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Motivating	Questions

Q1: What	is	the	key	feature(s)	of	convection	
leading	up	to	genesis?
Q2:	What	thermodynamic	conditions	promote	
the	development	of	such	a	key	feature?
Q3:	What	are	the	relative	roles	of	different	types	
of	precipitation	in	TC	genesis?



Data
• GribSAT-B1	IR	(Knapp	et	al.	2011)

– 3-hour	data;	resolution:	~	7	km
• Rain	rate	and	column	water	vapor	(CWV)	from	SSMI/SSMIS	
• Rain	rate	and	reflectivity	from	TRMM	PR	2A25
• Best track	data	to	define	genesis:	the	formation	of	a	TD	in	most	cases
• A	pouch	track	dataset	for	164	named	storms	over	the	Atlantic	from	1989-

2010	(Wang	and	Hankes 2014)
– Like	the	best	track	data	but	for	precursors

• 6	hourly	data	from	ERA-Interim	Reanalysis

! 20!

 366!

!367!

Fig. 1 (a) Wave pouch tracks at 700 (black), 850 (green) and 925 (red) hPa; (b) the TC 368!
genesis locations. Black, green and red colors in (b) represent TCs that have a wave 369!
pouch first forming at 700, 850 and 925 hPa, respectively. Shading in (b) indicates 370!
regions of mean convergence at 850 hPa from the long-term mean during 1989-2010 371!
July-Oct. The thick blue curve represents the axis of the 700 hPa easterly jet from the 372!
long-term mean during 1989-2010 July-Oct. 373!



Q1: What	is	the	key	feature	of	convection	
leading	up	to	genesis?
--- GRIBSAT	IR	data:	high	spatial	and	temporal	
resolution	with	continuous	observation



IR	imagery:	which	one	is	a	tropical	cyclone?



IR	Composites
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Composites	with	respect	to	the	pouch	center.
Wang	2017



Three	Clusters	of	Different	Spatial	Patterns:	IR
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What	causes	the	different	spatial	patterns?

How	do	the	differences	affect	the	TC	development?

31% 38% 31%

Wang	2017



Three	Clusters	:	Relative	Flow	(10deg	Box)	
U(p)-U(700	hPa)

Cluster	1:	strong	westerly	relative	flow	in	the	upper	troposphere
Cluster	3:	weak	easterly	relative	flow	in	the	upper	troposphere;	
strong	westerly	relative	flow	in	the	boundary	layer

Wang	2017



Three	Clusters	:	Relative	Humidity	(600	hPa)

Cluster	2:	An	isolated	moist	
core	surrounded	by	dry	air.

Cluster	3:	A	large	moist	
pouch	embedded	in	the	ITCZ

Cluster	1:	A	moist	pouch	
detached	from	the	ITCZ?

Wang	2017



Three	Clusters	:	Relative	Vorticity	(700	hPa)

Wang	2017



East-west	Vertical	Cross	Section:	OW	(contours)	and	RH
Genesis	Time

t=-24	Hr

Okubo-Weiss	(OW)	Parameter	=
(relative	vorticity)^2	– (strain	rate)^2	

• A	small	convective	core	does	not	mean	a	weaker	vortex.	

• Displacement	of	convection	off	the	pouch	center	is	
associated	with	a	weaker	vortex.

Wang	2017



Time	Series	of	Median	IR	for	Each	Cluster

The	transverse	circulation	is	driven	
by	the	gradient	of	diabatic	heating,	
instead	of	the	heating	itself!
Heating	is	most	effective	when	the	
maximum	is	collocated	with	the	
vorticity	center.

Cluster	2

Cluster	3

Cluster	1

Cluster	2

Cluster	3
Cluster	1

Wang	2017



IR	imagery:	which	one	is	a	tropical	cyclone?



Three	Clusters	:	TC	Size

Cluster 1 2 3

Mean	AR34 72 59 66

Median	AR34 72 53 62

AR34:	Radius	of	34-knot	winds	averaged	over	one	day	
after	the	declaration	of	a	tropical	storm.

Restricted	to	a	latitude	band	10-25N.

Wang	2017



Q2:	What	thermodynamic	conditions	promote	
convective	organization	near	the	pouch	center?
--- SSMI/SSMIS	data:	simultaneous	rain	rate	and	
CWV	retrievals



Equivalent	Potential	Temperature	Profiles:	
inner	vs.	outer	pouch	region

Inner	pouch

Outer	pouch

• The	midlevel	θe
increases	
significantly	near	
the	pouch	center	
one	to	two	days	
prior	to	genesis	
but	changes	little	
away	from	the	
pouch	center.	

• This	may	be	an	
indicator	of	the	
impending	TC	
genesis.	

• Consistent	with	
Nolan	(2007)

300	km
600	km

Wang	2012



Time-Radius	Plots	of	Rain	Rate	and	CWV

are nearly equally distributed between the two clusters
(morning vs afternoon), and we can therefore assume
that the diurnal variability is largely smoothed out when
averaging over the two clusters. The sample size has a
decreasing trend as tracking backward in time because a
wave pouch is absent or located over land in some
storms at the earlier times. Figure 1b shows that the
number of satellite overpasses over a 6-h time interval
(except that a 3-h interval was applied from 23 to 0 h)
varies between ;100 and ;230. Note that one storm
may get more than one overpass from the multiple in-
struments. The total number of satellite overpasses is
2031 from 266 to 0 h.
The time–radius plot of precipitation is shown in

F2 Fig. 2a. The plot is constructed by taking the 6-h aver-
age of azimuthal-mean precipitation centered at 266,
260, . . . , and26h, and a 3-h average is taken from23 to
0h to represent the genesis time (272h is not shownowing
to the small sample size from272 to269h). Precipitation

isweak and scattered in the radial direction prior to248h
and appears to organize from 248h onward. The maxi-
mum precipitation occurs off the pouch center from248
to 230h and moves to the pouch center after 224h
(Wang et al. 2010b; Davis and Ahijevych 2012). Pre-
cipitation increases substantially from 224h onward,
especially within 6h prior to genesis. The mean pre-
cipitation rate near the pouch center increases from;1.0
to ;2.0mmh21 within 24h prior to genesis. The pre-
cipitation increase is evident within 1.58 from the pouch
center but is masked out by fluctuations at radii greater
than 28.
More detailed evolution of precipitation is shown

in Figs. 2b–e. Superimposed on precipitation are the
composite-mean translated streamlines, and the composite-
mean wave pouch is indicated by the quasi-closed circula-
tion. At254 and236h, the maximum precipitation occurs
south of the pouch center, and precipitation in the
northern half of the wave pouch is much weaker. This is

FIG. 2. (a) Radius–time plot of rain rate. (b)–(e) 2D composites of rain rate at 254, 236, 218, and 0 h superimposed on 700-hPa
streamlines. Rain rate is in millimeters per hour.

Fig(s). 2 live 4/C
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likely due to the ITCZ, which is located south of the
wave track and serves as a moisture reservoir for a de-
veloping wave. In addition, dry air in the north (see

F3 Fig. 3) may hinder convection. Maximum precipitation
has moved close to the pouch center by 218h (Fig. 2d),
and the azimuthal distribution becomesmore symmetric
within a 28 radius. Precipitation becomes much stronger
at the genesis time. It is also interesting to notice that
two precipitation maxima occur west and east of the
pouch center instead of right at the pouch center.
The sharp increase in precipitation prior to genesis is

consistent with the second stage of development in the
two-stage conceptual model proposed by Wang (2014),
which is characterized by an abrupt transition to sus-
tained deep convection after the gradual low-level
spinup and moisture preconditioning by cumulus con-
gestus at the first stage. In contrast, Zehr (1992) em-
phasized the importance of two convective bursts. Since
the two convective bursts in Zehr’s conceptual model

occur at various time intervals with respect to the for-
mation of a tropical depression, they may be smoothed
out or weakened when averaged over a large number of
storms. In addition, a convective burst may occur more
than 3 days prior to genesis and is thus not captured by
Fig. 2. Therefore, Fig. 2 does not prove or disprove the
conceptual model by Zehr (1992). On the other hand,
one may ponder the significance of one or two short-
lived convective bursts to TC formation over the course
of the several-day pregenesis evolution. Wang (2014)
suggested that the accumulated contribution of cumulus
congestus to the low-level spinup is greater than that of
sporadic deep convection although deep convection is
necessary for the development of a tropospheric deep
vortex.
The columnmoisture evolution is shown in Fig. 3. The

time–radius plot shows that CWV increases with de-
creasing radius, suggesting that the inner-pouch region
effectively retains moisture lofted by convection and is

FIG. 3. (a) Radius–time plot of CWV (mm). (b)–(e) 2D composites of CWV at 254, 236, 218, and 0 h superimposed on 700-hPa
streamlines. Blue dots in (e) indicate grid points at which the decrease in CWV from 218 to 0 h exceeds the 95% confidence level.

Fig(s). 3 live 4/C
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Differential	
Moistening

Stage	One:	Moisture	
Preconditioning	

Stage	Two:	Transition	
to	Sustained	Deep	

Convection	
Wang	and	

Hankes 2016



Dry	air	and	Cloud	Buoyance

Entrainment	of	dry	air	will	
induce	evaporation	of	cloud	
hydrometeors	and	reduce	the	
cloud	buoyance.	Or	deep	
convection	is	more	likely	to	
develop	in	a	moist	
environment



WRF	Simulations:	Cumulative	Distribution	of	w

Inner	region

Outer	region

In	a	nearly	saturated	
column,	dry	air	
entrainment	is	reduced	
and	cloud	plumes	are	
more	buoyant.

within	100	
km	radius

btw	150-250	km	
radius

Wang	2012



Precip vs.	Column	Water	Vapor
1 APRIL 2004 1519B R E T H E R T O N E T A L .

FIG. 2. (a) Mean daily averaged precipitation P in 1-mm-wide bins of water vapor path W, for the four tropical
ocean regions in Fig. 1 for all months in 1998–2001. (b) Number of observations in each bin in the four regions.

would naturally lead to higher W for a given precipi-
tation rate in the west Pacific and Indian Ocean com-
pared to other ocean basins. With this conjecture in
mind, we computed daily values of column-averaged
relative humidity r ⇥ W/W*, and sorted the data intobins of width 0.01 in r. Figure 3 shows bin-averaged P
versus r. All four tropical ocean basins now more close-
ly follow the same roughly exponential curve. In ad-
dition, all regions are now adequately represented in the
humid tail of the distribution.
To quantify the r–P dependence, we compute the pre-

cipitation averaged over all grid points in all regions
and days in each r bin with more than 2500 data points
(this eliminates only the extreme ends). The crosses in
Fig. 4 show the bin-mean precipitation. For every 5%
increase in r, mean P more than doubles. We use a
nonlinear least squares method to fit this with an ex-
ponential relationship of the form
P (r) ⇥ exp[a (r � r )], a ⇥ 15.6, r ⇥ 0.603,d d d d d

(1)

shown as the solid curve. This fit and all the results in
Fig. 4 are of course dependent on the datasets used for
r and particularly P. For instance, the 18-month-average
of the Kwajalein radar-derived precipitation discussed

in section 4 is about 30% less than the corresponding
SSM/I-derived precipitation.
There is considerable variability about the mean r–P

relationship. The 25th, 50th, and 75th percentiles of the
daily P data for each r bin are plotted in Fig. 4 as dotted
lines. The daily P has a skewed distribution in each bin
(hence the mean substantially exceeds the median, lying
roughly on the 65th percentile). The interquartile var-
iability of P is roughtly a factor of 4 for the moist,
heavily precipitating bins, and an even larger factor for
the lightly precipitating bins. Some of this variability is
real, but some may also reflect SSM/I sampling uncer-
tainty. We will explore this issue using the Kwajalein
radar dataset in section 4.
Another compelling demonstration of how daily pre-

cipitation is better related to r than to W is shown in
Fig. 5. Figure 3 showed that using r in place of W
removed regional differences in the water vapor path
versus precipitation relationship. Figure 5 complements
this by examining temporal variations in the water vapor
path versus precipitation relationship in a persistently
convecting location subject to substantial intraseasonal
oscillations in tropospheric temperature and hence W*.It compares daily time series of W and 0.8W* for July–October 2001 from a grid point in the east Pacific ITCZ

Bretherton et	al.	2004

Precip increases	exponentially	with	the	column	water	vapor	(Raymond	2000;	
Bretherton 2004).

CWV

Transition	to	strong	
convection	occurs	above	a	
certain	threshold	of	CWV	
(Neelin	et	al.	2009)



Column	RH-Precipitation	relationship

Wang	and	Hankes 2016
Critical	point



Q3:	What	are	the	relative	roles	of	different	types	
of	precipitation	in	TC	genesis?
--- TRMM	PR	2A25:	vertical	profile	of	reflectivity



Stratiform vs. Convective Precipitation
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Stratiform Convective
• Stratiform process: favors 

the development of a mid-
level vortex.

• Convective process: favors 
the spin-up of the low-level 
circulation.  
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Trimodal Distribution of 
Convective Clouds

Partitioning	of	convection:
Echo	top	height	derived	from	2A25	reflectivity	was	
used	to	partition	the	three	types	of	convection. Johnson	et	al.	1999



TRMM	PR:	Frequency	of	occurrence	of	
Precipitating	Pixels

mid-level convection with the breakpoint of 4 km. We chose 8 km as the breakpoint between mid-level con-
vection and deep convection based on previous studies [Johnson et al., 1999]. The histogram in Figure 3a
shows the mean precipitation rate for different precipitation types, which is defined as the sum of one type
of precipitation divided by the total area within a 200 km radius. The total mean rain rate, which is the sum of
the mean rain rates for different precipitation types, is also shown in Figure 3a. The total mean rain rate
increases from Day !3 to Day +1, and a substantial increase occurs from Day !2 to Day !1 and from Day
!1 to Day +1. The breakdown into different precipitation types shows that stratiform precipitation and deep
convection contribute nearly equally to the slight increase in the total rain rate from Day!3 to Day!2, while
the mid-level convective rain rate changes little. From Day !2 to Day !1 and from Day !1 to Day +1, strati-
form, mid-level convective, and deep convective rain rates both increase. Stratiform rain rate has the largest
absolute increase (thus making a larger contribution to the total rain rate increase), and deep convective
rain rate has less increase than either the stratiform or mid-level convective rain rate. The total contribution
by mid-level and deep convections is comparable to that by stratiform precipitation. The contribution by
shallow convection to the total rain rate is negligible from Day !3 to Day +1.

To further examine how each type of precipitation evolves, we examined their frequencies of occurrence and
conditional rain rates. The frequency of occurrence is defined as the pixel number for one precipitation type
divided by the total pixel numbers within a 200 km radius (including nonprecipitating pixels), which is equiva-
lent to the areal coverage of that precipitation type (Figure 3b). Different from the mean rain rate shown in
Figure 3a, the conditional rain rate, or the mean pixel rain rate, is defined as the total precipitation of one pre-
cipitation type divided by the pixel number of that type (i.e., Figure 3d).

Figure 3b shows the frequencies of occurrence of different types of precipitating pixels and the total precipi-
tating pixels (the latter is the sum of the former). The areal coverage of total precipitating pixels changes little

Figure 3. (a) The contribution to the total mean rain rates, (b) frequency of occurrence (FO) normalized by the total number of
pixels, (c) FO normalized by precipitating pixels, and (d) the conditionalmean rain rateswithin a 200 km radius of the circulation
center by stratiform precipitation (S), shallow (SC),mid-level (ML), and deep (DC) convection. In Figures 3a and 3b “T” represents
the total mean rain rate and the frequency of the total precipitating pixels, respectively. The orange bar represents 1 day after
genesis, and the yellow, light green, and dark green bars represent 1 day, 2 days, and 3 days before genesis, respectively.

Geophysical Research Letters 10.1002/2015GL067122

FRITZ ET AL. TC FORMATION AS REVEALED BY TRMM PR 6

Stratiform	precipitation	
accounts	for	80%	of	the	
precipitating	pixels

Fritz	et	al.	2016

Day	-3
Day	-2
Day	-1
Day	+1



TRMM	PR:	Pixel	Rain	Rate

mid-level convection with the breakpoint of 4 km. We chose 8 km as the breakpoint between mid-level con-
vection and deep convection based on previous studies [Johnson et al., 1999]. The histogram in Figure 3a
shows the mean precipitation rate for different precipitation types, which is defined as the sum of one type
of precipitation divided by the total area within a 200 km radius. The total mean rain rate, which is the sum of
the mean rain rates for different precipitation types, is also shown in Figure 3a. The total mean rain rate
increases from Day !3 to Day +1, and a substantial increase occurs from Day !2 to Day !1 and from Day
!1 to Day +1. The breakdown into different precipitation types shows that stratiform precipitation and deep
convection contribute nearly equally to the slight increase in the total rain rate from Day!3 to Day!2, while
the mid-level convective rain rate changes little. From Day !2 to Day !1 and from Day !1 to Day +1, strati-
form, mid-level convective, and deep convective rain rates both increase. Stratiform rain rate has the largest
absolute increase (thus making a larger contribution to the total rain rate increase), and deep convective
rain rate has less increase than either the stratiform or mid-level convective rain rate. The total contribution
by mid-level and deep convections is comparable to that by stratiform precipitation. The contribution by
shallow convection to the total rain rate is negligible from Day !3 to Day +1.

To further examine how each type of precipitation evolves, we examined their frequencies of occurrence and
conditional rain rates. The frequency of occurrence is defined as the pixel number for one precipitation type
divided by the total pixel numbers within a 200 km radius (including nonprecipitating pixels), which is equiva-
lent to the areal coverage of that precipitation type (Figure 3b). Different from the mean rain rate shown in
Figure 3a, the conditional rain rate, or the mean pixel rain rate, is defined as the total precipitation of one pre-
cipitation type divided by the pixel number of that type (i.e., Figure 3d).

Figure 3b shows the frequencies of occurrence of different types of precipitating pixels and the total precipi-
tating pixels (the latter is the sum of the former). The areal coverage of total precipitating pixels changes little

Figure 3. (a) The contribution to the total mean rain rates, (b) frequency of occurrence (FO) normalized by the total number of
pixels, (c) FO normalized by precipitating pixels, and (d) the conditionalmean rain rateswithin a 200 km radius of the circulation
center by stratiform precipitation (S), shallow (SC),mid-level (ML), and deep (DC) convection. In Figures 3a and 3b “T” represents
the total mean rain rate and the frequency of the total precipitating pixels, respectively. The orange bar represents 1 day after
genesis, and the yellow, light green, and dark green bars represent 1 day, 2 days, and 3 days before genesis, respectively.

Geophysical Research Letters 10.1002/2015GL067122

FRITZ ET AL. TC FORMATION AS REVEALED BY TRMM PR 6

Pixel	rain	rate	for	mid-level	
convection	and	deep	
convection	increases	from	
Day	-2	onward.	

Fritz	et	al.	2016



TRMM	PR:	Contribution	to	the	Mean	
Rain	Rate

mid-level convection with the breakpoint of 4 km. We chose 8 km as the breakpoint between mid-level con-
vection and deep convection based on previous studies [Johnson et al., 1999]. The histogram in Figure 3a
shows the mean precipitation rate for different precipitation types, which is defined as the sum of one type
of precipitation divided by the total area within a 200 km radius. The total mean rain rate, which is the sum of
the mean rain rates for different precipitation types, is also shown in Figure 3a. The total mean rain rate
increases from Day !3 to Day +1, and a substantial increase occurs from Day !2 to Day !1 and from Day
!1 to Day +1. The breakdown into different precipitation types shows that stratiform precipitation and deep
convection contribute nearly equally to the slight increase in the total rain rate from Day!3 to Day!2, while
the mid-level convective rain rate changes little. From Day !2 to Day !1 and from Day !1 to Day +1, strati-
form, mid-level convective, and deep convective rain rates both increase. Stratiform rain rate has the largest
absolute increase (thus making a larger contribution to the total rain rate increase), and deep convective
rain rate has less increase than either the stratiform or mid-level convective rain rate. The total contribution
by mid-level and deep convections is comparable to that by stratiform precipitation. The contribution by
shallow convection to the total rain rate is negligible from Day !3 to Day +1.

To further examine how each type of precipitation evolves, we examined their frequencies of occurrence and
conditional rain rates. The frequency of occurrence is defined as the pixel number for one precipitation type
divided by the total pixel numbers within a 200 km radius (including nonprecipitating pixels), which is equiva-
lent to the areal coverage of that precipitation type (Figure 3b). Different from the mean rain rate shown in
Figure 3a, the conditional rain rate, or the mean pixel rain rate, is defined as the total precipitation of one pre-
cipitation type divided by the pixel number of that type (i.e., Figure 3d).

Figure 3b shows the frequencies of occurrence of different types of precipitating pixels and the total precipi-
tating pixels (the latter is the sum of the former). The areal coverage of total precipitating pixels changes little

Figure 3. (a) The contribution to the total mean rain rates, (b) frequency of occurrence (FO) normalized by the total number of
pixels, (c) FO normalized by precipitating pixels, and (d) the conditionalmean rain rateswithin a 200 km radius of the circulation
center by stratiform precipitation (S), shallow (SC),mid-level (ML), and deep (DC) convection. In Figures 3a and 3b “T” represents
the total mean rain rate and the frequency of the total precipitating pixels, respectively. The orange bar represents 1 day after
genesis, and the yellow, light green, and dark green bars represent 1 day, 2 days, and 3 days before genesis, respectively.

Geophysical Research Letters 10.1002/2015GL067122

FRITZ ET AL. TC FORMATION AS REVEALED BY TRMM PR 6

1. Contribution	by	congestus	>	
contribution	by	deep	convection

2. Total	contribution	by	mid-level	and	
deep	convection	is	comparable	to	
that	by	stratiform	precipitation.

Fritz	et	al.	2016



Stratiform vs. Convective Precipitation
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Stratiform Convective
• Stratiform process: favors 

the development of a mid-
level vortex.

• Convective process: favors 
the spin-up of the low-level 
circulation.  
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Stratiform	Precipitation

Wang, 2012

Stratiform heating contributes to the midlevel spinup 
without significantly spinning down the low-level 
circulation.



Summary
• The	key	feature	of	convection	for	TC	genesis	is	not	the	
intensity	or	extent	of	deep	convection,	but	the	
convective	organization	near	the	pouch	center.

• Column	moistening	near	the	pouch	center	precedes	the	
transition	to	sustained	deep	convection	and	tropical	
cyclogenesis.

• Tropical	cyclogenesis	may	be	an	outcome	of	the	
collective	contribution	by	different	types	of	
precipitation.	


