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We have |listed the refereesd6 comments and

comments are in black text; our responses are in blue text

We havefixed abugin our algorithm for calculation of precipitable water vapor (PWV). The
PWV in Figure 1, Figure 3, Figure 5, Figure 8, Figure 10andsupplementary Figure dre
updated correspondingly. The updated PWatisut 3%higher than previous results in each
experiment, but the conclusions of the experiments does not change.

Anonymous Referee #2

My two main concerns with the simulations presented in this paper are that 1) much of tr
evolution is stil in the adjustment and pinup time, and 2) the moisture pexarlaae highly
unrealistic, so much so that they initiate large areas of new convection and then new circ
around the storm.

We thank the reviewdor thecomments antlaverevised the manuscridor clarity. We have
alsoconducted a number of sensitivity experimethizt fuly a ddr ess t he r e\
regarding the spinp time, the shapeand magnitude of the moisture perturbations. Please
the detailed responséelow.

We agree with the reviewer that the WRBd®l needs approximately 12 hours of agin From
Figure 2 and Figure 4 in the manuscript, we can see the differences between the perturb
simulations and the control experiment occur mostly after the 12 hours. Our discussions
focused on the lat simulations. Another reason to focus on the later simulations is that th
inttial sharpeeedged moisture perturbations have smoothed out at Hour 12 but retain the
enhancement or reduction of moisture in the prescribed areas. Thus, the moisture ipastur
at Hour 12 and later are representative of natural variabilty, instead of extremes. We hay
modified Figure Xalso shown in the attached Figuretd)show the different moisture structu
at Hour 12 in all the sensitivity experiments.tihe last pragraph okection 2.2 irthis revised
manuscript, we have clarified the manuscripthat we are only interested in the simulations
after Hour 12 as showrelow. Figure 5 Figure 8andsupplementaryFigure 1 are modified to
include only the results at Hour 12 and later.

fWhen a higklresoluton model lke WRF is inttialized from global models, there is general
adjust ment period (Aspin upo) oddged roisiuet
perturbations havemoothed out to be representative of natural variability (Fidj)1As
shown in the resultiter (Fig. 2 and Fig. 4), the differences between the perturbed simulati
and the CTRL xperiment occur mostly aftei2 hours. Our discussions are thus focused on
simulations during 1:28h0

wWr i



Figure 1.Columnintegrated PWV (cm) at the initialization of the WRF simulations: (a) CT
(b) MF, (c) MFI, (d) MR, (e) DR; and 1RBour forecast for (f) CTRL, (g) MF, (h) MFI, (i) MR,
() DR.

The authes did do some extra simulations starting 12 hours earlier, and found that the re
were similar. But then, why not use those simulations?

As the reviewer stated,exhave performed the simulations similar to @ERL, MF and MR
experimentsbut starting 12 hours earlier. Shownthe attached Figurg, the differences
between the moisturperturbed runs and the CTRL+12 are qualitativedry similar to the
original runs Since most of our analyses do not include the simulations before Hour 12, v
dondt feel t heeemenbldexpedmentegneanalyses with thd ldnger
simulations. The fact that the relatv ordering of MSLP and MWSP with time is nearly
identical betweethe two experiments, and the magnitudes themselves are quantitatively
similar, the conclusions of this study remain the same regardless of using $etswb
simulations.

‘ 60
1000 @)
_ 50}
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980+ |—
= —MF %40
| MR ) L
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Figure 2 The simulated (a) MSLP (hPa) and (b) MWSP (m/s) for CTRL (sold red), MF (sc
green), MR (sold blue), CTRL+12hr (dashed red), MF+12hr (dashed green) and MR+12
(dashed blue).



And why not use less extreme moisture perturbations, which would be more representat
the natural variability in the atmosphere? The answer may be that localized moisture
perturbations of more modest amplitude and structure have very little effiddideed that
seems to be one ofdlconclusions.

As mentioned above, the revised manuscript includes only the simulation results after the
hour spirup. At Hour 12, the prescribed moisture perturbations have smoothed out to be
representative afiatural variability. Wehave also included th@oremodestamplitude and
structue of moisture perturbation MFhich does not produce a significant difference fromr
CTRL run. From the MF, MFI, MR and DR experiments, we can see the rather smooth
transition of the effects of moisture perturbations. Their impacts vary, depending on the
interaction of the environment and the primary V& have clarified this point in thevised
manuscript (Line 312313 in the reponsg.

The authors note that the perturbations were inspired by Shu and Wu (2009) and Wu et
(2012). Those papers did not find enormous rectangular moisture anomalies with 20% R
discontinuities on the edges.

Rectangular moisture anomalies are frequently us@tkalized model simulations, for
example,Braun et al. [2012], which places a dry air layath relative humidity set to 25%
located at different distances from the storm ceiesur case, we have examined the impac
sharp edges. We have conartwo runs similar to MR and MF, but with9gpoint smoother a
the boundaries of the moisture perturbations to eliminate the sharp €dgesttachedrigure 3
shows the time evolution for the M&noothed and MBmoothed compared to the originals.
Clearly, the sharp edges do maaiterially alter our conclusionslhis sensitivity test is
mentionedin the revised manuscript (Liné&’@171 in the respongeas below

i We e x ppering teededgésaof the moisture perturbations and found it did not materi
alter our conclusions. 0
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Figure 3 Time series of model simulated (a) MSLP (hPa); (b) MWBR)( MF1 and MR1 are
one of the MF and MR ensemble simulagsiomespectively. MF1_smooth and MR1_smooth
sameasMF1 and MR1 respectively but with smoothed moisture perturbation on the edges

For the MF case, it would be pretty easy to fill in the lower RH region in therigbnt of the
storm (blue colors) just up to the values around it (i.e., turn all the blues into green). If re:
or modest perturbations have little effect, then fe@sonable to crank up the values to see\
it takes to make a difference.

MFI in the manuscripis the run that does the job as descrii®ldase see Figure 1c and the
discussions about MKkection 4.4 MFI and DR experiments)the manuscript.

| amsure some of the authors will see my comments as unreasonable but | feel the field
simulation research has evolved to the point where taking a simulation, adding some ext
anomaly, and then interpreting the outcomes to say "results depend aywhgiut the
anomalies" no longer qualifies as worthy of publication. | am sure the authors are all goo
scientists and they have the tools to do research that would make a more distinct contribi
| hope they will take this work to a higher level.

Whie w appreciate the reviewer s c¢ommevefee
as though we have addressed every concern raised by the reviewer in this r@$monse
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sensttivity experiments conducted in this study are guided by observational studies (Wu et al.,
2012; Shu and Wu, 2009), which showed asymmetric impacswbnmentalmasture on

tropical cyclone(TC) development.The series of sensttivity experiments with different
magnitudes and positions of moisture perturbatiand our detailed analys@sovide amore
comprehensive view of the interactions of environmental moisture with a tropical cydlene.
believe this paper is not merely a random sensitivity experiment, but an insightful investigation
of the interaction of TCs with the environmemthich is useful to the understanding of many
previously controversial results this subjecthat obtained contradictory resultslevertheless,

we recognize the previous manuscript mayhate been entirely clear describingall the
experiments that we have conducted #edsignificance of the resultin ths revision, we have
modified thetext accordingly
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Abstract

Theimpacts of environmental moistu@ the intensification of a tropical cyclone (T&je
investigatedin the WeatheResearclandForecashg (WRF) model, witha focus on the
azimuthalasymmetry ofthe moistureimpactsrelative to the storm patif\ series of sensitivity
experiments with vaig moisture perturbation® the environmentre conducteénd the
Marsupial Paradigm framework @mployedto understand the different moisture impadtsge
find thatmodification ofenvironmentalmoisture has insignificant impacts on the stoimnthis
caseunlessti leads to convective activitythat deforms thequasiLagrangian boundary of the
stormand changes the moisture transport into the stByrfacilitating convection and
precipitation outside thestorm enhancedenvironmentalmoisture aheadof the northwestward
moving storminducesadry air intrusionto the inner corandlimits TC intensification In
contrastincreasednoisture in the rear quadrasifavorsintensification by providing more

moistureto the inner core and promotingtorm symmetry with primary contributionscoming

from moisture increase in the boundary layer. d@ifferent impacts of environmental moisture

on TC intensification are governed by thelative locatios of moisture perturbationand their

interactiors with the stormLagrangian structure
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1. Introduction

While the forecast dropical cyclone (TC) trackhas been significantly improved the
past several decadele TC intensity forecass stil a great challenge for most operational
numerical weather pdiction (NWP) centers (DeMaria et al. 200#hvironmental moisture has
been considered as one of tmportant factorsfor TC intensity forecastg. As one of the
skiliful predictors,the 850 hPaelative humidity RH) averaged betwee200 km and 800 km
from storm centelnas been used routinely in tBéatistical Hurricane Intensity Prediction
Scheme $HIP g for hurricane intensity forecastin the National Hurricane Center (NHC)
(Kaplanet al.2010)

Theoretical and modeling studibavesuggestd high environmental moisture may be
conducive to TC intensification (e.g., Emanelal.2004 Kimball 200§. Dry air intrusion
could leadto a weakening of &C by inducing asymmetric convective activitgndor
transporting lowequivalent potential teperature {) air into the sukcloud layer and storm
inflow (e.g.,Braunet al.2012; Emanuel 198%e et al. 2013Kimball 2006 Tao and Zhang
2019. However, some studies (e.g., Kimball 2006; Wang 2009; Ying and Zhang g0dzed
that sibstantial mokire mayalsocausea negative impact on TC strength by faciltating the
formation of TC rainbands, which reduces the horizontal pressure gradient ofraid€alized
simulations Hill and Lackmann (2009) varieBH values inthe moist envelopel00 km beyond
the TC coreandfound that larger RH results in the establishment of wider TCs mithe
prominent outer rainbandsiowever, in their studyJC intensity was nearly insensitive to
environmentalRH despite the variation in rainband activity.

Braun et al. (2012) showebatdry airlocated270 km away from the storm cented

lttle impact on hurricanéntensity with no mean flow Dry air intrusion into the storm vortex,
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however,suppressd convective activity and increased the asymmetryanivection, leading ta
weakening of the stornWhile adry air envelope téno significant impact on hurricane
intensity, the storm sizewas reducedVertical shear can significantly enhance the suppression
effect of dry air intrusion {ang and Emanuel 2Q; Ge et al. 2013; Tao and Zhang 2018Y.
modifying the diabatic heating rate due to cloud microphysical proc&gang (2009)
demonstratedhatdiabatic cooling in the outer spiral rainbands tethe TC remain intense and
compact Increasedatentheat release in the outer spiral rainbands decddhséntensitybut
increasd the TC size.In a sensttivity study of Typhoon Talim (2005), Ying and Zhang (2012)
showed that enhanced moisture promoted convection in outer rainbands and rethdted in
wedakening of the storm while dry air inhibited outer rainbands and contributed to a stronger
storm with smaller size. The storm was meensitiveto the moisture perturbatiomesiding to
the north thanto the suth due tats shorter travel timento the stom vortex.

Composite studies usimgnalygs datsetsand satellite observatien(Kaplan and
DeMaria 2003; Hendrickst al.2010; Wuet al.2012) have shown that rapid intensificatigRI)
of TCsis associated witthigher environmental RH in th@wer andmiddle troposphere than
nonRI eventsUsing satelite observation§hu and W({2009) showed that the dry Saharan air
layer (SAL) can affecTC intensity in both favorable and unfavorabanners. TCgnd to
intensify when dry SAL aiis present in th northwest quadrant of TCs. Howev&stend to
weaken when dry air intrudes within 360 km of the TC center in the southwest and southeast
guadrantsSubst ant i al azimuthal asymmetry of RH
nine yeas of satellite observations, with rear quadrafmdative to storm motion) being mast

than front quadrants, especially duriRg (Wu et al.2012).
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Most previous modeling studiggrescribed moisture perturbatomwithout specifically
considering their relate location taa stormvortex (e.g., in theenvironment, outer rainband or
inner corefront or rear quadrantswhich maycausdlifferent impacts on the storm structure and
intensity In this study, weénvestigatethe impactsof environmental moisturen TC intensity and
structureusing the Weather Research and Forecas{éRF) modelwith artificially modified
environmental moisture surrounding a starontex Guided by the observational composite
study by Wu et al. (2012), evfocus on th@zimuthally asymmetric effects of environmental
moisturein the front and rear quadran8ection2 providesthe model descriptiomnd
experiment designThe Marsupial Paradigm framework (Dunkerton et al. 2009)sis
introduced in sectio2 as a tool to iterpretthe moisture impacts on the stor8ection 3
describes the evolution of the simulated storm in the control experifieatesultsfrom
sensitivity experimentsire presented in sectidn The findings from this study are summarized

in sectionb.

2. WRF experimentsand analysis framework

a. Modd description

To examine the role of environmental moisture on TC intensification, we drive the WRF
model with inttial and boundary conditions from a rease hurricane, in particulasurricane
Earl (2010) HurricaneEarl aiginated from a tropical wave west of the Cape Verde Islands on
23 August 20101t moved westward across the Atlantic and gradually strengthened to a tropical
storm. Before theRI at 0000 UTC 29 August (Fida), a dry zoneonsisting of precipitale
water vaporlPWV) less thard.5 cm was located to the west of the storm, in the front quadrant

relative to the storm propagation. Meanwhile, a broad moist region was observed to the south

and southeast of the starm Suc h a f#Adry f rironméntalamoigturenstrucsire is r e ar ¢
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typical of a rapidly intensifying hurricane as found in Wu et al. (2083}l underwent &I from
0600 UTC 29 August to 0000 UTC 31 Augushe maximum wind speed (MWSP) incredby
31 m st while the minimum sea level gssure (MSLP) deepenbd 53 hPain 36 h.

Inspired by the rapid intensificatioof Hurricane Earl (2010), we initializeéhe Advanced

ResearchVRF model V3.3.1(Skamarock et al. 20@83& 0000 UTC 29 August, 20Hhd runit

for 48 h. Simulations areonductedwith a parent gricat 9 kmhorizontal resolution anc vortex
following nested grid at 3 km resolutiokExperimens showthat smulated results are not
sensitive to thénorizontal resolution of the parent gridth similar inner domainsThere aré0
modellevels in the vertical from the surface20 hPa and thenitial and boundary conditions
were derivedrom the interim ECMWF (European Centre for MedikRange Weather

Forecasts) reanalysi€ERA-Interim) (http:/rda.ucar.edu/datasets/ds627.0For all the

experiments, we emplothe Thompson et al. (2008) microphysical scheme, the Rapid Radiative
Transfer Model for GCd(RRTMG) shortwave and longwave schemes (lacatral. 2008), and
the Yonsei University planetary boundary layer (PBL) scheme (ldbiad)2006). The Kain
Fritsch cumulus scheme (Kain 2004) is used in the pamen&ain whie no cumulus scheme is
used in te movhg nested inner grids

As the model is initialized solely fromhe coarseresolution reanalysis, the initial TC is
weakerand less organizethan the actual stormvasandthus at least a portion of its subsequent
intensification represents a respotséhe improved resolution Our focusis on how
environmental moisture perturbatiodgectly and indirectlyinfluence how the storm organizes
subsequent tmitialization. Toassesgotential impacts of the intial conditions, the WRF
control (CTRL) gnulation consists dive ensemblemembes with randomly generated RH

perturbations of less than 1% added to the inttial specific humidity field at all model horizontal
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164 and vertical grids. In the following discussions, the CTRL @thdr sensitivity exparentsrefer

165 tothe ensemble means of the respective five ensemble members.
166 b. Experimentdesign

167 The sensitity experimentsare conductetby placing moisture perturbatisrof varying

168 magnitudesatdifferent locations relativéo the stormat the initial time(Fig. 1a-1€). The zones
169 are rectangulan shape and sharply bounded and, as a consequence, could serve as focal points
170 for convective activity if conditions are sufficiently favorablé/e explored tapering the edges
171  of the moisture @rturbations and found daid not materially alter our conclusions.

172 In the Moist FrontMF) experiment(Fig. 1b), an artificially moisenedzoneof 5 degrees
173 in longitude and 7degresin latitude is placedin front of the storm(relative to its roughly

174 westwardoropagation Within the moist zonethe RH of all model grids from 900 hPa to the
175 model top of 20 hPa are getthe maximum RHwithin the outer radius dhe stormat each level
176 by modifying specifichumidity without changing temperatur@ thelntermediate Moist Front
177  (MFI) simulation Fig. 1c), the moist zonés located at the same placefasMF but the

178 magnitude of the moisture perturbatiorsisaller (70% of the maximum RH at each level).

179 Thus, the CTRL, MFI and MF cases represent theitigrmediate moist and moist

180 environmerd at thefront of the storm, respectively.

181 In the Moist Rea(MR) simulation, amoist zone witlithe samereaand magnitudeof

182 RH perturbationsas in theMF runis placed to the soutipughly in thes t o rrearigsadrants
183 (Fig. 1d). The Dry Rear (DR) simulationF{g. 1e)is similar to the MRsimulation but the

184 magnitude of théRH perturbation iseduced tB0% of the maximum RH at each level, which is
185 drier than the CTRL. Sthe dry, intermediate moist and Btoenvironmert at the rear of the

186 storm are represented by the DR, CTRL and éBeriments respectively.
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Further sensitivity experiments with moisture zones of different sizes were also tested,
andthe resultsare not qualitatively sensitive to the @w® of the areal extent dhe moist zone.
For brevity, only MEMFI, MR and DRarediscussed in addiion to the CTRWe alsoperform
a set of simulationan which thevertical extent of the moisture perturbatiansthe MR
configuration is variedo examinethe vertical dependence of tlevironmentalmoisture
impacts.

When a higkresolution model like WRF is initialized from global models, there is

generally an ad]j udspfabamtnl? hoysatrld hotite initfali shaypeadged p

moisture perturbations have smoothed touberepresentative of natural variabilit§Fig. 1f1j).

As shown in the resultater (Fig. 2 and Fig. 4)the differences between the perturbed

simulations and theCTRL experiment occur mostly after the 12 houtsir discussions are thus

focused on the simulations during-42h.

c. Marsupial Paradigm

The Marsupial Paradigm is a framework proposed by Dunkerton et al. (2009) to study the
formation ofa TC within tropical waves. Dunkerton et al. (2009) demonstrated that the critical
layer of a tropical easterly wave is a region of approximately clbagdangiancirculation (also
caledanwave poucho). The wave pouc htruspmtodoreec t st
extent rendering a favorable environment for deep convection and TC form@neimg to
convergent flow, thevavepouch may have an opening that allows the influx of environmental
air (see Figure 3 in Wang et al. 201The Lagrangian bawlary of the storm and its interaction
with the ambient environment can be clearly ilustrated by the streamlines in a frame of reference
moving at the same speed with the wéwatz and Wang2013; Montgomery et al2010;Wang

et al. 2009; 2012&2012b). The translated streamlines in amoving frame, which resemble the

he
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210 flow trajectories, provide a Lagrangian view of the storm evolution. Although the Marsupial
211  Paradigm framework was proposed 1@ formation, we adoptthe concepin this study to

212 investigde theimpacts of asymmetric environmentaloisture on TC interfigation and

213 structure. In the following analgs the modeled streamlines are translated frontcént

214 relative frame to the emoving frame based on the estimagtormpropagation speefdom the

215 automatic vortexollowing algorithm in the WRF
216 3. Storm evolution in the control simulation

217 As shown in Fig2, the simulated storm in the CTRL experiment (red line@nsifies in
218 the first 24 hDuring 2430h, the simulated MSLP shows a stogv down of he intensification
219 (Fig. 2a) whie the MWSP (Fig. 2l®xhibits a weakening trend. The storm continues its

220 intensification in the following 18 h.he MWSP of the simulated storm incresbg 21 m s
221 from 6-h to 48h while the MSLP deeperby 33 hPa. The simulated intensification raiehe
222 CTRL experiments less tharthat forHurricane Earl (2010). Since this stulihzuses on

223 understanding the role of environmental moisturd Ghintensification thedifferences between
224  the sensitivity expements and the CTRL are of interest. Tiféerence between the simulated
225 stormin the CTRLexperimentand observedHurricane Earis not a primary concern.

226 Figure 3 shows the PWV and translated streamisfdbe WRF CTRL simulationn the
227 comoving frameAveragesoverfour periods(0-6 h 1218 h 30-36 hand42-48 h are

228 displayed At the inttial time (Fig. 3a), the stormcore (indicated by the relative large PWV >5
229 cm)is colocated with thetorm Lagrangian structufedicated by the nearly enclosed

230 streamlines).The storm Lagrangian structure closed to the west of the storm, where dry air is
231 located.Thus,there isa favorable environment for the intensification of the sfasdry air

232  intrusion would be limitedand moistue in the vortexcan be preserved@heinner region of the
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233 stormcontinuesto moisten(Fig. 3b)asthe storm intensifis in the first 24 HFig. 2), andthe dry
234  zoneto the northwest ofthe storm beames even drier(Fig. 3b) On the other hand, the moist

235 regionto the south and southeasttlog stormdiminishes in magnitude The storm Lagrangian

236 structureis open to the southwest at this tinhe.the next 24 h (Fig. 3c and 3d), the storm center
237 keeps moistening while the dryr @pproachsthe opeimg of thestorm Lagrangian structurte

238 the southwest of the storm

239 4. Impacts of Environmental Moisture

240 a. Summary ofsensitivitiesin TC intensityand track

241 Figure 2ashows the evolutiorof MSLP from four sensitivity experimentgor compaison
242 with the CTRL simulation. Exceptfor the first 6h of the 48h integration, he MF experiment
243  (with anensemble mean @00 hPaatthe 24h simulatior) has higher MSLP than theCTRL
244  simulation (whose ensemble meands7 hPaatthat same time)The MR experimentproduce
245  comparable(or slightly highe) MSLP to the O'RL simulation in the first 24. Afterwards, the
246  storm in theMR experimentstrengthes much faster thaits CTRL counterpart The MSLP in
247 the MR simulation reache853 hPa athe 48h forecastthe lowest among all the experiments
248 Similar experimentswith initialization at 12 hours earlier show consistent tedol the CTRL,
249 MF and MR experiments, excepinore intense storm developed in the experiment avitioist
250 perturbation in the rear (figure not showioth the M-l and DR simulations have minor

251 impacts on hurricane intensitgompared to the CTRIthroughout the 48 integration.

252 Similar trends of stormevolution appeain the simulatedMWSP (Fig. 2b). Both the MF
253 and MR simulations produce a stronger storitin@ith forecasthan the CTRLrun Betweeril8
254 hand24 h the strength of the storm mparablebetweerMF and MR but weaker thathat in

255 the CTRL. After 30 h the MFexperimentproduces a weaker stornmrelative to the CTRL
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simulation whilethe storm intensifies fasterihe MRrun. By the end of the simulation 48 h
the ensemble mean MWSP is 35 #fa MF, 43 m st for CTRL, and 50m st for MR.
Consistent with MSLPhoth the MFI and DR experiments hawe significantimpacts on the
magnitude of MWSRelative to the CTRL

Regardingstorm track (Fig. 4)the storm in the MF experiment moves further
northwestward thathe CTRL cae.A significant track difference starts ghow at 12 h,
corresponding tthe change in the MSLP. In the first 24 h, the track differerareless than 110
km. When the stornexecutes a gradual curve to th@rthwest the track differences increase
with a maximum difference of 220 km at 481h.the last 24 h,hte significant deflection to the
northwith lower SSTmay partly contributego the weaker storm in the MF experimerithe MR
experiment has relatitye small changes on the storm track. In the last 24 h, the storm in the MR
experiment movegess nahward comparing to the storm in the CTRL experiment, along with
strongerintensification in the MR. The track differences are less than 70 km between MR and
CTRL for all the 48h integration. The track differencé®m the CTRL experiment are
insignificant in the MFI and DR experiments (not shown).

Details ofthe storm evolutionin each sensttivityexperimentare investigated in a storm
following framework inthe following sulsections

b. MF experiment

Figure 5 shows thedifferences of PWV anwinds betweerthe MF and CTRL
experiments At the initialization of the simulation Hg. 1b53), anearlysaturatedegionwith a
large amount of water vap@ prescribedto the west of the stormwhere itis dry in the CTRL
The prescribedmoist zone isoutside ofthe stormLagrangianboundary In the following 18 h,

extensive precipitatior(maximzed betweer6-12 h; not shown)develog within the prescribed
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279 moist zonein the MFexperiment(Fig. 6b), which isabsent inthe CTRL simulation (Fig. 6a).
280 This supplementakonvective activityinduces a cyclonic circulation around theescribednoist
281 zone in the environmendf the storm resulting inadeformation of thestorm Lagrangian

282  structurewith divergenceo the wesbf the storm cente(fFig. 5ab).

283 Congquently, bth moist airfrom the prescribed moist zomad dry air in the

284  environmentintrude into the stormvortex from the convectivaleformedportion leading toan
285 asymmetic moisture structure(Fig. 5ab-5cd) anddiabatic heatindields (Fig. 6b and7). Dry
286 environmenrdl air has reached thorminner coreat 30-36 h (Fig. 5be). At 42-48 h forecast, a
287 spiral bandof convectionwith closed ring in the inner cofermsin the CTRL casé€Fig. 7d)
288 while only a comma shape abnvection is produceth the MFexperiment(Fig. 7e) with much
289 weaker storm intensityFg. 7f). In summaryconvectbn in the environmentin the MF case
290 deforms thestorm Lagrangian structutewards the dryront-side environment and faciltates
291 the intrusion of dry aifrom the northinto the inner corgcreatingasymmetric convection in the
292 inner coreand leading tahe weakening of the storrfNolan and Grasso 2003; Nolan et al.
293  2007)

294 c. MR experiment

295 In the MR experiment the prescribedmoist zone is locater the alreadyrelativdy moist
296 environment to the south of the storontside of thestorm Lagrangiamoundary(Fig. 8alc).

297 Similar tothe MF casethenearlysaturated moist perturbation induces convective activity and
298 precipitation Fig. 6¢) beyond the storm vorter the first 18h, resultingin a weaker storm

299 compaedto the CTRL caserior to 26h(Fig. 2). Different from the MF casethe convectn-

300 induced deformation helpsansportmoistureto the east portions @he stormwithout an

301 accompanyingdry air intrusion (Fig. 8533).
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Therefore, by80-36 h (Fig. 8c8b), more moistureappears within the core and also on the
stormds north f | aentkan in thd @TRLlecasé. 3d). This aelsudison amo i s t
more symmetric stornwith betterdefined spal rainrband than the CTRL(Fig. 9a andob).
Subsequently, the MBtormstarts strengthéng faster tharthe CTRL (Fig. 2 andFig. 9c), and
by the end of the 48 integration, the convective activityf theinner coran the MRcasegFig.

%) shows anearly concentricring without the long taibf the spiral bandgeenn the CTRLcase
(Fig. 9d). In summary,the conveabn in the environmenenhances the inflow to tretorm
Lagrangian structurrom the moist region anthciltates themoisturetranspot into the storm
inner coran the MR casgeading tca moresymmetric stormwith higher intensity.

d. MFland DR experiments

The MFI and DR experiments are #an to the MF and MR caserespectivelyexcept
thattheir RH perturbation magnitudat each level iseducedn the prescribedzone.In both of
the MFI and DRexperiments Kig. 10), the moisture perturbatisrdo not promote convective
activity in the environment of the storhroughot the 48h integration, the storms irboth the
MFI and DR experiments contaithe Lagrangiarstructures comparablg¢o the CTRLcase The
Lagrangian structurprotects the storm well from intrusion of the environmental Tdie
prescribed moist air in the MFI and dry air in the @Raparound the stornwithout entrairment
into the stormvortex during the 4& integration There is 0 significant change in storm
intensity andvortex structureof the MFI and DR experiments compdtto the CTRLsimulation
This is broadly consistent with Braun et al. (2012) tmirenment moisture content does not
necessarily affect the storm intensityhen the perturbation magnitude is not significant

e. Heightdependacy
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Another setof experimers areconducted to identifywhich layer of moisture is more
important to promotel C intensification in theViR experiment In thesesimulations, wdmit the
vertical extent of the moigperturbationto 906500 hPa, 90300 hPa, 85600 hPa, 50300
hPa, 50620 hPaand30020 hParespectively It is found that aly the RH enhancemest
including the boundary layer (96800 hPa and 98800 hPa casegyomote significant
intendgfication of the stornrelative to the ’'RL simulation (Fig. 11). When extra moisture is
provided above 850 hPa, the intensity of the storm is quite similar toltRe €in or even
slightly weaker than the TRL caseby the end of the simulationst 48-h integration although
convective activityinduced by moisture perturbatios producedoutside of the storrm some
cases (for example, the 8500 case)Note thatsatuation water vapor content in the boundary
layer is significantly higher thanin the middle and upper tropospherherdore, a small increase
of RH in the boundaryayercan provide much monmoist staticenergy to fuel the storm

intensification.
5. SummaryandDiscussion

Guided by observation@Nu et al., 2012) tFhe impacts of environmental moistuoa TC

intensity areexaminedin the WRF modelwith afocuson theazimuthal asymmejrof moisture
impacts The Marsupial Paradigm framework is used to understand the evolution of the storm.
The intensification process of a storm is simulatechén"WRFCTRL simulation When the
moisture perturbatioris notlarge enough to createdditional convectionoutside of the storm,as

in the MFI and DR experimentshe storm Lagrangiaroundaryserves as a barrier to protect the
storm from intrusion of environmealt air. No significant impact on the storm intensignd track

is observedn the MFI and DR experiments
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346 However, vhen convective activity ipromoted bythe moisture perturbation and deforms
347 thestorm Lagrangian structuras inthe MF experimenta stormthat is weakethan the CTRL
348 caseoccursdue to intrusion of drgnvironmentalair from the northwestinto the vortex through
349 theconvectiveinduced openLagrangian structurevhich leads tothe asymmetry of convection
350 in thestorminner coreThe storm is also deflected fiarther northwest and approaesdry arr,
351 especially in the last 24 h, which may also contritiatéhe weaker storm in the MF experiment.
352 In contrastconvective deformation of the vortex the MR experiment faciltates the

353 entrainment ofadditional moisture from the souttandresultsin more symmetricand powerful
354 convectionin the inner coravith ahigher intensity than the CTRtase The intensificationis

355 primaily contributel by enhancednoisture in the boundary layerhe distortion of the storm
356 Lagrangian structure and changeshie moisture pathway play the key roles in the different
357 response of the MF and MR cases.

358 This study demonstrates that the Marsupial Paradigm is a useful tool to study the
359 interaction ofa TC vortex with its environmenatany stage of the storm development, ol
360 limited to TC formation.Dunkerton et al. (2009proposed thad closed circulation is favorable
361 for TC formation. This studyhypothesizedan openstorm Lagrangian structuan also benefit
362 TC formation and iensification as long as the opening tswards a favorable environme(#.g.,
363 moist air)

364 The series of sensitivity experiments with different magnitudes and positions of moisture

365 perturbations provide a comprehensive view of the interactions of emeirmal moisture with a

366 tropical cyclone Based on these results and previous studies (Brtah2012; Ge et al. 2013,

367 Hil and Lackmann 2009; Kimball 2006;a0 and Zhang 2014¥ang 2009; Ying and Zhang

368 2012), weconcludethatenvironmental moisture hdisited impacs on storm intensity if it does
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369 not enterthe storm vortexsimilar tothe insignificant impact of dry air beyond 270 kmotedin
370 Braun et al. (2012)If the moisture enhancemepttoducesenhanced convective activityithin
371 the vortex,however, the direct and indirect impacts on the storm can be complex. By itselff,
372 enhanced outer rainband activiithe direct effectinayweaken the storriWang 2009; Ying and
373 Zhang 2012 Yet, the convective activity could also deform the storm vorteotenndirectly
374 leading to changes in tmature of the moisture inflow Consistent withconventional

375 understandingadry air intrusioninto the inner core that might opportunisticathausea vortex
376 deformation (asin the MF cass)dsuppresghe stormwhile an enhanceanoisture supply into
377 theinner core(as inthe MR cas@ promotes intensification of the storrfihe disparateresponsse
378 of TC intensity to moisture perturbation®s the literature may largely bea result ofthe differen
379 magnitudes ancklative locatios of moisture perturbatios to the stormvortex andthustheir
380 differentabilties to deform the storm vortex

381 This study demonstrates that storm structure is crifoaunderstandg environmental
382 impacsk on TGCs. Previouscompositedata analysebave beesampled withrespecto the

383 distancefrom the storm centewithout consideration on trstorm(structurg. Most modeling
384 studies prescréxd moisture perturbati@) but did not pay much attention to their relative

385 locatiors to the $orm vortex.As shown inthis study angbreviouspapers TCs respol

386 differently to moistureperturbationsin different locations(the inner corethe outer rainband
387 region andhe more distantenvironment Thus,in orderto betterquantify moistureimpacts on
388 TCs it is necessary tdlistinguish moisture in the outer rainband amdoisture in the inner core
389 of the stormas well as different environmental moisture distribigion

390 This study alscexplains, to some degree, the observational results byar@huu (2006)

391 that the dry SAL may haviavorableor unfavorable impacts on TC intensification, depending on
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its position. Considering that the TCs in the North Atlantic usually have moisture inflow from

the southern quadrantshenthe SALis locatedto the northwest of TCst maynot affect the

storm intensity, or may even indirectly favor TC intensificatioyn suppressinghe formation of
convectiverainbandsoutside of thestorm Whendry air is located to the southeast or southwest

of the TCshowevae, the dry airmay beentrairedinto the storm leading to a weakening effect.

The MF and MR experimentsuggest thatheidr y f r ont and moi st rear o
environmentalmoisture is a favorablecondition for TC intensification, consistent with the
observationalstudy of Wu et al(2012). Given thatenvironmentalmoisture can have different

impacts on TG onceit entes into the stormaccurateharacterization®f environmental

moisture arémportant to TCintensity forecass.

This study shows that convection in the environment canéither favorable or
unfavorable impacts on the storm intensithus a better understandingf the interaction of the
storm with environmental convective activity (e.g. trough interactigh storn) is also critical
to improving TC intensity forecasts
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