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Outline 

l  Part I: Review of Frank’s work in the field of 
satellite observations of TC rainfall 

l Part II: Contribution of TCs to the global 
precipitation: Regional, seasonal, and 
interannual variations  

l Part III: Inner Core Rainfall Properties in 
Relation to Storm Intensity Change  



Leading	
  Causes	
  of	
  TC	
  Deaths	
  

Top	
  1	
  leading	
  
cause:	
  

Ø 	
  Inland	
  Flooding	
  
	
  (Rappaport	
  2000)	
  



Current	
  Major	
  Issues	
  in	
  TC	
  PredicBon	
  

Ø  Track	
  Forecasts:	
  a	
  suite	
  of	
  skillful	
  models	
  in	
  NHC;	
  
errors	
  have	
  been	
  reduced	
  steadily.	
  

Ø  Intensity	
  Forecasts:	
  liDle	
  skill	
  and	
  have	
  shown	
  only	
  
slight	
  improvement	
  in	
  the	
  past	
  20	
  years.	
  

Ø  QuanBtaBve	
  PrecipitaBon	
  Forecasts	
  (QPF):	
  very	
  liDle	
  
skill,	
  less	
  aDenBon	
  has	
  been	
  focused	
  on.	
  Why? 1) 
model microphysics problems; 2) Lack of precipitation data 
over the open oceans to evaluate and validate  numerical 
weather prediction model  results.  



NASA TRMM (Tropical 
Rainfall Measurement 
Mission) Satellite:  

l Carries the first weather radar--
Precipitation Radar (PR): 13.8 GHz 
(wavelength: 2.17 cm)  ‏

l And a microwave radiometer--
TRMM Microwave Imager (TMI): 
10, 19, 22, 37, 85 GHz 

l 13+ years (1998-current) of data 
available, very unique dataset for 
precipitation studies of tropical 
cyclones 
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PrecipitaBon	
  DistribuBon	
  in	
  TCs	
  Using	
  TRMM	
  TMI	
  –	
  	
  
A	
  pioneer	
  work	
  by	
  Lonfat,	
  Marks,	
  and	
  	
  Chen,	
  2004	
  MWR 

� 	
  3-­‐yr	
  of	
  TRMM	
  TMI	
  observaBons	
  (260	
  TCs,	
  over	
  2000	
  overpasses).	
  
� 	
  	
  over	
  6	
  global	
  oceanic	
  basins.	
  



PDFs	
  of	
  rain	
  rate	
  in	
  TCs	
  	
  
at	
  different	
  intensity	
  
stages.	
  

PDFs	
  of	
  rain	
  rate	
  in	
  TCs	
  	
  
at	
  different	
  oceanic	
  
basins.	
  

From	
  Lonfat,	
  Marks,	
  and	
  Chen	
  2004	
  Fig.	
  10	
  



Azimuthal	
  mean	
  rain	
  
rate	
  as	
  a	
  funcBon	
  of	
  TC	
  
intensity.	
  

Azimuthal	
  mean	
  rain	
  
rate	
  for	
  TCs	
  in	
  different	
  
oceanic	
  basins.	
  

From	
  Lonfat,	
  Marks,	
  and	
  Chen	
  2004	
  Fig.	
  11	
  



From	
  Lonfat,	
  Marks,	
  and	
  Chen	
  2004	
  Fig.	
  17	
  

MoBon-­‐
relaBve	
  TC	
  
rainfall	
  
asymmetry	
  as	
  
a	
  funcBon	
  of	
  
TC	
  intensity:	
  
front	
  or	
  front-­‐right	
  
rainfall	
  asymmetry;	
  	
  the	
  
magnitude	
  of	
  rainfall	
  
asymmetry	
  decreases	
  
as	
  TC	
  intensity	
  
increases.	
  
It	
  is	
  also	
  found	
  that	
  the	
  
rainfall	
  asymmetry	
  is	
  
twice	
  as	
  large	
  for	
  fast	
  
moving	
  TCs	
  (speed>5	
  
m/s)	
  than	
  slow	
  moving	
  
TCs.	
  	
  



From	
  Chen,	
  Knaff,	
  and	
  Marks	
  2006	
  Fig.	
  4	
  

Shear-­‐relaBve	
  
TC	
  rainfall	
  
asymmetry	
  as	
  
a	
  funcBon	
  of	
  
TC	
  intensity:	
  
Down	
  shear	
  le\	
  
asymmetry	
  in	
  the	
  inner	
  
200-­‐km;	
  shi\s	
  toward	
  
shear	
  direcBon	
  at	
  larger	
  
radii.	
  	
  As	
  the	
  TC	
  
intensity	
  increases,	
  the	
  
asymmetry	
  shi\s	
  
cyclonically	
  to	
  the	
  le\,	
  
especially	
  within	
  the	
  
inner	
  200-­‐km	
  radius.	
  
Farther	
  from	
  the	
  storm	
  
center,	
  	
  the	
  asymmetry	
  
max.	
  has	
  a	
  greater	
  
downshear	
  component.	
  



From	
  Chen,	
  Knaff,	
  and	
  Marks	
  2006	
  Fig.	
  3	
  

Shear-­‐relaBve	
  TC	
  
rainfall	
  asymmetry	
  for	
  
different	
  oceanic	
  
basins:	
  
NHà	
  downshear	
  le>	
  
SH	
  à	
  downshear	
  right	
  
The	
  amplitudes	
  of	
  the	
  
asymmetry	
  have	
  a	
  large	
  
variability	
  among	
  basins.	
  



From	
  Chen,	
  Knaff,	
  and	
  Marks	
  2006	
  Fig.	
  12&13	
  

MoBon-­‐relaBve	
  TC	
  rainfall	
  asymmetry	
  for	
  
different	
  oceanic	
  basins:	
  asymmetry	
  is	
  due	
  to	
  the	
  
superposiBon	
  of	
  shear	
  &	
  moBon	
  vectors.	
  	
  



From	
  Chen,	
  Knaff,	
  and	
  Marks	
  2006	
  Fig.	
  14	
  

SchemaBcs	
  for	
  TC	
  
rainfall	
  asymmetry	
  in	
  
relaBon	
  to	
  shear	
  and	
  
TC	
  moBon:	
  
Strong	
  shear	
  (>7.5	
  m/s):	
  
downshear	
  le\	
  
Weak	
  shear	
  (<	
  5	
  m/s):	
  
Downshear	
  le\	
  for	
  the	
  inner	
  
core	
  region,	
  ahead	
  of	
  the	
  
storm	
  for	
  outer	
  rainband	
  
regions.	
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Summary of the pioneer work by Lonfat et 
al. 2004 and Chen et al. 2006‏ 

l At a fixed radius from the storm center, the azimuthally averaged 
rain rate decreases as storm intensity decreases. 

l The radius from the storm center of the maximum decreases with 
increasing storm intensity. 

l The mean TC rainfall varies largely from basin to basin. 

l The TC rainfall asymmetry decreases with storm intensity and 
increases with shear strength. For shear value > 7.5 m/s, the rainfall 
asymmetry is predominantly downshear left. 

l Under weak shear conditions (< 5 m/s), the rainfall asymmetry is 
mainly ahead of the storm, especially in the outer rainband regions. 
In the inner core region, the rainfall asymmetry is still down-shear 
left.   



13+	
  yr	
  TRMM	
  TC	
  PrecipitaBon	
  Feature	
  Database	
  

� 	
  	
  Use	
  various	
  criteria	
  to	
  group	
  conCguous	
  pixels	
  to	
  
generate	
  precipitaCon	
  features	
  around	
  TC	
   From	
  Jiang	
  et	
  al.	
  2011	
  (JAMC)	
  

PR	
  2A25	
  rain>0	
   Reflec4vity	
  >	
  
20	
  dBZ	
  

TMI	
  2A12	
  rain>0	
  

85	
  GHz	
  PCT	
  <	
  250	
  K	
   IR	
  Tb11	
  <	
  210	
  K	
   PR	
  2A23	
  raintype	
  
=	
  convec4ve	
  



13-­‐yr	
  (1998-­‐2010)	
  TRMM	
  Tropical	
  
Cyclone	
  PrecipitaBon	
  Feature	
  (TCPF)	
  

database	
  webpage	
  :	
  	
  
hDp://tcpf.fiu.edu/tc_storms.html	
  

Hurricane	
  Earl	
  2010	
  	
  
TRMM	
  3B42	
  Rainfall	
  
accumulaBon	
  



Part II: Contribution of TCs to the global 
precipitation: Regional, seasonal, and 

interannual variations (Jiang and Zipser 
2010) 
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Data and Method 
l TCPF database: 1998-2006, 771 TCs in six basins: Atlantic (ATL), 

East Pacific (EPA), Northwest Pacific (NWP), North Indian Ocean 
(NIO), South Indian Ocean (SIO), and South Pacific (SPA). 

l Mean monthly rainfall from TRMM 2A25 is derived in 5x5 lon-lat 
grid box for nonTCPFs and TCPFs for 1998-2000 and 2002-2006 
during June-November for northern hemisphere and for 
1998/1999-2005/2006 during November-April for southern 
hemisphere (total 8 years).    

NWP 
NIO 

SIO SPA 

EPA ATL 
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Mean Monthly Rain:  
Non-TC, TC, and Percentage 

55%	
  35-­‐40%	
  

Basin-­‐wide	
  TC	
  contribuBons	
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Why NWP has the highest TC rain and fraction? 



21 

Seasonal 
Variations: 
TC Mean 
Monthly 
Rain in 

Northern 
Hemisphere 

during 
1998-2000 

&2002-2006 
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Seasonal 
Variations: 
TC Mean 
Monthly 
Rain in 

Southern 
Hemisphere 

during 
1998/1999-20

05/2006 
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Basin Averaged Mean Monthly 
Rainfall for Each Month 



24 

TC and Non TC Mean Monthly 
Rainfall Difference Between El Nino 

and La Nina Years 
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Basin Averaged TC Rainfall 
Percentage Difference Between El 

Nino and La Nina Years 

 ATL EPA NWP NIO SIO SPA ‏)%(
El Nino 5.5 7.5 11.5 1.5 7 4 
La Nina 7 5 7 3 7 3.5 
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Summary of Part II  ‏

l The percentage of rainfall contributed by TCs is higher during El-Nino 
years than La-Nina years for EPA, NWP, and SPA basins.  But the 
trend is the reverse for ATL and NIO, and nearly neutral for SIO. 

l The order of TC rain contribution to the total rainfall of each basin 
from highest to lowest is: NWP (11%), ATL(8-9%), SIO(7-8%), EPA
(7%), SPA(3-4%), and NIO(2%) basins as derived from both TRMM 
2A25 and 3B42 observations. 

l The maximum percentage of TC rainfall contribution is located in 
EPA basin near the Mexico Baja California coast (about 60-70%), SIO 
close to the Australia coast (about 50-70%), and NWP near Taiwan 
(about 40-55%). 

l Seasonally, the maximum percentage of TC rainfall contribution is, 
respectively, on September for ATL basin, August and September for 
EPA, August for NWP, November for NIO, March for SIO, and 
January for SPA. 



Inner Core Rainfall Properties in Relation to 
Storm Intensity Change (Part of Ellen 

Ramirez’s MS thesis) 



Intense	
  ConvecBon	
  (Joanne	
  Simpson’s	
  Hot	
  Tower)	
  
in	
  the	
  Inner	
  Core	
  and	
  TC	
  Rapid	
  IntensificaBon	
  (RI)	
  

From	
  Jiang	
  2011	
  (MWR,	
  accepted)	
  

The probabilities of RI and slowly intensifying (SI) increase and those of 
slowly weakening (SW) and rapidly weakening (RW) decrease for samples 
with hot towers in the inner core. However, the increases for intensifying and 
decreases for weakening are not substantial, indicating that hot towers are 
neither a necessary nor a sufficient condition for RI. 

Hot	
  tower	
  
defini4on:	
  
precipita4on	
  
features	
  with	
  
20	
  dBZ	
  echo	
  
height	
  >	
  14	
  km	
  



TC Inner Core and Rainband Separation  

From	
  Ramirez,	
  Jiang,	
  and	
  Cecil	
  2011	
  (MWR,	
  to	
  be	
  submiYed)	
  

Inner	
  Core	
  (IC):	
  
Eyewall	
  or	
  near	
  
center	
  convec5on	
  
Inner	
  rainband	
  
(IB)	
  &	
  Outer	
  
rainband	
  (OB):	
  
Following	
  Cecil	
  et	
  al.	
  
2002’s	
  definiCon:	
  
Manually	
  separaCon	
  
by	
  looking	
  at	
  
gradients	
  and	
  
transiCon	
  zones	
  in	
  
PR	
  dBZ	
  and	
  85	
  GHz	
  
PCT	
  images	
  	
  



	
  Intensity	
  Change	
  Categories	
  
Intensity 
Change	
   Maximum Wind	
  

IC TTPFs 
(TMI)	
  

Speed Range [kts]	
  
W	
   vmax - vmax24 ≥ 10	
   554	
  
N	
   vmax - vmax24 < 10 , vmax24 - vmax < 10	
   1196	
  
SI	
   30 > vmax24 - vmax ≥ 10	
   782	
  
RI	
   vmax24 - vmax ≥ 30	
   183	
  

Total	
   2715	
  

§  Must be over ocean 24-h into the future 
§  Must NOT have been classified as ET both at 
the time of the overpass and 24-h into the future 
§  Category 5 storms removed 

IC RPFs 
(PR)	
  

224	
  
452	
  
332	
  
70	
  

1078	
  



TMI Raining Area and Convective Area 
§ IC TTPFs associated with RI 
events are the largest in terms of 
raining area 

§  IC TTPFs associated with RI 
events have the highest fraction of 
85 GHz PCTs at or below the 
raining threshold, 250 K 

§ IC TTPFs associated with RI 
events have slightly higher 
fractions of 85 GHz PCTs at or 
below the convective threshold, 
225 K 

§  IC TTPFs associated with RI 
events have the least area with 85 
GHz PCT less than150 K 



TMI Rain Rate and Volumetric Rain 

§  RI and W TTPFs are comparable in rain rate 
§  RI TTPFs have the highest volumetric rain amounts 

§  Both raining area and volumetric rain are good 
indicators for RI   



PR Rain 



PR Reflectivity 

§  Maximum near surface reflectivity in RI has a narrow 
spread, with the minimum value of about 40 dBZ.  



PR Max. Height of 20, 30, and 40 dBZ 

§   The median maximum height of the 20 dBZ echo in RI 
is higher than the 75th percentile in W 
§  The minimum height of the 20 dBZ (30,40) in all RI 
samples is 8 km (6,4)  



� 	
  	
  Margie	
  Kieper’s	
  RI	
  forecast	
  method	
  

37	
  GHz	
  Ring	
  Feature 

NRL	
  37	
  GHz	
  Color	
  Product	
  for	
  Hurricane	
  
Danielle	
   (2004),	
  TRMM	
  TMI	
  overpass	
  at	
  
08/14/2004	
   	
   1527Z.	
   Ten	
   kt	
   intensity	
  
increasing	
  during	
  the	
  next	
  6	
  hours.	
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PCT37 
V37 
H37 

37	
  GHz	
  Color 

Hurricane	
  Danielle	
  (2004)	
  

V37	
  (K)	
   

PCT37	
  (K)	
   

Bright	
  Cyan:	
  
(Warm	
  Rain) 
V37	
  >265K	
  	
  
PCT37>270K	
  

Dark	
  Cyan:	
  
H37	
  >	
  225K	
  
PCT37>270K	
   

Green(eye):	
  
H37	
  <=	
  225K	
  

Light	
  Cyan:	
  
H37	
  >	
  225K	
  
PCT37>270K	
   

Pink:	
  
(Cold	
  rain)	
  	
  
PCT37<270K	
  

H37	
  (K)	
   



TMI Raining Area	
  



Summary of Part III 
§  The necessary conditions of TC rapid intensification are: the 
maximum height of the 20, 30, and 40 dBZ echo in the inner core 
region must be at least 8, 6, and 4 km, respectively; the minimum 
value of maximum  PR near surface reflectivity in inner core RI must 
reach 40 dBZ;  minimum 85 GHz and 37 GHz PCTs in the inner core 
must be less than 250 K and 270 K (not shown), respectively.  

§  At the stronger end of the convective spectrum, RI storms do not 
necessarily have stronger convective intensity than storms in other 
intensity change categories. 

§  Large raining areas with moderate rain rate and high volumetric are 
necessary for RI. 



Thanks	
  for	
  your	
  aDenBon!	
  

Happy	
  Birthday,	
  
Frank!	
  



Total	
  Sample	
  Size	
  (1998-­‐2008	
  TRMM	
  TC	
  
observaCons)	
  

IC	
   IB	
   OB	
   Total	
  
TTPF 
(TMI 
swath, 
2A12 

rain>0)	
  

# of PFs	
   4701	
   7231	
   39621	
   50923	
  
# of orbits	
   3303	
   3966	
   5472	
   5656	
  
# of TCs	
   860	
   874	
   887	
   901	
  

RPF (PR 
swath, 

2A25 rain 
>0)	
  

# of PFs	
   3771	
   6737	
   66536	
   77044	
  
# of orbits	
   1279	
   1070	
   3083	
   3306	
  
# of TCs	
   643	
   585	
   775	
   848	
  



PR 2A25 &TMI 2A12 Rain rates in  
IC, IB and OB regions 

§  Mean conditional rain rates 
are highest in IC features, 
followed by IB then OB 
features. 

§  The highest IC feature 
mean conditional rain rate is 
25 mm/hr as derived by the 
PR and 12 mm/hr as derived 
by the TMI 



PR Reflectivity Profiles 
§ The surface median 
maximum reflectivity is 
densely centered around 48 
dBZ for RI RPFs, and more 
broadly spread around 
lower values for N and SI 
RPFs 

§  At the middle range of the 
convective spectrum, the 
reflectivity profiles indicate 
that RI RPFs are strongest 

§ At the stronger end of the 
convective spectrum, RI 
RPFs do not necessarily 
have stronger intensity than 
other intensity change 
stages 



Storm Total/Average Parameters in 
IC region 

PR IC Total Avg. 2A25 Avg. 2A25 Avg. 2A25 Avg. Max Avg. Max  Avg. Max  
Storm  Number Raining Vol. Rain  Rain Rate Height Height Height 

Analysis 
of Flashes 

Area of 20 dBZ 
echo 

of 30 dBZ 
echo 

of 40 dBZ 
echo 

[#] [km2] 
[mmhr-1k

m2] 
[mmhr-1] [km] [km] [km] 

RI 18 13 200 117 000 8.6 14.1 8.9 5.9 
SI 171 10 100 84 100 7.6 12.7 8.2 5.2 
N 308 8 000 70 900 7.3 11.6 7.5 4.6 
W 76 9 500 112 600 10.1 11.6 7.9 5.2 



Population Size: TMI 

 Orbits	
    TTPFs	
  
IC Sample	
   7545	
   3338	
  

100 % IC Capture by TMI	
   5891	
   3332	
  
% of respective sample	
   84.6	
   99.8	
  

IB Sample	
   7545	
   5235	
  
100 % IB Capture by TMI	
   4549	
   4615	
  

% of respective sample	
   65.3	
   88.2	
  

OB Sample	
   7545	
   19557	
  
60 % OB Capture by TMI	
   5670	
   15464	
  

% of respective sample	
   81.4	
   79.1	
  

To eliminate the abundant small, warm features, 
a TTPF size restriction of 1000 km2 is used.  



TMI Data 

§  IC has the coldest minimum 85 GHz and 37 GHz PCTs  
§  IC has the coldest cloud tops seen by minimum 11 um Tb 
§  IB TTPFs are warmer than IC but colder than OB 
§  The OB region is dominated by small, warm features (not shown) 

§  IC and IB features are comparatively larger, by about an order of magnitude at 
median, than OB features 
§  Half of IC features have greater than 25 % coverage of 250 K 
§  Half of OB features have 0 % coverage of 250 K 
§  30 %, 50 %, 70 % of IC, IB, and OB features have no coverage of 225 K 



Population Size: PR 
Orbits	
   RPFs	
  

IC sample	
   7585	
   2637	
  
80 % IC capture by PR	
   1387	
   1303	
  
% of respective sample	
   18.2	
   49.4	
  

IB sample	
   7585	
   4357	
  
70 % IB Capture by PR	
   1133	
   1322	
  
% of respective sample	
   14.9	
   28.5	
  

OB sample	
   7585	
   15921	
  
30 % OB capture by PR	
   3174	
   7723	
  

% of respective sample	
   41.6	
   48.5	
  



PR Reflectivity Data 

§  The IC TTPFs have the highest median reflectivity profile, and the highest 
median radar echoes at the surface by 3 dBZ 

§  The 90th percentiles of  maximum radar reflectivity in IB and OB features are 
comparable and less than the 90th percentile of the maximum radar reflectivity 
in IC features by 3-4 dBZ  



LIS Data 
TC Region	
  

ALL 
TTPFs 	
  

TTPFs W/ 
Lightning	
  

%	
  

IC	
   4077	
   386	
   9.5	
  
IB	
   8094	
   379	
   4.7	
  
OB	
   50281	
   2130	
   4.2	
  

§  Lightning density is greater in OB TTPFs for given 
minimum PCTs, followed by IC then IB. 
§  Lightning probability as a function of 85 (37) PCT 
begins to increase below 210 (270) K in OB TTPFs and 
180 (255) K in IC and IB TTPFs.   



TTPFs	
   Number of	
   Number of	
   2A12 Rain	
   2A12	
   85 GHz PCT 	
   85 GHz PCT 	
   11um Tb	
   11um Tb	
  

TCPFs	
   Flashes	
   Area	
   Vol. Rain	
   Area < 225 K	
   Area < 250 K	
    Area < 210 K	
    Area < 235 K	
  

per flash	
   per flash	
   per flash	
   per flash	
   per flash	
   per flash	
  

[#]	
   [#]	
   [km2]	
   [mmh-1km2]	
   [km2]	
   [km2]	
   [km2]	
   [km2]	
  

IC	
   4077	
   2317	
   23800	
   124200	
   2800	
   7600	
   21900	
   33500	
  

IB	
   8094	
   1786	
   96200	
   360600	
   5700	
   24600	
   47300	
   90300	
  

OB	
   50281	
   21619	
   46800	
   136900	
   2000	
   9400	
   9700	
   28300	
  

LIS Data continued 

§  When normalized by raining area, the IC has twice as much lightning as the OB and four times 
as much lightning as the IB 

§  When normalized by volumetric rain, the IC and OB lightning densities are comparable and 
approximately 2.5 times greater than the IB  

§ When normalized by 85 GHz PCT less than 225 K, the OB has roughly 50 % more lightning 
than the IC and almost three times as much lightning as the IB 

§ The OB also has the highest lightning density per area of 11 um TB less than 210 K and 235 K. 



LIS Data continued 
§  The IC RPF median maximum 
reflectivity profile is comparable to 
the 80th percentile of maximum 
reflectivity for IB and OB RPFs 

§  The 80th percentile of maximum 
reflectivity in IC RPFs is stronger 
than the 90th percentile of maximum 
reflectivity in IB and OB RPFs 



LIS Data continued 
§  The highest correlation with 
lightning flash rate, 0.61, is 
achieved by the area of the 35 
dBZ echo at 9km 

§  The highest correlation with 
lightning flash rate is achieved 
in the OB RPFs near 6 km 
altitude between 37 – 40 dBZ 



LIS Data 
Intensity Change 

Category	
  
ALL IC 
TTPFs	
  

IC TTPFs W/ 
Lightning	
  

%	
  

W	
   609	
   64	
   10.5	
  
N	
   1553	
   135	
   8.7	
  
SI	
   935	
   84	
   9.0	
  
RI	
   194	
   13	
   6.7	
  

§  Highest number of 
lightning flashes in the N 
category 

§  Highest percent of TTPFs 
that contain a lightning 
flash in the W category 

§  The highest probability of 
lightning for the majority of 
feature min. 85 and 37 GHz 
spectrums  is found in the 
W category, followed by N 
and RI 

§ The exception is at the 
coldest PCTs, where the RI 
TTPFs have the highest 
probability 



Storm IC Total 

§  The majority of RI samples are initially TS strength 

§  The majority of RI samples come from the NWP basin 

§  The 75th percentile of IC minimum 85 GHz PCT for RI 
samples is colder than the 50th percentile for W samples 

§  Not as much difference exists for IC minimum 37 GHz PCT 


