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ABSTRACT

Despite the fact that latent heating in cl.ud systems drives many atm.spheric 

circulati.ns, including tr.pical cycl.nes, little is kn.wn .f its magnitude and structure 

due in large part t. inadequate .bservati.ns.  In this w.rk, a reas.nably high h.riz.ntal 

res.luti.n (2 km), f.ur-dimensi.nal airb.rne D.ppler radar retrieval .f the latent heat .f 

c.ndensati.n/evap.rati.n is presented f.r rapidly intensifying Hurricane Guillerm. 

(1997).  Several advancements in the basic retrieval alg.rithm are sh.wn including:  (1) 

analyzing the scheme within the dynamically c.nsistent framew.rk .f a numerical m.del, 

(2) identifying alg.rithm sensitivities thr.ugh the use .f ancillary data s.urces and (3) 

devel.ping a st.rage term parameterizati.n f.r the precipitati.n budget.  The 

determinati.n .f the saturati.n state is sh.wn t. be an imp.rtant part .f the alg.rithm f.r 

updrafts .f ~ 5 m s-1 .r less.  

The uncertainties in the magnitude .f the retrieved heating are d.minated by err.rs in 

the vertical vel.city.  Using a c.mbinati.n .f err.r pr.pagati.n and M.nte Carl. 

uncertainty techniques, biases are f.und t. be small, and rand.mly distributed err.rs in 

the heating magnitude are ~16 % f.r updrafts greater than 5 m s-1 and ~156 % f.r 

updrafts .f 1 m s-1.  Even th.ugh err.rs in the vertical vel.city can lead t. large 

uncertainties in the latent heating field f.r small updrafts/d.wndrafts, in an integrated 

sense the err.rs are n.t as drastic.

In part tw., the impact .f the retrievals is assessed by inserting the heating int. 

realistic numerical simulati.ns at 2 km h.riz.ntal res.luti.n and c.mparing the generated 

wind structure t. the D.ppler radar .bservati.ns .f Guillerm..  
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1. BackgrAund and mAtivatiAn

The main driver .f tr.pical cycl.ne (TC) genesis and intensity change is the release 

.f latent heat in cl.uds where the s.urce .f m.ist entr.py flux c.mes fr.m the 

therm.dynamic disequilibrium at the .cean-atm.sphere interface (Charney and Eliassen 

1964; Ku. 1965; Emanuel 1986).  In the eyewall regi.n, c.nvective cl.uds d.minate the 

c.re structure with a mix .f stratif.rm and c.nvective features extending .ut t. the bands 

.f the system.  Integrated cl.ud heating .ver the entire v.lume .f the st.rm is believed t. 

be resp.nsible f.r intensity and structure change (Cecil and Zipser 2003; T.ry et al. 

2006), alth.ugh full-physics m.deling studies (Braun 2002) and .bservati.nal 

c.mp.sites (Black et al. 1996) sh.w that small-scale, intense c.nvecti.n c.ntributes the 

largest percentage .f the t.tal upward mass flux (~ 65 % fr.m updrafts str.nger than 2 m 

s-1).  

Despite the fundamental imp.rtance .f latent heat release, little is kn.wn .f the 

structure in b.th space and time during all phases .f st.rm ev.luti.n.  T. make matters 

w.rse, balanced n.n-linear m.dels .f the v.rtex resp.nse t. heating sh.w large 

sensitivity t. the structural characteristics (Hack and Schubert 1986).  M.st .bservati.nal 

estimates .f latent heat are fr.m satellites, which have c.arse res.luti.n in b.th space 

(due t. the height .f the instrument as well as the limiting fact.rs .f antenna diameter and 

frequency ch.ice) and time (due t. .rbit selecti.n).  Thus, the eyewall and rainband 

regi.ns .f a TC with embedded deep c.nvective cl.uds are p..rly res.lved leading t. 

large err.rs in the latent heat field. 

Early satellite estimates were made using passive micr.wave radi.meters with 

h.riz.ntal res.luti.ns .f ~ 25 km at nadir (Adler and R.dgers 1977).  The use .f passive 
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instruments f.r estimating latent heat release is difficult because .f the br.ad, 

.verlapping weighting functi.ns and the c.mplexity .f the radiative transfer in cl.uds, 

especially th.se with mixed phase regi.ns (Petty 2006).  As a result, the specific details 

.f hydr.mete.r distributi.ns c.ntributing t. an .bserved brightness temperature can have 

large uncertainty.  In additi.n, Adler and R.dgers (1977) and .thers (i.e., Sitk.wski and 

Barnes 2009) use an estimate .f the rainfall rate t. c.mpute latent heat; this appr.ach 

represents a vertically integrated quantity and thus, less inf.rmati.n .n cl.ud structure is 

.btained.  M.re recent satellite estimates use the Tr.pical Rainfall Measuring Missi.n 

(TRMM) Micr.wave Imager (TMI), which has a much higher h.riz.ntal res.luti.n .f ~ 

4 - 5 km at 85 GHz.  R.dgers et al. (2000) were the first t. use the TMI t. c.mpute 

vertical pr.files .f latent heat in a TC and f.und that as the st.rm intensified, heating 

rates increased in the inner c.re and extended upward int. the mid-upper tr.p.sphere.  

Recently, the TRMM Precipitati.n Radar (PR) has been used t. estimate ~ 4.3 km 

h.riz.ntal and 0.25 km vertical res.luti.n latent heating rates in TCs with three –

dimensi.nal (3D) capabilities (Ta. et al. 2006).  

Active instruments such as radars are n.t with.ut err.rs either as many different dr.p 

size distributi.ns and values .f derived water c.ntent parameters, such as rainfall rate, 

can be ass.ciated with a measured value .f reflectivity (D.viak and Zrnic 1984).  As a 

result, latent heat estimates that rely s.lely .n reflectivity-derived parameters can be 

expected t. c.ntain significant rand.m err.r (a fact.r .f nearly f.ur f.r mean rainfall 

rate; D.viak and Zrnic 1984).  As the TRMM PR is n.n-D.ppler, critical inf.rmati.n 

needed in the c.mputati.n .f latent heat (three c.mp.nents .f the wind, especially 

vertical vel.city) is unkn.wn.  In additi.n, the ~ 4.3 km surface f..tprint .f the PR is still 
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t.. c.arse t. res.lve the imp.rtant details .f vig.r.us, deep c.nvecti.n in TCs (Guim.nd 

et al. 2010).

Dual-p.larizati.n radar has been used t. estimate warm rain and mixed phase 

micr.physical pr.cesses in Fl.rida c.nvecti.n (T.ng et al. 1998).  Fr.m an area-

integrated perspective, T.ng et al. (1998) f.und that warm rain pr.cesses (c.ndensati.n 

and evap.rati.n) d.minated the t.tal latent heat budget with a small c.mp.nent attributed 

t. mixed phase pr.cesses (freezing/melting).  Alth.ugh very few dual-p.larizati.n 

.bservati.ns .f TCs have been published, intuiti.n suggests that the findings .f T.ng et 

al. (1998) extend t. c.nvecti.n in TCs.

There are n.t many published D.ppler radar estimates .f latent heat in TCs.  

Gamache et al. (1993) used the NOAA WP-3D (P-3) tail radars t. calculate the water 

budget .f decaying Hurricane N.rbert (1984).  Alth.ugh n. latent heat estimates were 

calculated, Gamache et al. (1993) sh.wed 3D distributi.ns .f c.ndensed water that were 

retrieved using the steady-state c.ntinuity equati.n f.r water.  An imp.rtant result fr.m 

Gamache et al. (1993) was that azimuthal asymmetries acc.unted f.r nearly half the net 

c.ndensati.n .f the st.rm.  In additi.n, they n.ted significant departures fr.m saturati.n 

in their full 3-D retrievals whereas in the axisymmetric mean, the entire st.rm was 

saturated (except in the eye).  These results, f.r a decaying st.rm, indicate that c.mputing 

the latent heat field within the inner-c.re .f TCs is n.t as simple as taking the pr.duct .f 

the upward mass flux and the vertical derivative .f the saturati.n mixing rati..  As part .f 

the present w.rk (including part tw.), the utility .f determining saturati.n in the TC 

inner-c.re is examined in detail.
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In additi.n t. the ab.ve .bservati.nal studies, several investigat.rs have d.cumented 

c.nsiderable sensitivity t. numerical m.del micr.physical schemes when simulating TC 

intensity and structure.  McFarquhar et al. (2006) f.und that ch.ice .f micr.physics 

parameterizati.n (including alterati.ns t. the basic c.ndensati.n scheme) led t. 

variati.ns in simulated st.rm intensity by nearly 10 hPa.  Uncertainty in graupel 

characteristics were f.und t. als. pr.duce large changes in st.rm intensity and are likely 

.ne .f the culprits behind the c.nsistent and significant .ver predicti.n .f radar 

reflectivities when c.mpared t. .bservati.ns (McFarquhar et al. 2006; R.gers et al. 

2007).

The g.al .f the first part .f this w.rk is t. perf.rm a c.mprehensive, high-res.luti.n, 

4D, airb.rne D.ppler radar retrieval .f the latent heat .f c.ndensati.n in a rapidly 

intensifying TC.  New additi.ns t. existing retrieval meth.ds will be highlighted 

including detailed err.r characteristics.  Besides pr.viding insight int. the TC 

intensificati.n pr.blem, the latent heat fields presented in this study may pr.ve useful f.r 

the validati.n .f space-based alg.rithms and pr.vide m.tivati.n f.r future satellite 

sens.rs (i.e., D.ppler in space).

The paper is .rganized as f.ll.ws.  In the next secti.n, the D.ppler radar platf.rms 

and data used f.r c.mputing the latent heat are described.  In secti.n 3, the latent heat 

retrieval alg.rithm is presented including enhancements t. existing retrieval meth.ds.  In 

secti.n 4, the alg.rithm is applied t. .bservati.ns .f rapidly intensifying Hurricane 

Guillerm. (1997) and uncertainty estimates are c.mputed.  Finally, in secti.n 5, a 

summary .f the alg.rithm, c.nclusi.ns and c.nnecti.ns t. part tw. .f the w.rk is 

presented.
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2.  DAppler radar platfArms and data

The primary rem.te sensing instrument used in this w.rk is airb.rne D.ppler radar 

using the Nati.nal Aer.nautics and Space Administrati.n (NASA) ER-2 D.ppler Radar 

(EDOP) and the Nati.nal Oceanic and Atm.spheric Administrati.n (NOAA) WP-3D (P-

3) tail (TA) systems.  B.th platf.rms .perate at essentially the same frequency ~ 10 GHz, 

yet the ge.metry and scanning strategies are vastly different.  The EDOP has tw. 

stati.nary antennas, .ne p.inted at nadir and the .ther 33° .ff-nadir.  Measurements fr.m 

EDOP are taken fr.m the high-altitude (20 km) ER-2 aircraft (able t. .verfly intense 

c.nvecti.n) every 0.5 s with a 200 m s-1 gr.und speed pr.viding s.me .f the finest 

sampling .f any current airb.rne radar (100 m al.ng-track with a typical 37.5 m gate 

spacing; Heymsfield et al. 1996). The al.ng-track spacing results in significant 

.versampling .f precipitati.n yielding an effective h.riz.ntal res.luti.n between 100 m 

and the 2.9° beamwidth (i.e., ~ 0.55 km at surface and ~ 0.30 km at 10 km altitude).  The 

main advantage .f EDOP is the nadir-viewing ge.metry that pr.vides direct 

measurements .f the vertical c.mp.nent .f D.ppler vel.cities relative t. the aircraft and 

superi.r res.luti.n when c.mpared t. scanning radars.  A maj.r disadvantage .f EDOP 

is the inability t. retrieve the three c.mp.nents .f the wind and 3D features, as the n.n-

scanning beams .nly measure D.ppler vel.cities al.ng the vertical plane .f the aircraft 

track.  In additi.n, f.r track headings n.t aligned al.ng a Cardinal directi.n, the al.ng-

track wind structure is .ften c.mplicated and difficult t. interpret.

The P-3 TA radar scans 360° in a plane perpendicular t. the flight track and .ften 

empl.ys the f.re/aft scanning technique (FAST) in which the antenna scans in a c.ne 
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.ffset fr.m the track-n.rmal plane alternately f.re and aft .f the aircraft.  The aircraft 

typically flies between 3 – 4 km altitude and d.es n.t penetrate c.nvective c.res, relying 

.n side-l..king views .f high reflectivity regi.ns.  The al.ng-track sampling .f the P-3 

TA radar in n.rmal-plane scanning m.de and FAST m.de is ~ 0.75 km and ~ 1.5 km, 

respectively with 0.15 km gate spacing (Gamache et al. 1995; Black et al. 1996).  Taking 

int. acc.unt the 1.9° vertical and 1.35° h.riz.ntal beamwidths .f the TA antennae and 

the sampling intervals using FAST, grid res.luti.ns fr.m the P-3s range fr.m 1.5 – 2.0 

km in the h.riz.ntal t. 0.5 – 1.0 km in the vertical (Reas.r et al. 2000; Reas.r et al. 

2009).  The main advantage .f the P-3 radar sampling is the ability t. pr.vide essential 

inf.rmati.n .n the three wind c.mp.nents thr.ugh the use .f a retrieval technique 

(Gamache 1997; Ga. et al. 1999; Reas.r et al. 2009).  In additi.n, the P-3 database is 

much m.re extensive than that fr.m EDOP.  H.wever, the relatively c.arse res.luti.n .f 

the analyses, the need t. s.lve f.r the vertical vel.city and c.ntaminati.n .f much .f the 

b.undary layer fr.m .cean surface backscatter are the primary drawbacks .f the P-3 TA 

radar relative t. EDOP.

The EDOP data utilized in this study is c.mpiled fr.m multiple NASA field 

experiments yielding thirteen vertical pr.files .f deep c.nvective updrafts in TCs 

(Heymsfield et al. 2010).  The peak vertical vel.city .f the mean pr.file was ~13 – 14 m 

s-1 while individual members had values as high as 25 m s-1 l.cated at 12 – 14 km in 

height.  Guim.nd et al. (2010) describes the detailed structure .f tw. “h.t t.wer” samples 

fr.m the Heymsfield et al. (2010) p.pulati.n .ccurring within the eyewall .f rapidly 

intensifying Hurricane Dennis (2005).  In the present study, a h.t t.wer is defined as a 

special class .f deep c.nvecti.n:  updraft pr.files fr.m the Heymsfield et al. (2010) TC 
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sample with maximum vertical vel.city values in the t.p 38 % .f the p.pulati.n (results 

in five pr.files, which are sh.wn in Fig. 1 al.ng with the mean).  See Heymsfield et al. 

(2010) f.r m.re inf.rmati.n .n these data.  The mean .f this h.t t.wer sample is 

c.nsidered t. represent mature updrafts near peak intensity.  N.te that this dataset likely 

represents the highest quality (res.luti.n, direct measurement .f vertical D.ppler 

vel.city) updraft structure currently available in TCs and deep c.nvecti.n.  Further 

studies .f EDOP data in TCs including c.mparis.ns t. in situ data can be f.und in 

Heymsfield et al. (2001).

The P-3 data analyzed here were c.llected by tw. aircraft in the c.re .f Eastern 

Pacific Hurricane Guillerm. .n 2 August 1997 f.r ~ 5.5 h.urs (10 c.mp.site peri.ds 

with ~ 34 minute sampling frequency) c.incident with a rapid intensificati.n epis.de .f 

the st.rm (Reas.r et al. 2009).  Weak t. m.derate vertical wind shear (7 – 8 m s-1) 

resulted in a preference f.r c.nvecti.n in the d.wnshear left quadrant .f the st.rm during 

this peri.d.  L.w wavenumber v.rticity asymmetries pr.pagating ar.und the v.rtex were 

f.und t. excite str.ng c.nvective bursts that c.incided with the greatest intensificati.n 

(Reas.r et al. 2009).  Figure 2 sh.ws reflectivity scans fr.m the NOAA P-3 l.wer 

fuselage radar (5.3 GHz) at 3 km altitude during ten eyewall penetrati.ns .n 2 August 

1997.  Oscillati.ns in the structure .f the reflectivity fr.m asymmetric t. m.re 

axisymmetric can be seen in Fig. 2 al.ng with evidence .f the presence .f several 

c.nvective bursts.

Given the c.nsecutive sampling and spatial c.verage, the Guillerm. dataset pr.vides 

the .pp.rtunity f.r studying fundamental pr.blems ass.ciated with the impacts .f deep 

c.nvecti.n and the r.le .f the asymmetric m.de in TC intensificati.n.  H.wever, c.arse 



10

res.luti.n .f the D.ppler analyses in space and time still limits the interpretati.n .f the 

basic physics.  The st.rm-centered radar d.main is a b.x extending 120 km .n a side 

with 2 km grid spacing and 20 km in the vertical with 1 km grid spacing.  The first level 

.f useful data is at 1 km height due t. .cean surface c.ntaminati.n.  Guillerm.’s 3-D 

wind field was retrieved using a variati.nal appr.ach .n a system .f equati.ns that 

includes the radar pr.jecti.n equati.ns, the anelastic mass c.ntinuity equati.n and a 

Laplacian filter, am.ng .thers, including b.undary c.nditi.ns f.r the surface and just 

ab.ve the ech. t.p (Gamache 1997; Ga. et al. 1999; Reas.r et al. 2009).  Regi.ns .f the 

d.main that d. n.t have D.ppler vel.city inf.rmati.n (such as p.rti.ns .f the eye) are 

effectively interp.lated/extrap.lated fr.m regi.ns where D.ppler vel.city was .bserved 

thr.ugh a Laplacian filter (Reas.r et al. 2009).  The radar scanning strategies empl.yed in 

the Guillerm. sampling requires a finite time separati.n between radial wind 

measurements in .rder t. c.nstruct an accurate wind vect.r.  Reas.r et al. (2009) f.und a 

maximum time separati.n .f ~ 6 min .n the edges .f the Guillerm. D.ppler d.main and 

much less in the eyewall regi.n (~ 3 min) indicating relatively small impact .n the 

present analysis, which f.cuses .n the eyewall.  This radar dataset is used t. perf.rm a 

latent heat retrieval, described in detail in the next secti.n.

3. Latent heat retrieval algArithm

The technique f.r retrieving latent heat fr.m airb.rne D.ppler radar is based partly 

.n the meth.d .f R.ux (1985) and R.ux and Ju (1990).  These studies used simplified 

f.rms .f the m.mentum and thermal energy equati.ns, with individual terms .r f.rcings 

estimated fr.m radar .bservati.ns, t. deduce the pressure and temperature fields .f squall 
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lines.  We f.cus .ur attenti.n .n the c.mputati.n .f saturati.n (see appendix B .f R.ux 

and Ju 1990) and the use .f the thermal energy equati.n.  Several advancements in the 

basic alg.rithm are devel.ped and presented bel.w including:  (a) analyzing the scheme 

within the dynamically c.nsistent framew.rk .f a numerical m.del, (b) identifying 

sensitivities thr.ugh the use .f ancillary data s.urces and (c) devel.ping a precipitati.n

budget st.rage term parameterizati.n.

a. The'ry

T. pr.ve the efficacy .f the retrieval meth.d, .utput fr.m a n.n-hydr.static, full-

physics, quasi cl.ud-res.lving m.del simulati.n .f Hurricane B.nnie (1998) at 2-km 

h.riz.ntal grid spacing (Braun et al. 2006; Braun 2006) is examined.  The f.cus here will 

be .n a .ne h.ur peri.d .f the simulati.n (d.main size .f ~ 450 km2 in the h.riz.ntal 

extending t. 17.2 km in the vertical with the first m.del level at 40 m ab.ve the .cean)

where m.del variables and precipitati.n budget terms were .utput every three minutes.  

At this time, the simulated st.rm was intensifying despite the influence .f n.rthwesterly 

vertical wind shear that resulted in an asymmetric distributi.n .f c.nvecti.n (see Braun 

et al. 2006 and Braun 2006 f.r a detailed descripti.n .f Hurricane B.nnie and the 

numerical simulati.n).  Alth.ugh the simulated TC d.es n.t replicate the .bserved st.rm, 

the dynamically c.nsistent nature .f the m.del budgets all.ws the assessment .f the 

qualitative and, t. s.me degree, quantitative accuracy .f the meth.d.  Ga. et al. (1999) 

used numerical m.del .utput t. test the accuracy .f a D.ppler radar wind retrieval 

alg.rithm and f.und err.rs (see their table 1) that are c.nsistent with th.se c.mputed 

fr.m in situ data using a similar retrieval alg.rithm (e.g. see table 2 .f Reas.r et al. 



12

2009).  M.re real cases are needed t. determine if the quantitative aspects .f the Ga. et 

al. (1999) results are valid, but the qualitative accuracy appears r.bust.

The release .f the latent heat .f c.ndensati.n .ccurs when water vap.r changes phase 

t. liquid water, which requires the air t. be saturated.  Theref.re, f.r str.ng updrafts, 

analysis .f the vertical m.mentum equati.n reveals that l.cal bu.yancy fr.m the release 

.f latent heat must be present t. generate significant vertical wind speeds and 

accelerati.ns (Braun 2002; Eastin et al. 2005).  Theref.re, an imp.rtant questi.n is:  d.es 

a thresh.ld .f vertical vel.city exist where saturati.n and the release .f latent heat can be 

assumed?  Figure 3 (c.urtesy .f Dr. Matt Eastin) sh.ws 620 updraft c.res (defined as 

c.nvective-scale vertical vel.cities that exceed 1.0 m s-1 f.r at least 0.5 km al.ng the 

flight track) as a functi.n .f relative humidity fr.m P-3 flight level (1.5 – 5.5 km altitude) 

measurements in the eyewall and rainband regi.ns .f 14 intense TCs (Eastin et al. 2005).  

At 5.0 m s-1 and bel.w, large variability in relative humidity is .bserved while ab.ve 5.0 

m s-1, nearly all updraft c.res are saturated.  Levels ab.ve ~ 5.5 km are n.t sampled by 

the aircraft.  This data suggests that using a vertical vel.city saturati.n thresh.ld .f ~ 5.0 

m s-1 is reas.nable alth.ugh the sample size is small.

The numerical simulati.n .f Hurricane B.nnie is used t. calculate basic statistics .n 

saturated vertical vel.cities (.n a grid p.int by grid p.int basis f.r which there are 

226m226m27 p.ints in the d.main) t. c.mpare t. the .bservati.nal data.  Over the .ne 

h.ur p.rti.n .f the simulati.n analyzed here, appr.ximately 52% .f grid p.ints with an 

updraft are unsaturated with 94% .f these c.ming fr.m values less than 1 m s-1.  M.re 

imp.rtantly, ~ 92% .f grid p.ints with updrafts greater than 5 m s-1 are saturated (95,635 

.ut .f 104,074 p.ints) which c.rr.b.rates the .bservati.nal data sh.wn in Fig. 3.  A 
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similar result is f.und f.r d.wndrafts.  Based .n this data, we c.nclude that a thresh.ld .f 

w > 5 m s-1 is reas.nable f.r assuming saturati.n.  Ab.ve 5 m s-1, vertical accelerati.ns 

are d.minated by l.cal bu.yancy f.rcing while bel.w 5 m s-1 vari.us physical pr.cesses 

may play a r.le in the ev.luti.n such as perturbati.n pressure gradient f.rces (that are n.t 

generated by heating) and turbulence (Braun 2002; Eastin 2005).  This thresh.ld sh.uld 

.nly be used as a guide as updrafts likely d. n.t .bey strict rules, but rather ev.lve 

thr.ugh a c.ntinuum.  Statistics c.mputed fr.m the B.nnie simulati.n revealed that ~ 

99% .f updrafts are f.und t. be less than .r equal t. 5 m s-1, which carries the vast 

maj.rity .f the upward mass flux (~ 70 %; Black et al. 1996; Braun 2002).  As a result, 

saturati.n cann.t be assumed f.r the vast maj.rity .f updrafts and a large percentage .f 

the t.tal mass flux, which m.tivates the need f.r the determinati.n .f saturati.n thr.ugh 

the alg.rithm described bel.w.

The simplified f.rm .f the full m.del equati.n f.r the c.ntinuity .f t.tal precipitati.n

mass (rain, sn.w and graupel) can be written in a manner similar t. Braun (2006),
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where ρ is the dry air density, pq is the t.tal precipitati.n mixing rati. in kg kg-1, tV is 

the hydr.mete.r fallspeed in m s-1, +Q and −Q are the t.tal precipitati.n s.urces and 

sinks (units .f kg kg-1 s-1), respectively, D is the diffusive tendency .f pq and Z is an 

artificial m.del .ffset f.r negative mixing rati.s.  The h.riz.ntal winds ( uv ) are st.rm-

relative and w is the vertical vel.city all in m s-1.  Examinati.n .f each budget term (see 

Braun 2006 f.r a descripti.n .f s.me terms) .n the c.nvective scale (20 by 15 km 

h.riz.ntal mean centered .n str.ng eyewall c.nvecti.n and single grid p.ints within an 
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eyewall c.nvective cell) revealed that the turbulent diffusi.n .f precipitati.n and m.del 

.ffset terms are small and can be neglected.  These results are c.nsistent with Braun 

(2006).  The reduced f.rm .f the c.ntinuity equati.n f.r t.tal precipitati.n mass used in 

this study bec.mes

 ( ) ( ) ( )
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where the s.urces and sinks .f precipitati.n mass are c.mbined int. a net precipitati.n 

s.urce term ( netQ ).  We n.te that the sec.nd and third terms .n the right-hand-side .f (2) 

can be c.mbined t. yield a vertical D.ppler vel.city flux divergence .f precipitati.n, 

which reduces err.rs in the budget (av.ids estimati.n .f hydr.mete.r fallspeeds).  

H.wever, c.mbining these terms can .nly be d.ne when the radar antenna is p.siti.ned 

in vertical incidence, which was n.t the case f.r the P-3 sampling .f Guillerm. (FAST 

was empl.yed).

Figure 4 sh.ws a scatter pl.t .f the relati.nship between netQ (.utput fr.m m.del) 

and the s.urce .f cl.ud water (c.ndensati.n, indicating saturati.n) at m.del grid p.ints 

where precipitati.n is pr.duced between 0 – 10 km height in the first nine minutes (with 

three minute .utput) .f the .ne h.ur simulati.n peri.d.  This subset .f data is 

representative .f the entire simulati.n and includes 828,611 p.ints. A height .f 10 km is 

used as a cap f.r p.ints in Fig. 4 because the simulati.n revealed that the s.urce .f cl.ud 

water ceased at this level in deep c.nvecti.n (see Fig. 5 f.r an example).  The p.ints in 

Fig. 4 are c.l.red by temperature with red p.ints > 0°C (rain micr.physics) and blue 

p.ints o 0°C (ice micr.physics).  There is a linear relati.nship between the tw. variables 

in Fig. 4 with ~70 % .f the variability (statistic c.mputed f.r the entire .ne h.ur peri.d) 
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in netQ explained by the s.urce .f cl.ud water f.r all p.ints (rain and ice pr.cesses).  The 

d.minant m.de .f precipitati.n gr.wth sh.wn in Fig. 4 is rain micr.physics and the 

ass.ciated c.llisi.n-c.alescence pr.cess (R.gers and Yau 1989) with the s.urce .f cl.ud 

water explaining 87% .f the variance in netQ f.r rain micr.physics (red p.ints) .nly.  

Braun (2006) sh.wed that in the azimuthal mean, the s.urce .f cl.ud water in the 

eyewall is immediately rem.ved by precipitating hydr.mete.rs (c.llisi.n-c.alescence 

pr.cess), which is sh.wn here .n the grid p.int scale.  The .ff-linear scatter in Fig. 4 is 

explained by ice micr.physics (blue p.ints) taking .ver the net pr.ducti.n .f 

precipitati.n.  N.te that there is s.me .verlap between the red and blue p.ints (m.stly 

near the freezing level) because n. discrete thresh.ld f.r rain/ice micr.physics exists.  

Indeed, .bservati.ns suggest that super c..led cl.ud liquid water can exist at altitudes .f 

12 km in deep c.nvecti.n l.cated in the TC eyewall (Black et al. 2003).

Figure 5 sh.ws an example .f the vertical structure .f the relati.nship between netQ

and the s.urce .f cl.ud water f.r c.nvecti.n in the B.nnie simulati.n (averaged .ver a 

representative eyewall c.nvective cell).  The s.urce .f cl.ud water matches very well 

with the net pr.ducti.n .f precipitati.n up t. 5 – 6 km height (melting z.ne).  Ab.ve 6 

km height, ice phase micr.physics begins c.ntributing t. the f.rmati.n .f precipitati.n.  

A similar vertical structure is f.und f.r .ther regi.ns (eyewall and rainbands) .f the 

simulati.n d.main.

In summary, Figs. 4 and 5 dem.nstrate that by acquiring inf.rmati.n .n netQ and 

determining where netQ > 0 (net pr.ducti.n .f precipitati.n), we are able t. distinguish 

where the air is saturated, which is required bef.re the release .f latent heat can take 

place.  Kn.wledge .f the p.ssible micr.physical s.urces .f precipitati.n (R.gers and 
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Yau 1989) suggests that this is als. true .f TCs in nature.  N.te that equati.n (2) and the 

ass.ciati.n .f netQ > 0 with saturati.n are valid instantane'usly.  That is, assuming 

inf.rmati.n .n the water c.ntent and winds are available quasi-instantane.usly, the 

saturati.n state .f the air and the ass.ciated magnitude .f the latent heat release 

(described bel.w) can be determined at the same time.  Theref.re, by using the signal 

radar resp.nds t. (precipitating hydr.mete.rs f.r 10 GHz) inf.rmati.n .n the saturati.n 

state (and latent heat release) at each grid p.int in the 3-D D.ppler d.main can be 

retrieved.

There are err.rs in ass.ciating the net pr.ducti.n .f precipitati.n with saturati.n in 

mixed phase regi.ns .f c.nvecti.n and f.r small values .f netQ which c.uld .ccur near 

cl.ud b.undaries, f.r example.  When applying the the.ry t. radar .bservati.ns, 

instrument err.rs are als. p.ssible due t. res.luti.n, n.n-h.m.gene.us beam filling, 

attenuati.n and calibrati.n.  An.ther s.urce .f err.r is the time separati.n between radar 

beam intersecti.ns discussed in secti.n 2 that vi.lates the instantane.us assumpti.n.  

H.wever, the alg.rithm presented here is s.mewhat insensitive t. these err.rs because 

inf.rmati.n is .nly required .n the c'nditi'n .f saturati.n, n.t the magnitude .f that 

saturati.n.  Relying .n netQ f.r quantitative purp.ses (such as c.mputing the latent heat 

magnitude) can lead t. significant err.rs due t. the large uncertainty in single frequency 

radar derived water parameters (see intr.ducti.n; Gamache et al. 1993).  We f.cus .n the 

qualitative nature .f netQ t. reduce the c.nsequences .f these err.rs, alth.ugh dual-

frequency radars sh.w pr.mise f.r quantitative retrievals .f netQ in future studies.  With 

the P-3 radar used in this study, substantially reduced err.rs in the latent heat magnitude
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can be achieved by using the radar estimates .f vertical vel.city directly (described 

bel.w) rather than relying .n netQ quantitatively.

Once the saturati.n state is determined, the magnitude .f the latent heat can be 

calculated acc.rding t. the entr.py f.rm .f the first law .f therm.dynamics,    
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J
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θln    (3)

where pC is the specific heat .f dry air at c.nstant pressure (1004 J K-1 kg-1), θ is 

p.tential temperature in K, T is temperature in K and DtD / is the material derivative.  

The heating rate term in (3) takes the f.rm
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c.ndensati.n at 0 °C (2.50m106 J kg-1) and sq is the saturati.n mixing rati. in kg kg-1.  

The material rate .f change .f the saturati.n mixing rati., which is a functi.n .f 

temperature and pressure, is d.minated by the vertical advecti.n yielding an appr.ximate 

expressi.n f.r the heating rate term, 
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c.ntributi.ns t. the thermal energy budget such as radiative effects have been neglected.  

Substituting the appr.ximate heating rate term int. (3) and rearranging yields the 

expressi.n used t. calculate the magnitude .f the latent heat release
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This meth.d pr.vides inf.rmati.n .n the latent heat .f c.ndensati.n/evap.rati.n .nly 

and d.es n.t include mixed phase pr.cesses.  H.wever, as menti.ned in the intr.ducti.n, 

the .verwhelming c.ntributi.n t. the t.tal latent heat and thermal energy budget in 

c.nvecti.n c.mes fr.m warm rain pr.cesses (T.ng et al. 1998; Zhang et al. 2002).
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Figure 6 presents a fl.wchart summarizing the main steps in the latent heat retrieval 

alg.rithm described ab.ve.  The tw. main steps are:  (a) s.lve equati.n (2) f.r the net 

pr.ducti.n .f precipitati.n ( netQ ) and identify regi.ns .f saturati.n ( netQ > 0) and (b) in 

regi.ns .f saturati.n, c.mpute the magnitude .f latent heating .r evap.rative c..ling 

using equati.n (4).

b. Examining the assumpti'ns in c'mputing saturati'n

Previ.us studies empl.ying a f.rm .f the retrieval meth.d .utlined ab.ve have been 

unable t. calculate the st.rage (l.cal tendency) term in (2) due t. inadequate D.ppler 

radar sampling and, thus, assumed the system .r the cl.uds were in a steady state (R.ux 

1985; R.ux and Ju 1990; Gamache et al. 1993).  In a st.rm-relative reference frame, b.th 

the cl.ud and system scales .f m.ti.n are n.t steady state and significant err.r can be 

expected if assuming stati.narity (Gamache 1993), especially .n a l.cal scale.  The 

Guillerm. dataset is unique in that c.mp.site D.ppler radar sampling was c.mpleted .n 

average every 34 minutes all.wing estimati.n .f the st.rage term.  H.wever, it is f.und 

that using a 34 minute time increment f.r c.mputing the st.rage term added n. m.re 

inf.rmati.n (.rder .f magnitude smaller than .ther terms) t. the precipitati.n budget than 

using the steady state assumpti.n.  This result is n.t surprising c.nsidering the lifecycle 

.f a cl.ud is .n the .rder .f 30 minutes (H.uze 1993).

H.w imp.rtant is the st.rage term in the current latent heat retrieval alg.rithm f.r 

m.re accurate (sh.rter time update) values?  T. address this questi.n, a parameterizati.n 

.f the st.rage term is derived using .utput fr.m the B.nnie numerical simulati.n.  F.r 

m.del grid p.ints where precipitati.n is pr.duced, a linear relati.nship between the t.tal 

h.riz.ntal advective flux .f precipitati.n (largest c.ntributi.n fr.m tangential 
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c.mp.nent) and the st.rage .f precipitati.n (.utput directly fr.m m.del with a time step 

.f a few sec.nds) is f.und (see Fig. 7).  N.te that Fig. 7 .nly includes data at .ne 

snapsh.t while the linear fit used t. derive the regressi.n relati.n (R2 = 0.78), 

  ( )[ ]uq
t
q

p
p v

ρ
ρ

•∇−×=
∂

∂
802.0  (5) 

utilized an average .f the fits at three minute intervals .ver a .ne h.ur peri.d.  The str.ng 

relati.nship in (5) d.es n.t imply that the saturati.n signal ( netQ ) is a small residual and 

theref.re pr.ne t. large err.r.  The magnitude .f netQ is analyzed .n several scales (grid 

p.int, spatial and temp.ral averages in c.nvective/stratif.rm regi.ns) and is f.und t. 

have a significant signal relative t. the .ther terms in equati.n (2).  Physically, the 

relati.nship in (5) c.nfirms the fact that the tangential advective transp.rt .f precipitati.n 

in a mature TC c.ntr.ls the st.rage .f precipitati.n t. a large degree (a c.nsequence .f 

the divergence the.rem).  This relati.nship indicates that m.rphing (Wimmers and 

Velden 2007) the radar reflectivity and derived precipitati.n fields using the D.ppler 

wind analyses t. generate a st.rage term tendency sh.ws pr.mise.  The st.rage term 

values pr.duced thr.ugh the m.del-based parameterizati.n are very similar t. th.se 

calculated fr.m gr.und-based radar (refresh time .f ~5 minutes) and P-3 LF radar 

(refresh time .f 30 s) .bservati.ns .f mature TCs (n.t sh.wn).

F.r the B.nnie simulati.n, Fig. 8 sh.ws that using the st.rage term parameterizati.n 

in (5) reduces the r..t mean square err.r (RMSE) in netQ by m.re than a fact.r .f tw. 

relative t. the steady state case.  This result can als. be expressed in terms .f a 

cylindrical v.lume integrated err.r,
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where PR is the azimuthal mean .f the predicted variable (in this case, the estimate .f 

netQ under vari.us appr.ximati.ns), OR is the azimuthal mean .f the .bserved variable 

(in this case, netQ .utput directly fr.m the m.del) and r and z are the ch.sen .uter (200 

km) and upper (17 km) b.undaries .f the d.main, respectively.  Figure 9 depicts a time 

series .f (6) f.r netQ revealing that in the temp.ral mean, the st.rage term

parameterizati.n reduces the err.r in netQ by ~ 16 % with impr.vements .f nearly 30 % 

at vari.us times using the numerical m.del .utput.  Als. sh.wn in Figs. 8 and 9 is the 

err.r using the appr.ximate f.rm .f the precipitati.n c.ntinuity equati.n in (2) with Qnet

.utput directly fr.m the m.del serving as the c.ntr.l.  The err.rs in using (2) are l.w, 

which is c.nsistent with the scale analysis already discussed.

We have dem.nstrated that netQ is a very g..d pr.xy f.r saturati.n in a numerical 

setting.  In additi.n, a reduced f.rm .f the precipitati.n c.ntinuity equati.n with a 

parameterizati.n .f the st.rage term has been sh.wn t. pr.vide a g..d diagn.sis .f the 

actual netQ .utput fr.m the m.del.  An .bvi.us questi.n is:  what is the impact .f these 

appr.ximati.ns .n the derived latent heating?

Figure 10 sh.ws the impact .f the st.rage term parameterizati.n in terms .f the 

azimuthal mean latent heating at the radius .f maximum wind (RMW) f.r the Guillerm. 

D.ppler radar .bservati.ns (sh.wn in the next secti.n).  This sensitivity analysis is 

sh.wn here because .ur ultimate g.al is t. apply the alg.rithm t. .bservati.ns.  Large 
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changes t. the azimuthal mean heating relative t. the steady state case are f.und when 

using the parameterizati.n (see Fig. 10) with differences .f ~ 20 % at mid-levels t. .ver 

100 % at l.wer (3 km) and upper (10 km) levels.  Recent research has sh.wn that f.r 

simplified TC-like v.rtices, the azimuthal mean heating d.minates the dynamics .f TC 

intensificati.n (N.lan and Grass. 2003; N.lan et al. 2007).  In light .f these results, the 

st.rage term sensitivity sh.wn in Fig. 10 is n.t .nly quantitatively significant f.r the 

accurate retrieval .f latent heating in TCs such as Guillerm.; it is physically significant 

as well.

Figure 11 sh.ws the err.rs (acc.rding t. equati.n 6) in c.mputing latent heat by 

determining saturati.n using equati.ns (2) and (5) and identifying where the values .f 

netQ are greater than zer..  The c.ntr.l is c.mputing latent heat at grid p.ints that are 

pr.ducing cl.ud water, which is required f.r air t. be saturated.  N.te that latent heating 

rates c.mputed fr.m the m.del’s micr.physical scheme were n.t available, s. the 

diagn.stic latent heating rate (c.nsidering updrafts .nly) in (4) is used instead.  

Differences between the latent heating rates sh.uld be small and the expressi.n in (4) is 

currently the .nly practical way t. c.mpute them fr.m radar .bservati.ns.  The temp.ral 

mean err.r in Fig. 11 is ~ 8% with ~ 93% .f the variance in the azimuthal mean heating 

explained by the retrieval meth.d.  Err.rs c.mputed using b.th updrafts and d.wndrafts 

sh.wed similar results albeit with a weaker explained variance (~ 87%).

The results described ab.ve dem.nstrate that the meth.d f.r determining saturati.n in 

the latent heat retrieval is quite reas.nable.  Validating this result using .bservati.ns is 

difficult because .f the lack .f in situ data .ver the large swaths sampled by the radar.  

Using a c.mbinati.n .f flight level data and dr.ps.ndes .ffers the best avenue f.r 
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validati.n and is left f.r future w.rk.  Sensitivity tests and .bservati.nal err.r analyses .f 

the diagn.stic heating expressi.n in (4) are detailed in the next secti.n.

4. ObservatiAns and errArs

a. D'ppler radar derived latent heating

T. c.mpute saturati.n ( netQ ) fr.m D.ppler radar, the t.tal precipitati.n mixing rati. 

must be kn.wn.  In .rder t. derive this quantity, in situ cl.ud particle data c.llected by 

NOAA P-3 aircraft at ~ 4 km altitude in the intense stages .f Hurricane Katrina (2005) is

analyzed.  The cl.ud particle data is averaged .ver a peri.d .f 6 s in an attempt t. match 

the sampling v.lumes .f the particle pr.be and D.ppler radar pulses (R.bert Black, 

pers.nal c.mmunicati.n).  Using the cl.ud particle data, radar reflectivity fact.r (Z) and

liquid water c.ntent (LWC) are c.mputed and the c.efficients (A and B) .f the p.wer 

law (Z = AmLWCB) are determined.  Figure 12 sh.ws a scatter pl.t (~ 7,000 data p.ints) 

.f the relati.nship between reflectivity fact.r (expressed in dBZ) and LWC f.r the 

Katrina data.  The red line sh.ws the best fit (Z = 402mLWC1.47) with a c.rrelati.n 

c.efficient .f 0.88 while the blue lines depict the 95% c.nfidence interval, which gets 

larger with higher reflectivities (partly due t. sampling).  The relati.nship Z = 

402mLWC1.47 is used bel.w the melting layer while the ice water c.ntent (IWC) 

parameterizati.n Z = 670mIWC1.79 (Black 1990) is used ab.ve the melting layer with 

linear interp.lati.n .f the tw. expressi.ns within the melting layer.  

N.te that relati.nships between radar reflectivity fact.r and water c.ntent parameters 

are n.t unique and theref.re, uncertainty in netQ will exist.  As menti.ned in the previ.us 

secti.n, h.wever, the alg.rithm presented here is s'mewhat insensitive t. these err.rs 
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because inf.rmati.n is .nly required .n the c.nditi.n .f saturati.n, n.t the magnitude .f 

saturati.n.  Equati.n (2) is s.lved f.r netQ using the Guillerm. D.ppler analyses, the 

st.rage term parameterizati.n in (5), the c.mputed precipitati.n mixing rati.s described 

ab.ve and hydr.mete.r fall speed relati.ns f.r a gamma distributi.n (Ulbrich and 

Chils.n 1994; Heymsfield et al. 1999).  Based .n Fig. 3 and the discussi.n in the 

previ.us secti.n, grid p.ints with w > 5 m s-1 are assumed saturated.

T. c.mpute the magnitude .f latent heat released at saturated grid p.ints in the radar 

d.main, kn.wledge .f the therm.dynamic structure .f c.nvective cells is required, which 

is very difficult t. .btain.  T. appr.ximate the therm.dynamic structure, a c.mp.site 

high-altitude (using NASA aircraft that fly at altitudes .f 10 and 20 km) dr.ps.nde 

representative .f eyewall c.nvecti.n in TCs is utilized.  The st.rms sampled were:  

Hurricane B.nnie (1998), Tr.pical St.rm Chantal (2001), Hurricane Gabrielle (2001), 

Hurricane Erin (2001) and Hurricane Humbert. (2001) yielding ten independent 

therm.dynamic pr.files .f eyewall c.nvecti.n.  The sampling .f eyewall c.nvecti.n is 

verified using winds and relative humidity fr.m the dr.ps.ndes as well as satellite 

.bservati.ns.  Discussi.n .n the uncertainty ass.ciated with using a c.mp.site dr.ps.nde 

is discussed bel.w.  T. c.mplete the latent heat calculati.n, the vertical vel.cities 

derived fr.m the D.ppler radar synthesis pr.cedure are input t. equati.n (4).  The latent 

heat .f c.ndensati.n is capped at 10 km altitude based .n independent numerical 

simulati.n experiments and the structure .f the cl.ud water s.urce sh.wn in Fig. 5.

Figure 13 displays 3D snapsh.ts .f the derived latent heat field (+/- 100 K h-1

is.surface) in Hurricane Guillerm. (1997) f.r each aircraft pass in Fig. 2.  The structure 

in Fig. 13 is c.nsistent with the 3-km altitude reflectivity scans sh.wn in Fig. 2.  Initially 
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(Fig. 13, pass 1), the latent heat field is quite asymmetric with c.nvecti.n displaced t. the 

d.wn-shear quadrants .f the st.rm due t. the persistent vertical shear f.rcing .f the 

v.rtex (Reas.r et al. 2009).  This l.w-wavenumber latent heat asymmetry is c.upled t. 

the v.rticity field (Reas.r et al. 2009) as the features pr.pagate ar.und the eyewall .f 

Guillerm. .ccasi.nally revealing a m.re symmetric distributi.n .f c.nvecti.n (Figs. 2 

and 13, passes 2 – 5 and 7).  Passes 6, 7 and 9 in Fig. 13 sh.w the emergence .f large, 

individual pulses .f heating (and c..ling) with peak magnitudes between 200 – 300 K h-

1.  Reas.r et al. (2009) f.und that these str.ng c.nvective bursts c.incided with the 

largest intensificati.n .f Guillerm. and were triggered by c.nvergence ass.ciated with 

l.w-wavenumber v.rticity asymmetries in the eyewall.  The full .bservati.nal peri.d (~ 

5.5 h) .f the latent heat retrievals presented in Fig. 13 are used as time-dependent f.rcing 

in a n.n-linear numerical m.del in .rder t. examine their impacts .n numerically 

simulated intensity and structure change.  This is the t.pic .f part tw..

Figure 14 sh.ws the latent heat pr.file c.mputed using the mean EDOP vertical 

vel.city data presented in Fig. 1 and the c.mp.site therm.dynamic data discussed ab.ve.  

Alm.st the entire mean pr.file in Fig. 1 is greater than 5 m s-1 and theref.re, saturati.n is 

assumed.  The mean EDOP latent heat pr.file is sh.wn because .f the high quality .f the 

data (very high res.luti.n and direct measurement .f vertical D.ppler vel.cities relative 

t. the aircraft), which may be a useful reference f.r the c.mmunity.  The auth.rs are 

currently using the pr.file in Fig. 14 t. understand the dynamic resp.nse .f a realistic TC 

v.rtex t. .bservati.nal heating perturbati.ns.

b. Uncertainty estimates
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There are tw. main calculati.ns in the retrieval that require err.r analysis:  the 

c.mputati.n .f the saturati.n state and the magnitude .f the latent heat. The appr.ximate 

err.rs ass.ciated with determining saturati.n are analyzed in secti.n 3b and thus, the 

f.cus here is .n the magnitude .f the latent heat fields.  The magnitude .f the latent heat

is essentially a functi.n .f therm.dynamic inf.rmati.n (temperature and pressure) and 

vertical vel.city.  The uncertainty in the therm.dynamic inf.rmati.n is assessed by first 

gathering s.undings fr.m vari.us regi.ns (eyewall and envir.nment) .f the numerical 

simulati.n .f Hurricane B.nnie and eyewall dr.ps.nde .bservati.ns in several st.rms 

(see secti.n 4a f.r the list .f TCs).  These therm.dynamic pr.files are then input t. 

equati.n (4) revealing differences in the peak latent heat .f .nly ~ 10 – 15 %.  These 

results indicate that the magnitude .f the latent heat is n.t very sensitive t. the details .f 

the therm.dynamic inf.rmati.n in the eyewall .f TCs.

Sensitivity t. the vertical vel.city is much greater and is the m.st imp.rtant 

parameter in the estimati.n .f latent heat.  Reas.r et al. (2009) c.mpared the Guillerm. 

D.ppler radar analyzed vertical vel.cities t. flight-level in situ measurements and f.und 

a RMSE .f 1.56 m s-1 in the eyewall regi.n with a c.rrelati.n c.efficient .f 0.61.  

M.rr.w (2008) c.mpared a large set .f P-3 derived wind fields with flight-level wind 

measurements, including th.se fr.m Guillerm., and f.und that .verall the intense and 

wide updrafts were captured well by the D.ppler analysis while th.se that were narr.w 

and weaker were n.t well represented.  This result extends t. d.wndrafts as well 

(M.rr.w 2008; Reas.r et al. 2009)  

Figure 15 (fr.m M.rr.w 2008) sh.ws a representative c.mparis.n .f flight-level 

vertical vel.cities (at ~3 km altitude) t. th.se c.mputed fr.m the D.ppler analysis valid 
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at ~ 2002 UTC 2 August 1997 in Hurricane Guillerm..  The str.ng, wide updraft pulse at 

30 km radius is represented well by the D.ppler analysis as are the general patterns .f the 

vertical vel.city field, but the narr.w updrafts/d.wndrafts are clearly n.t captured.  These 

err.rs are likely a result .f:   (1) inadequate matching .f the radar and flight-level 

sampling v.lumes and res.luti.ns and (2) the need t. use the anelastic mass c.ntinuity 

equati.n (m.re specifically, divergence) t. s.lve f.r the vertical vel.city.  F.r the 2 km 

h.riz.ntal res.luti.n .f the Guillerm. dataset (which relies heavily .n FAST), the 

vertical vel.city is estimated by c.mputing divergence fr.m data .ver an area .f 16 km2, 

which effectively filters .ut smaller scale perturbati.ns (Marks et al. 1992).  In additi.n, 

surface c.ntaminati.n d.es n.t all.w adequate c.mputati.n .f divergence in the 

b.undary layer, which will lead t. err.rs in the vertical vel.city al.ft.  

The rand.m err.r in the latent heat magnitudes can be estimated thr.ugh an err.r 

pr.pagati.n analysis.  The general f.rmula f.r err.r pr.pagati.n is
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where qδ represents the Gaussian uncertainty in q (a functi.n .f xi), and each ix den.tes a 
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The uncertainties in each variable in (8) are determined fr.m standard deviati.ns in the 

dr.ps.nde data described in secti.n 4a and the RMSEs in vertical vel.city fr.m the 

Reas.r et al. (2009) study:  K5.2=Tδ , K1.3=θδ , -17
/ m104.3 −
∂∂ ×=zqs

δ and 
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-11.56 m swδ = .  F.r all .ther variables in (8), characteristic values f.r the TC eyewall are

ch.sen:  K300=T , K302=θ , 1-6- m104- ×=
∂

∂

z
qs and -1sm5=w .  The sec.nd term .n 

the right-hand-side .f (8) is larger than the .ther terms by at least an .rder .f magnitude.  

Using this inf.rmati.n and expressing the uncertainty in the latent heat magnitude as a 

percentage ( DtDU /θ ) yields the f.ll.wing simplified equati.n

  100/ ×≅
w
wU DtD
δ

θ .                                                    (9) 

Plugging in the characteristic values ch.sen ab.ve and assuming the RMSEs 

c.mputed in Reas.r et al. (2009) are representative .f a spectrum .f vertical vel.cities, 

the uncertainty in the latent heat magnitude f.r updrafts .f 5 m s-1 is ~ 32 %.  F.r smaller 

vertical vel.cities the err.rs can be large: a 1 m s-1 updraft has an uncertainty in latent 

heat magnitude .f ~ 156 %.  The err.rs in the latent heat magnitude are d.minated by 

rand.m err.rs, alth.ugh a slight p.sitive bias .f 0.16 m s-1 in the eyewall vertical 

vel.cities was f.und by Reas.r et al. (2009), indicating that the latent heat retrievals may 

pr.duce t.. much heat .n average.  H.wever, when c.mbining the biases in the latent 

heat magnitude and structure (thr.ugh the calculati.n .f saturati.n), the sign .f the t.tal 

bias in the retrievals is n.t clear alth.ugh it is small c.mpared t. the rand.m err.rs.  Part 

tw. .f this study will attempt t. address the c.mbined err.r issue by analyzing the ability 

.f the latent heat fields t. repr.duce the .bserved wind speeds .f Guillerm. using a 

numerical m.del.

The discussi.n ab.ve estimates the uncertainties with c.mputing the latent heat 

magnitude.  An.ther s.urce .f uncertainty is disc.vered by asking the questi.n:  h.w 

well d.es the Guillerm. dataset represent a larger distributi.n .f c.nvecti.n and latent 
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heat in TCs?  This type .f err.r is referred t. as a sampling uncertainty.  The updrafts 

(and latent heat) in Guillerm. were l.g-n.rmally distributed as are m.st TCs (Black et al. 

1996) and require m.re advanced statistics than th.se .f Gaussian distributi.ns t. 

describe their sampling uncertainties.  We are interested in the sampling err.rs ass.ciated 

with deep c.nvecti.n and theref.re, a subset .f the latent heat field is selected f.r 

statistical analysis (vertical vel.cities greater than 5 m s-1) sh.wn in the hist.gram in Fig. 

16.

In .rder t. estimate the sampling uncertainty in the mean value .f this subset (117 K 

h-1), a M.nte Carl. based meth.d called the “b..tstrap” is utilized.  Estimati.n .f the 

uncertainty in the mean (including the b..tstrap meth.d) is sensitive t. the degrees .f 

freed.m in the dataset.  T. estimate the degrees .f freed.m in the latent heat field .ver 

the full 3-D d.main and f.r all ten c.mp.site peri.ds, a c.mbinati.n .f statistical (aut.-

lag c.rrelati.n) and physical reas.ning is empl.yed.  An aut.-lag analysis in time reveals 

that each grid p.int in the D.ppler d.main has a time scale f.r independence .f ab.ut 30 

minutes (c.nvective lifetime), while .ne degree .f freed.m in the vertical is assumed t. 

represent a c.lumn .f the atm.sphere.  An aut.-lag analysis in the h.riz.ntal directi.ns 

thr.ugh deep c.nvective cells reveals an independent spatial scale .f ~ 12 km in each 

directi.n (appr.ximate deep c.nvective cell size in P-3 data).  The number .f degrees .f 

freed.m (DOF) is then calculated as

  x y z t

x y z t

T T T T
DOF

I I I I
α= ,                      (10)

where iT are the number .f grid p.ints in a dimensi.n, iI are the length and time scales 

f.r independence in each dimensi.n, and α is the percentage .f the t.tal sample being 

c.nsidered (3% f.r vertical vel.cities greater than 5 m s-1).  Using the scales discussed 
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ab.ve al.ng with (10), 30 degrees .f freed.m (.r independent deep c.nvective cells) are

f.und in the Guillerm. radar dataset.

The b..tstrap is perf.rmed thr.ugh the f.ll.wing tw. steps.  First, a rand.m number 

generat.r with a discrete unif.rm distributi.n is used t. create 1000 perturbed latent heat

datasets each with a sample size .f 30 (degrees .f freed.m) fr.m the .bserved 

distributi.n sh.wn in Fig. 16.  Sec.nd, averages are c.mputed f.r each dataset and they 

are s.rted in ascending .rder.  Using the s.rted data, the 25th and 975th values are selected 

yielding the 95% c.nfidence interval f.r the mean latent heat rate in the .bserved 

distributi.n (117 K h-1; Fig. 16) .f 101 – 133 K h-1 (.r 14 %).  This sampling uncertainty 

is l.wer than the standard uncertainty f.und f.r updrafts .f 5 m s-1 (~ 32 %) because .f 

the distributi.n .f data c.nsidered in the sampling case (updrafts > 5 m s-1).  Plugging the 

maximum updraft analyzed in the Guillerm. P-3 dataset (~ 30 m s-1) int. (9) al.ng with 

the appr.ximate uncertainty .f 1.56 m s-1 yields an err.r .f ~ 5 %.  Averaging this 5 % 

err.r value with that f.r a 5 m s-1 updraft (32 %) yields a mean err.r .f 18.5 %; this is

cl.se t. the sampling uncertainty.

5.  Summary and cAnclusiAns

In this paper, a revised alg.rithm f.r c.mputing the latent heat ass.ciated with warm 

rain micr.physics (c.ndensati.n and evap.rati.n) in TCs fr.m airb.rne D.ppler radar 

.bservati.ns is presented.  Several advancements in the basic alg.rithm (R.ux 1985;

R.ux and Ju 1990) are devel.ped including:  (a) analyzing the scheme within the 

dynamically c.nsistent framew.rk .f a numerical m.del, (b) devel.ping a precipitati.n 
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budget st.rage term parameterizati.n and (c) identifying sensitivities and err.rs in the 

retrievals thr.ugh the use .f ancillary data s.urces and uncertainty analysis.

The determinati.n .f the saturati.n state is sh.wn t. be an imp.rtant part .f the 

alg.rithm.  While str.ng vertical vel.cities will virtually always be saturated in .rder t. 

pr.vide the necessary bu.yancy f.rcing (Braun 2002; Eastin et al. 2005), weak t. 

m.derate vertical vel.cities require calculati.n .r .bservati.n .f the saturati.n state.  

Analysis .f flight-level data in the inner-c.re .f intense hurricanes as well as a high-

res.luti.n numerical m.del simulati.n .f Hurricane B.nnie (1998; Braun 2006) 

adv.cates that f.r w > 5 m s-1, saturati.n can be assumed.  Vertical vel.cities at .r 

bel.w 5 m s-1, which c.ntain the vast maj.rity .f the upward mass flux in TCs (~ 70 %; 

Black et al. 1996; Braun 2002) are sh.wn t. have larger variability in their saturati.n 

state and thus, m.re inf.rmati.n is needed.

In the present alg.rithm, saturati.n is determined by s.lving f.r the net pr.ducti.n .f 

precipitati.n in a reduced f.rm .f the precipitati.n c.ntinuity equati.n.  Cl.ud water 

pr.ducti.n, which .ccurs when the air is saturated, is sh.wn t. explain ~71 % .f the 

variability in the net pr.ducti.n .f precipitati.n at all temperatures and ~87 % at 

temperatures > 0°C.  The mechanism f.r the pr.ducti.n .f precipitati.n described by the 

cl.ud water is simply the c.llisi.n-c.alescence pr.cess (R.gers and Yau 1989).  There 

are err.rs in the saturati.n c.mputati.n due t. m.re c.mplicated physics (mixed-phase 

regi.ns and cl.ud b.undaries) and when applying the alg.rithm t. D.ppler radars 

(res.luti.n in time/space, attenuati.n and calibrati.n).  A p.sitive aspect .f the saturati.n 

alg.rithm is the ability t. accept s.me err.r as .nly the c'nditi'n .f saturati.n is 

necessary f.r the retrievals.
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Latent heating rate sensitivity tests sh.wed that rand.m err.rs are small (mean .f less 

than 10 %) fr.m the ass.ciati.n .f saturati.n with the net pr.ducti.n .f precipitati.n.  

The heating err.rs are larger fr.m assuming steady-state in the precipitati.n c.ntinuity 

equati.n (mean .f ~ 20 %).  A parameterizati.n f.r the st.rage term based largely .n the 

tangential advective flux .f precipitati.n (a c.nsequence .f the divergence the.rem) was 

devel.ped that sh.ws pr.mise f.r reducing the steady-state uncertainties in TCs.

Applying the new alg.rithm t. NOAA P-3 airb.rne D.ppler radar .bservati.ns, the 

three- and f.ur-dimensi.nal structure .f the latent heat .f c.ndensati.n/evap.rati.n in 

rapidly intensifying Hurricane Guillerm. (1997) is presented.  Given the fact that latent 

heat is the primary energy s.urce f.r TCs and that c.nsiderable uncertainty exists in 

previ.us .bservati.nal studies and numerical m.del micr.physics schemes, the new 

retrievals c.uld pr.ve quite useful f.r the c.mmunity.  The d.minant s.urce .f err.r in 

the latent heating magnitude is the vertical vel.city with min.r c.ntributi.ns fr.m the 

therm.dynamic inf.rmati.n.  F.r characteristic err.rs in vertical vel.city fr.m the 

Guillerm. P-3 analyses (Reas.r et al. 2009), an uncertainty .f ~32 % in the heating 

magnitude is f.und f.r updrafts .f 5 m s-1 and ~156 % f.r updrafts .f 1 m s-1.  

Uncertainty in the retrievals due t. sampling issues (f.r updrafts > 5 m s-1) is small (14 

%).  T. augment the P-3 retrievals, the latent heat .f c.ndensati.n fr.m a c.mp.site h.t 

t.wer using nadir-p.inting, high-res.luti.n, EDOP data is als. c.mputed and sh.wn in 

Fig. 14 f.r reference.

Overall, the alg.rithm d.es a reas.nably g..d j.b .f retrieving the latent heat field in 

TCs.  Even th.ugh err.rs in the vertical vel.city can lead t. large uncertainties in the 

latent heating field f.r small updrafts/d.wndrafts, in an integrated sense the err.rs are n.t 
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as drastic.  The real test .f the usefulness .f the latent heat retrievals c.mes fr.m an 

analysis .f their impacts .n the predicted intensity and structure .f TCs.  T. this end, the 

Guillerm. latent heat retrievals are used as f.rcing in a n.nlinear numerical m.del t. 

examine their impacts .n the simulated intensity and structure change .f the st.rm

relative t. a case that relies .n the m.del’s micr.physical scheme f.r f.rcing. This w.rk 

is presented in part tw..  
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FIGURE CAPTIONS

1.  The t.p five maximum updraft pr.files in the TC eyewall fr.m the Heymsfield et al. 

(2010) p.pulati.n.  The gray lines sh.w each member with the black line representing the 

mean.  See Heymsfield et al. (2010) f.r m.re inf.rmati.n.

2.  NOAA P-3 l.wer fuselage radar (5.3 GHz) reflectivity at 3-km height during the 

center .f each aircraft pass thr.ugh Hurricane Guillerm. (1997).  The d.main is 120 km 

.n each side with tick marks every 15 km.  The s.lid arr.w in pass 1 represents the time-

averaged, l.cal shear vect.r and the capital letters den.te details .f the c.nvective bursts.  

Figure is taken fr.m Reas.r et al. (2009).  Used with permissi.n .f the AMS.

3.  Aircraft (P-3) flight level (between 1.5 t. 5.5 km altitude) measurements .f updraft 

c.re magnitude as a functi.n .f relative humidity fr.m the eyewall and rainband regi.ns 

.f intense TCs.  N.te that there are 620 data p.ints in the figure.  The figure is c.urtesy 

.f Matt Eastin; see Eastin et al. (2005) f.r details.

4.  Relati.nship between the s.urce .f cl.ud water and the net pr.ducti.n .f precipitati.n 

f.r grid p.ints where precipitati.n is pr.duced in the m.del d.main between 0 and 10 km 

height and .ver a nine minute peri.d (with three minute .utput).  Data is fr.m the 

numerical simulati.n .f Hurricane B.nnie (1998; Braun 2006).  The black line sh.ws the 

linear fit t. the data with an R2 .f ~0.70 f.und using all 60 minutes .f m.del .utput.  The 

red and blue circles den.te warm (T > 0°C) and mixed/ice (T o 0°C) phase precipitati.n 
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pr.cesses, respectively.  An R2 .f ~0.87 is f.und applying the linear fit t. the red p.ints 

.nly .ver a 60 minute peri.d.  The c.nt.ur lines sh.w the number .f p.ints in dense 

regi.ns .f the scatter pl.t.  Black c.nt.urs start at 500 with a 500 p.int interval while 

white c.nt.urs start at 3000 with a 6000 p.int interval.  There are a t.tal .f 828,611 

p.ints in the figure with the largest percentage l.cated in the l.wer left c.rner (> 15,000 

p.ints.

5.  A typical pr.file .f the net s.urce .f precipitati.n (black line) and the s.urce .f cl.ud 

water (green line) thr.ugh deep eyewall c.nvecti.n fr.m the numerical simulati.n .f 

Hurricane B.nnie (1998; Braun 2006).  The pr.files are averaged .ver a 10 km by 10 km 

h.riz.ntal regi.n centered .n a c.nvective cell f.r .ne snapsh.t in time.  The blue line 

indicates the freezing level.

6.  Fl.wchart summarizing the basic steps in the latent heat retrieval alg.rithm.  These 

steps are perf.rmed at each grid p.int in the D.ppler analysis d.main.  All variables and 

equati.ns, including appr.ximati.ns are defined in the text.

7. The relati.nship between the h.riz.ntal advective flux .f precipitati.n (in brackets .n 

right-hand-side .f equati.n 5) and the st.rage .f precipitati.n f.r m.del grid p.ints 

where precipitati.n is pr.duced at .ne snapsh.t in time.  M.del data is fr.m Hurricane 

B.nnie (1998; Braun 2006) using 2 km h.riz.ntal res.luti.n.  The fit (see text) explains 

78% .f the variance in the data.
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8. The impact .f the m.del-derived st.rage term parameterizati.n .n c.mputati.ns .f 

netQ (using equati.n 2) in terms .f the RMSE (averaged .ver the m.del d.main).  The 

c.ntr.l is Qnet .utput directly fr.m the m.del.  The black line sh.ws the results f.r 

c.mputing Qnet using the steady state assumpti.n and the red line using the 

parameterizati.n (equati.n 5).  In additi.n, the green line sh.ws the impact .f using the 

c.mplete reduced f.rm .f the precipitati.n c.ntinuity equati.n (2) t. calculate Qnet.  The 

blue dashed line sh.ws the mean value .f netQ f.r reference.

9.  Same as Fig. 8 .nly the ch.sen measure .f err.r is the azimuthal mean integrati.n 

f.r netQ .  The mean values .ver time f.r each case are:  steady state (~27%), 

parameterizati.n (~11%) and reduced f.rm (~1%).

10.  The impact .f the m.del-derived st.rage term parameterizati.n .n the azimuthal 

mean heating at the RMW f.r the Guillerm. D.ppler analyses.  The thick black line 

sh.ws the time mean and the shading depicts the standard err.r .f the mean.

11. The err.r (acc.rding t. equati.n 6) in c.mputing latent heat by determining 

saturati.n using the alg.rithm described in the text (use equati.ns (2) and (5) t. 

determine where the values .f netQ are greater than zer.).  The c.ntr.l is c.mputing latent 

heat where m.del grid p.ints are pr.ducing cl.ud water.  The heating rates are c.mputed 

acc.rding t. equati.n (4) with the figure sh.wing results f.r updrafts .nly.  The temp.ral 

mean err.r is ~8%.
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12.  The relati.nship between radar reflectivity fact.r (expressed in dBZ) and liquid 

water c.ntent using cl.ud particle data (~ 7,000 data p.ints) fr.m NOAA P-3 aircraft 

flying at ~ 4 km altitude in Hurricane Katrina (2005) during a mature stage .f the st.rm.  

The red line sh.ws the best-fit n.nlinear m.del (Z = 402mLWC1.47) and the blue lines 

represent the 95% c.nfidence interval.  The c.rrelati.n c.efficient is 0.88.

13.  Three-dimensi.nal is.surfaces .f the latent heat .f c.ndensati.n (red, 100 K h-1) and 

evap.rati.n (blue, -100 K h-1) retrieved fr.m airb.rne D.ppler radar .bservati.ns in 

Hurricane Guillerm. (1997) at the times sh.wn in Fig. 2.  The grid v.lume is st.rm-

centered extending 120 km .n each side and 19 km in the vertical with a grid spacing .f 2 

km in the h.riz.ntal and 1 km in the vertical.  The first useful level is at 1 km due t. 

.cean surface c.ntaminati.n.

14.  Pr.file .f the latent heat .f c.ndensati.n (K h-1) f.r the mean EDOP h.t t.wer 

pr.file sh.wn in Fig. 1.  See text f.r details.

15.  C.mparis.n .f P-3 flight level (~3 km altitude) and D.ppler radar retrieved vertical 

vel.city f.r a radial penetrati.n int. Hurricane Guillerm. valid at ~2002 UTC 2 August 

1997.  Figure is fr.m M.rr.w (2008).  See Reas.r et al. (2009) f.r details .f the 

c.mparis.ns.
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16.  Hist.gram .f D.ppler radar retrieved latent heating rates f.r vertical vel.cities > 5 m 

s-1 in Hurricane Guillerm. .n 2 August 1997.
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Figure 1.  The t.p five maximum updraft pr.files in the TC eyewall fr.m the Heymsfield 
et al. (2010) p.pulati.n.  The gray lines sh.w each member with the black line 
representing the mean.  See Heymsfield et al. (2010) f.r m.re inf.rmati.n.
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Figure 2.  NOAA P-3 l.wer fuselage radar (5.3 GHz) reflectivity at 3-km height during 
the center .f each aircraft pass thr.ugh Hurricane Guillerm. (1997).  The d.main is 120 
km .n each side with tick marks every 15 km.  The s.lid arr.w in pass 1 represents the 
time-averaged, l.cal shear vect.r and the capital letters den.te details .f the c.nvective 
bursts.  Figure is taken fr.m Reas.r et al. (2009).  Used with permissi.n .f the AMS.
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Figure 3.  Aircraft (P-3) flight level (between 1.5 t. 5.5 km altitude) measurements .f 
updraft c.re magnitude as a functi.n .f relative humidity fr.m the eyewall and rainband 
regi.ns .f intense TCs.  N.te that there are 620 data p.ints in the figure.  The figure is 
c.urtesy .f Matt Eastin; see Eastin et al. (2005) f.r details.
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Figure 4.  Relati.nship between the s.urce .f cl.ud water and the net pr.ducti.n .f
precipitati.n f.r grid p.ints where precipitati.n is pr.duced in the m.del d.main between 
0 and 10 km height and .ver a nine minute peri.d (with three minute .utput).  Data is 
fr.m the numerical simulati.n .f Hurricane B.nnie (1998; Braun 2006).  The black line 
sh.ws the linear fit t. the data with an R2 .f ~0.70 f.und using all 60 minutes .f m.del 
.utput.  The red and blue circles den.te warm (T > 0°C) and mixed/ice (T o 0°C) phase 
precipitati.n pr.cesses, respectively.  An R2 .f ~0.87 is f.und applying the linear fit t. 
the red p.ints .nly .ver a 60 minute peri.d.  The c.nt.ur lines sh.w the number .f p.ints 
in dense regi.ns .f the scatter pl.t.  Black c.nt.urs start at 500 with a 500 p.int interval 
while white c.nt.urs start at 3000 with a 6000 p.int interval.  There are a t.tal .f 
828,611 p.ints in the figure with the largest percentage l.cated in the l.wer left c.rner (> 
15,000 p.ints).
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Figure 5.  A typical pr.file .f the net s.urce .f precipitati.n (black line) and the s.urce .f 
cl.ud water (green line) thr.ugh deep eyewall c.nvecti.n fr.m the numerical simulati.n 
.f Hurricane B.nnie (1998; Braun 2006).  The pr.files are averaged .ver a 10 km by 10 
km h.riz.ntal regi.n centered .n a c.nvective cell f.r .ne snapsh.t in time.  The blue 
line indicates the freezing level.



48

Figure 6.  Fl.wchart summarizing the basic steps in the latent heat retrieval alg.rithm.  
These steps are perf.rmed at each grid p.int in the D.ppler analysis d.main.  All 
variables and equati.ns, including appr.ximati.ns are defined in the text.
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Figure 7.  The relati.nship between the h.riz.ntal advective flux .f precipitati.n (in 
brackets .n right-hand-side .f equati.n 5) and the st.rage .f precipitati.n f.r m.del grid 
p.ints where precipitati.n is pr.duced at .ne snapsh.t in time.  M.del data is fr.m 
Hurricane B.nnie (1998; Braun 2006) using 2 km h.riz.ntal res.luti.n.  The fit (see text) 
explains 78% .f the variance in the data.
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Figure 8.  The impact .f the m.del-derived st.rage term parameterizati.n .n 
c.mputati.ns .f netQ (using equati.n 2) in terms .f the RMSE (averaged .ver the m.del 
d.main).  The c.ntr.l is Qnet .utput directly fr.m the m.del.  The black line sh.ws the 
results f.r c.mputing Qnet using the steady state assumpti.n and the red line using the 
parameterizati.n (equati.n 5).  In additi.n, the green line sh.ws the impact .f using the 
c.mplete reduced f.rm .f the precipitati.n c.ntinuity equati.n (2) t. calculate Qnet.  The 
blue dashed line sh.ws the mean value .f netQ f.r reference.
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Figure 9.  Same as Fig. 8 .nly the ch.sen measure .f err.r is the azimuthal mean 
integrati.n f.r netQ .  The mean values .ver time f.r each case are:  steady state (~27%), 
parameterizati.n (~11%) and reduced f.rm (~1%).
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Figure 10.  The impact .f the m.del-derived st.rage term parameterizati.n .n the 
azimuthal mean heating at the RMW f.r the Guillerm. D.ppler analyses.  The thick 
black line sh.ws the time mean and the shading depicts the standard err.r .f the mean.
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Figure 11.  The err.r (acc.rding t. equati.n 6) in c.mputing latent heat by determining 
saturati.n using the alg.rithm described in the text (use equati.ns (2) and (5) t. 
determine where the values .f netQ are greater than zer.).  The c.ntr.l is c.mputing latent 
heat where m.del grid p.ints are pr.ducing cl.ud water.  The heating rates are c.mputed 
acc.rding t. equati.n (4) with the figure sh.wing results f.r updrafts .nly.  The temp.ral 
mean err.r is ~8%.
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Figure 12.  The relati.nship between radar reflectivity fact.r (expressed in dBZ) and 
liquid water c.ntent using cl.ud particle data (~ 7,000 data p.ints) fr.m NOAA P-3 
aircraft flying at ~ 4 km altitude in Hurricane Katrina (2005) during a mature stage .f the 
st.rm.  The red line sh.ws the best-fit n.nlinear m.del (Z = 402mLWC1.47) and the blue 
lines represent the 95% c.nfidence interval.  The c.rrelati.n c.efficient is 0.88.
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Figure 13.  Three-dimensi.nal is.surfaces .f the latent heat .f c.ndensati.n (red, 100 K 
h-1) and evap.rati.n (blue, -100 K h-1) retrieved fr.m airb.rne D.ppler radar 
.bservati.ns in Hurricane Guillerm. (1997) at the times sh.wn in Fig. 2.  The grid 
v.lume is st.rm-centered extending 120 km .n each side and 19 km in the vertical with a 
grid spacing .f 2 km in the h.riz.ntal and 1 km in the vertical.  The first useful level is at 
1 km due t. .cean surface c.ntaminati.n.  
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Figure 13.  c.ntinued.
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Figure 14.  Pr.file .f the latent heat .f c.ndensati.n (K h-1) f.r the mean EDOP h.t 
t.wer pr.file sh.wn in Fig. 1.  See text f.r details.
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Figure 15.  C.mparis.n .f P-3 flight level (~3 km altitude) and D.ppler radar retrieved 
vertical vel.city f.r a radial penetrati.n int. Hurricane Guillerm. valid at ~2002 UTC 2 
August 1997.  Figure is fr.m M.rr.w (2008).  See Reas.r et al. (2009) f.r details .f the 
c.mparis.ns.
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Figure 16.  Hist.gram .f D.ppler radar retrieved latent heating rates f.r vertical 
vel.cities > 5 m s-1 in Hurricane Guillerm. .n 2 August 1997.


