rain, similar to the procedure followed to obtain Fig. 5a.
Therefore, a distinction between the total precipitation pro-
duced by a TC and its isolated part over the land is a must

Authenticated oguzm013@fiu.edu | Downloaded 10/30/23 03:39 PM UTC

to understand the connection and the differences between
studies that use information over the land (like rain gauges
used by Touma et al. 2019) and satellite observations (e.g.,
Jiang et al. 2008 and this study) covering both the land and
the ocean portions.

With reference to relationship between rain-rate intensity,
TCP area, volumetric rain at global scale (Table 6), our find-
ings partially agree with the study of Touma et al. (2019),
which suggested that the highest rainfall intensity and the
largest rainfall area over land occur when major hurricanes
have weakened and made landfall as tropical storms. Their
finding is consistent with our results of the rainfall area in
Table 6. However, in terms of the rainfall intensity compo-
nent, we found that highest overland rainfall intensity is from
the CAT35/CAT35 category. Not only the current TC inten-
sity is important for overland rainfall intensity, but the LMI is
also critical. Highest TC overland rainfall intensity, raining
area, and volumetric rain are all from TCs with an LMI of
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(b) Portion over land only
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FIG. 6. Differentiation between tropical cyclone precipitation for Overland stages: (a) calculation over the total storm
area and (b) calculation over the land portion only.

major hurricane strength. The averaged rain rate increases
with LMI when the current intensity is the same.

Touma et al. (2019) derived the TC rainfall data from the
meteorological rain gauge stations measuring the daily accu-
mulated precipitation (an increase in the volume of water in
the rain gauge in millimeters). Their “rainfall intensity” was
actually defined as “daily accumulation mm day !,” not the
real instantaneous rainfall intensity as measured by satellite.
Here we have opposite results in the scenario in which we
compare Touma’s TC rain intensity with the rain rates re-
ported in Table 6. It can be noticed that the rain-rate intensity
over the land is still highly dependent on the TC wind inten-
sity, as demonstrated in the results of Fig. 5S¢ and the average
rain-rate column presented in Table 6. Another possible

reason for the inconsistency between this study and Touma
et al. (2019) study is that rain gauge data might underestimate
rainfall from major hurricanes because rain gauges could be
destroyed by the strong winds.

Another important difference to consider between both
studies is the temporal resolution of the data. Touma et al.
(2019) used the TC rainfall data from meteorological rain
gauges that reported daily accumulations that match TC
tracks at 1200 UTC. In contrast, this study uses satellite obser-
vations with the intensity obtained as the nearly instantaneous
retrieval at the observation time (in mm h™') over the pixels
contained in each TCPF every three hours. Therefore, with
much higher temporal resolution and more robust sample sizes
from the IMERG satellite, we conclude that the combination
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TABLE 5. Averaged tropical cyclone volumetric rain [thousands, i.e. (mm km? h™1)/1000] and number of overpasses samples (in
parentheses) for each point-LMI category in global basins. Values are calculated over the portion of TC rain over land only.

Point intensity/LMI ATL ECPA WNP NIO SIO SPA Global
TD/TD 491 (27) 513 (15) 516 (66) 241 (22) 773 (15) 233 (21) 596 (146)
TD/TS 495 (326) 333 (37) 686 (268) 567 (135) 706 (217) 613 (122) 599 (1105)
TD/CATI12 573 (80) 269 (25) 674 (122) 249 (36) 489 (126) 378 (10) 524 (399)
TD/CAT35 770 (101) 789 (25) 742 (82) 523 (21) 619 (117) 931 (41) 730 (387)
TS/TS 464 (154) 463 (43) 722 (181) 797 (68) 550 (105) 518 (51) 621 (602)
TS/CATI12 596 (166) 410 (24) 702 (248) 669 (52) 615 (126) 363 (16) 635 (632)
TS/CAT35 881 (132) 618 (33) 777 (250) 650 (45) 584 (148) 762 (45) 718 (653)
CAT12/CATI12 752 (22) 440 (14) 590 (65) 779 (9) 811 (15) 418 (4) 652 (129)
CATI12/CAT3S 632 (76) 554 (21) 647 (156) 741 (31) 755 (104) 575 (38) 603 (426)
CAT35/CAT35 441 (28) 523 (4) 636 (58) 760 (10) 728 (24) 742 (6) 629 (130)

of decreasing precipitation intensity and increasing precipitat-
ing area as the TC intensity decreases when making landfall
explains the maxima of point-LMI events with TD/CAT35 or
TS/CATS3S.

An alternative and potential explanation for the TD/CAT35
and TS/CAT35 maxima can be found in the average rain
rates and the average percentage of rain area over land in
Table 6. From the rain-rate perspective, it can be noticed
that point-intensity—-LMI categories still are highly depen-
dent on both the current TC intensity and LMI (i.e., TD/TD
with the minimum values and CAT35/CAT35 with the maxi-
mum). However, once the percentage over land is analyzed, it
is evident that the most intense categories reached less rainy
areas over the land due to its rain concentration around the TC
center, in contrast with TDs and TS with more sparse precipita-
tion (bigger TC rain areas). The combination of these two fac-
tors leads to a rain balance that results in maximum values for
TDs/TSs with the largest raining areas with a history of high
precipitation intensity, as produced by major hurricanes.

e. Environmental effects during landfalling stages

Variations of rainfall magnitude for each landfalling stage
are analyzed for different TC translation speeds and environ-
mental conditions. Figure 8 shows a set of 2D shear-relative
TC rainfall composites describing the average influence of each
variable differentiating between high/low values at different

landfall stages. In terms of rainfall magnitude, previous investi-
gations suggested that higher values in the storm motion speed
(Burpee and Black 1989; Lonfat et al. 2004), sea surface tem-
perature (Lin et al. 2015), total precipitable water (Jiang et al.
2008; Hill and Lackmann 2009), and low vertical wind shear
(Cecil 2007; Corbosiero and Molinari 2002; Wingo and Cecil
2010) boost the precipitation production. Our results shown in
Fig. 8, for each of the above variables, confirm that these con-
clusions remain valid for all the landfalling stages (that accounts
for the TCP area and distance from the coast) suggested in this
paper.

In terms of the location of the most prominent rainfall
rates, Fig. 8 shows that in landfalling TCs, the maximum val-
ues are concentrated downshear to downshear-left relative to
the vertical wind shear direction. This result is consistent with
previous researchers that found the same pattern for TC pre-
cipitation over the ocean (Chen et al. 2006; Cecil 2007,
Jiang et al. 2008; Xu et al. 2014; Pei and Jiang 2018) and over
the land in localized regions (i.e., Xu et al. 2014 over China).
In this study, we ratify that a downshear to downshear-left
pattern remains valid for the Open Ocean, Adjacent to the
Coast, and Overland landfall stages on a global scale.

In general, it can be observed that the maximum intensity
values occur in the Adjacent to the Coast categories when ex-
posed to high TC speed, TPW, and SST. Likewise, the minimum
intensity values occur across the Overland categories when

TABLE 6. Averaged tropical cyclone volumetric rain and samples size for each point-LMI category in global basins. Values are
calculated over the portion of TC rain over land (Overland I, Overland II, and Overland IIT). Standard deviation is expressed as

percentage of the average.

Avg rain rate

Volumetric rain
(mm km? h™ 1)

Avg TC area
(km?)

Avg percentage of
rain area over land

Point intensity/LMI ~ Sample size (mm h™h)

TD/TD 146 2.13% = 10%
TD/TS 1105 2.18% = 8%
TD/CATI12 399 222% *= 9%
TD/CATS35 387 237% * 13%
TS/TS 602 2.50% * 14%
TS/CATI12 632 2.60% *= 14%
TS/CAT35 653 2.62% * 16%
CATI12/CATI12 129 337% = 15%
CAT12/CAT35 426 3.46% * 14%
CAT35/CAT35 130 3.97% = 10%

267508 * 25%
283009 = 22%
251954 = 17%
349138 = 15%
274831 = 29%
273169 * 23%
301909 * 22%
254426 * 21%
243429 * 20%
205698 * 15%

595715 = 31%
599036 * 24%
524224 + 27%
729524 * 19%
621434 = 32%
634463 = 31%
718013 £ 32%
651937 = 25%
702966 * 22%
629466 * 21%

61%
64%
62%
67%
51%
52%
58%
41%
43%
31%
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exposed to low values of the same variables. However, it is
also noticed that the reduction of the intensity at Overland
stages is accompanied by a general spread of the TCP from
the areas of high concentration in the Adjacent to the Coast
and Open Ocean stages, that is, plots showing Overland rain-
fall exhibit more disorganized patterns but preserving clusters
of rain near their original position before landfall. This result
is consistent with the findings of Yu et al. (2015), in which the
author indicates that the axisymmetric component (observed
in the wavenumber 0) is preserved but rapidly decreases after
landfall.

As for the TC rainfall asymmetries, we can see from Fig. 8
that the mean rainfall pattern of TCs under high shear is
more asymmetric than that of TCs under low shear for TCs
for over ocean, near-coast, and after-landfall stages. This indi-
cates that shear is the dominant factor for rainfall asymmetries
even for after-landfall stages. Previous studies have shown
that land surface can cause TC rainfall structure to be asym-
metric (e.g., Chan and Liang 2003; Chen and Yau 2003; Chan
et al. 2004; Kimball 2008). This is consistent with Fig. 8, which
shows that the rainfall pattern is more asymmetric under high-
shear conditions for the Overland stage than that for over
Open Ocean and Near-Land stages.

4. Conclusions

The climatological averages of TCP rainfall over the open
ocean, adjacent to the coast, and over the land on a global ba-
sis are investigated using rainfall estimations from IMERG
TRMM/GPM satellite data during 2000-19. A new approach
that combines the TCP area and the distance from the coast is
proposed to characterize the TC rain magnitude at different
landfall stages. Our observational results show that across the
Ocean, Offshore, and Near-Land categories, TCP experiences
a homogeneous enhancement controlled by the portion of the
TC that remains over the ocean. Once the TCP area has
reached at least 50% over the land, the overall precipitations
rates begin to decay and the precipitation areas over land be-
gin to expand, following a nearly perfect inversely propor-
tional relation. This pattern is constant for all the landfalling
stages until the TC totally disappears.

An important finding is that the TC rainfall intensity peaks
at the Near-Land I stage with a secondary peak in the average
rainfall rate at the Overland I landfalling stage. However, data
with higher temporal resolution is required for a more detailed
precipitation analysis in the two proposed categories around
the exact landfall event (Near-Land II and Overland I). Adopt-
ing an additional time-based criterion could help to refine the
analysis and explain the mechanisms behind this finding. Be-
sides, an error assessment of the satellite precipitation retrievals
in the transition area between the land and the ocean for ex-
treme precipitation events (like TCs) is a must to verify the ac-
curacy and order of magnitude of this finding. Unfortunately,
due to the diverse nature of measurement sources and retrieval
algorithms, characterizing errors associated with the IMERG
product is not a simple task. So, this might be a good direction
for new research.
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In the case of the Overland stages, our findings demon-
strate that when the combined contribution of the TC rainfall
over the land and the ocean is analyzed (Fig. 6a), there are
regular decreases in the rainfall rate and the volumetric rain
as the storm area moves inland, consistent with Jiang et al.
(2008). However, once the rainfall over the land is analyzed in-
dependently (Fig. 6b), the volumetric rainfall slightly increases
as the storm’s intensity decreases while making landfall, finding
maxima for CAT1 and TS. Further observational analysis using
the concept of point-LMI categories demonstrates that TCs that
at some point in their life cycle reached major hurricane strength
and make landfall as TS or TD produced the highest volumetric
rain over the land surface. This finding refines the previous in-
vestigation by Touma et al. (2019) that suggested that this effect
was due to intensity and areal variations, but clarifying that the
rainfall intensity over land still decreases as the storm’s intensity
decreases during landfall while the volumetric rain increases due
to the increase of raining area over land. We also found that the
lifetime maximum intensity (LMI) of a TC is critical to deter-
mine its flooding potential over land.

For the influence of environmental conditions, this research
reaffirms that higher SST, TPM, and translation speed, com-
bined with low VWS boost the precipitation production re-
gardless of the landfalling stage. In addition, the precipitation
maximum is located downshear to downshear left of the TC
center regardless of the distance from the shore or the per-
centage of TCP area over the land, over all global basins.
These findings are consistent with investigations focused on
TCs over the ocean and some basin-localized landfall studies.
Results of this study are useful for a better understanding of
TCP at different landfall stages.
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