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Abstract. The impacts of environmental moisture on the in-

tensification of a tropical cyclone (TC) are investigated in

the Weather Research and Forecasting (WRF) model, with a

focus on the azimuthal asymmetry of the moisture impacts

relative to the storm path. A series of sensitivity experiments

with varying moisture perturbations in the environment are

conducted and the Marsupial Paradigm framework is em-

ployed to understand the different moisture impacts. We find

that modification of environmental moisture has insignificant

impacts on the storm in this case unless it leads to con-

vective activity that deforms the quasi-Lagrangian bound-

ary of the storm and changes the moisture transport into

the storm. By facilitating convection and precipitation out-

side the storm, enhanced environmental moisture ahead of

the northwestward-moving storm induces a dry air intrusion

to the inner core and limits TC intensification. In contrast,

increased moisture in the rear quadrants favors intensifica-

tion by providing more moisture to the inner core and pro-

moting storm symmetry, with primary contributions coming

from moisture increase in the boundary layer. The different

impacts of environmental moisture on TC intensification are

governed by the relative locations of moisture perturbations

and their interactions with the storm Lagrangian structure.

1 Introduction

While the forecast of tropical cyclone (TC) tracks has been

significantly improved in the past several decades, the TC in-

tensity forecast is still a great challenge for most operational

numerical weather prediction centers (DeMaria et al., 2007).

Environmental moisture has been considered as one of the

important factors for TC intensity forecasting. As one of the

skillful predictors, the 850 hPa relative humidity (RH) aver-

aged between 200 and 800 km from storm center has been

used routinely in the Statistical Hurricane Intensity Predic-

tion Scheme (SHIPS) for hurricane intensity forecasting at

the National Hurricane Center (Kaplan et al., 2010).

Theoretical and modeling studies have suggested high en-

vironmental moisture may be conducive to TC intensification

(e.g., Emanuel et al., 2004; Kimball, 2006). Dry air intrusion

could lead to a weakening of a TC by inducing asymmetric

convective activity and/or transporting low equivalent poten-

tial temperature (θe) air into the sub-cloud layer and storm

inflow (e.g., Braun et al., 2012; Emanuel, 1989; Ge et al.,

2013; Kimball, 2006; Tao and Zhang, 2014). However, some

studies (e.g., Kimball 2006; Wang, 2009; Ying and Zhang,

2012) showed that substantial moisture may also cause a neg-

ative impact on TC strength by facilitating the formation of

TC rainbands, which reduces the horizontal pressure gradient

of a TC. In idealized simulations, Hill and Lackmann (2009)

varied RH values in the moist envelope 100 km beyond the

TC core and found that larger RH results in the establishment

of wider TCs with more prominent outer rainbands. How-

ever, in their study, TC intensity was nearly insensitive to

environmental RH despite the variation in rainband activity.

Braun et al. (2012) showed that dry air located 270 km

away from the storm center had little impact on hurricane

intensity with no mean flow. Dry air intrusion into the

storm vortex, however, suppressed convective activity and in-

creased the asymmetry of convection, leading to a weaken-

ing of the storm. While a dry air envelope had no significant
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impact on hurricane intensity, the storm size was reduced.

Vertical shear can significantly enhance the suppression ef-

fect of dry air intrusion (Tang and Emanuel, 2012; Ge et al.,

2013; Tao and Zhang, 2014). By modifying the diabatic heat-

ing rate due to cloud microphysical process, Wang (2009)

demonstrated that diabatic cooling in the outer spiral rain-

bands helped the TC remain intense and compact. Increased

latent heat release in the outer spiral rainbands decreased the

intensity but increased the TC size. In a sensitivity study of

Typhoon Talim (2005), Ying and Zhang (2012) showed that

enhanced moisture promoted convection in outer rainbands

and resulted in the weakening of the storm while dry air in-

hibited outer rainbands and contributed to a stronger storm

with smaller size. The storm was more sensitive to the mois-

ture perturbation residing to the north than to the south due

to its shorter travel time into the storm vortex.

Composite studies using analyses data sets and satellite

observations (Kaplan and DeMaria, 2003; Hendricks et al.,

2010; Wu et al., 2012) have shown that rapid intensification

(RI) of TCs is associated with higher environmental RH in

the lower and middle troposphere than non-RI events. Us-

ing satellite observations, Shu and Wu (2009) showed that

the dry Saharan air layer (SAL) can affect TC intensity in

both favorable and unfavorable manners. TCs tend to inten-

sify when dry SAL air is present in the northwest quadrant

of TCs. However, TCs tend to weaken when dry air intrudes

within 360 km of the TC center in the southwest and south-

east quadrants. Substantial azimuthal asymmetry of RH is

also found in TCs’ environments based on 9 years of satellite

observations, with rear quadrants (relative to storm motion)

being moister than front quadrants, especially during RI (Wu

et al., 2012).

Most previous modeling studies prescribed moisture per-

turbations without specifically considering their relative lo-

cation to a storm vortex (e.g., in the environment, outer rain-

band or inner core, front or rear quadrants), which may cause

different impacts on the storm structure and intensity. In this

study, we investigate the impacts of environmental moisture

on TC intensity and structure using the Weather Research and

Forecasting (WRF) model with artificially modified environ-

mental moisture surrounding a storm vortex. Guided by the

observational composite study by Wu et al. (2012), we fo-

cus on the azimuthally asymmetric effects of environmental

moisture in the front and rear quadrants. Section 2 provides

the model description and experiment design. The Marsupial

Paradigm framework (Dunkerton et al., 2009) is also intro-

duced in Sect. 2 as a tool to interpret the moisture impacts on

the storm. Section 3 describes the evolution of the simulated

storm in the control experiment. The results from sensitivity

experiments are presented in Sect. 4. The findings from this

study are summarized in Sect. 5.

2 WRF experiments and analysis framework

2.1 Model description

To examine the role of environmental moisture on TC inten-

sification, we drive the WRF model with initial and boundary

conditions from a real-case hurricane, in particular Hurricane

Earl (2010). Hurricane Earl originated from a tropical wave

west of the Cape Verde Islands on 23 August 2010. It moved

westward across the Atlantic and gradually strengthened to

a tropical storm. Before the RI at 00:00 UTC on 29 August

(Fig. 1a), a dry zone consisting of precipitable water vapor

(PWV) less than 4.5 cm was located to the west of the storm,

in the front quadrant relative to the storm propagation. Mean-

while, a broad moist region was observed to the south and

southeast of the storm. Such a “dry front and moist rear” en-

vironmental moisture structure is typical of a rapidly intensi-

fying hurricane as found in Wu et al. (2012). Earl underwent

a RI from 06:00 UTC, 29 August, to 00:00 UTC, 31 August.

The maximum wind speed (MWSP) increased by 31 m s−1

while the minimum sea level pressure (MSLP) deepened by

53 hPa in 36 h.

Inspired by the rapid intensification of Hurricane

Earl (2010), we initialize the Advanced Research WRF

model V3.3.1 (Skamarock et al., 2008) at 00:00 UTC, 29 Au-

gust 2010, and run it for 48 h. Simulations are conducted

with a parent grid at 9 km horizontal resolution and a

vortex-following nested grid at 3 km resolution. Experiments

show that simulated results are not sensitive to the hori-

zontal resolution of the parent grid with similar inner do-

mains. There are 50 model levels in the vertical from the

surface to 20 hPa, and the initial and boundary conditions

were derived from the interim ECMWF (European Cen-

tre for Medium-Range Weather Forecasts) reanalysis (ERA-

Interim) (http://rda.ucar.edu/datasets/ds627.0/). For all the

experiments, we employ the Thompson et al. (2008) micro-

physical scheme, the Rapid Radiative Transfer Model for

GCMs (RRTMG) shortwave and longwave schemes (Iacono

et al., 2008) and the Yonsei University planetary boundary

layer scheme (Hong et al., 2006). The Kain–Fritsch cumulus

scheme (Kain, 2004) is used in the parent domain while no

cumulus scheme is used in the moving nested inner grids.

As the model is initialized solely from the coarse-

resolution reanalysis, the initial TC is weaker and less or-

ganized than the actual storm was and thus at least a por-

tion of its subsequent intensification represents a response to

the improved resolution. Our focus is on how environmen-

tal moisture perturbations directly and indirectly influence

how the storm organizes subsequent to initialization. To as-

sess potential impacts of the initial conditions, the WRF con-

trol (CTRL) simulation consists of five ensemble members

with randomly generated RH perturbations of less than 1 %

added to the initial specific humidity field at all model hor-

izontal and vertical grids. In the following discussions, the
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Figure 1. Column-integrated PWV (cm) at the initialization of the WRF simulations: (a) CTRL, (b) MF, (c) MFI, (d) MR and (e) DR; 12 h

forecast for (f) CTRL, (g) MF, (h) MFI, (i) MR and (j) DR.

CTRL and other sensitivity experiments refer to the ensem-

ble means of the respective five ensemble members.

2.2 Experiment design

The sensitivity experiments are conducted by placing mois-

ture perturbations of varying magnitudes at different loca-

tions relative to the storm at the initial time (Fig. 1a–e). The

zones are rectangular in shape and sharply bounded and, as

a consequence, could serve as focal points for convective ac-

tivity if conditions are sufficiently favorable. We explored ta-

pering the edges of the moisture perturbations and found it

did not materially alter our conclusions.

In the moist front (MF) experiment (Fig. 1b), an artificially

moistened zone of 5◦ in longitude and 7◦ in latitude is placed

in front of the storm (relative to its roughly westward prop-

agation). Within the moist zone, the RH of all model grids

from 900 hPa to the model top of 20 hPa are set to the maxi-

mum RH within the outer radius of the storm at each level by

modifying specific humidity without changing temperature.

In the intermediate moist front (MFI) simulation (Fig. 1c),

the moist zone is located at the same place as for MF but the

magnitude of the moisture perturbation is smaller (70 % of

the maximum RH at each level). Thus, the CTRL, MFI and

MF cases represent the dry, intermediate moist and moist en-

vironments at the front of the storm, respectively.

In the moist rear (MR) simulation, a moist zone with the

same area and magnitude of RH perturbations as in the MF

run is placed to the south, roughly in the storm’s rear quad-

rants (Fig. 1d). The dry rear (DR) simulation (Fig. 1e) is sim-

ilar to the MR simulation but the magnitude of the RH pertur-

bation is reduced to 30 % of the maximum RH at each level,

which is drier than the CTRL. So the dry, intermediate moist

and moist environments at the rear of the storm are repre-

sented by the DR, CTRL and MR experiments, respectively.

Further sensitivity experiments with moisture zones of dif-

ferent sizes were also tested, and the results are not qualita-

tively sensitive to the choice of the areal extent of the moist

zone. For brevity, only MF, MFI, MR and DR are discussed

in addition to the CTRL. We also perform a set of simulations

in which the vertical extent of the moisture perturbations in

the MR configuration is varied to examine the vertical depen-

dence of the environmental moisture impacts.

When a high-resolution model like WRF is initialized

from global models, there is generally an adjustment period

(“spin up”) of about 12 h. At 12 h, the initial sharped-edged

moisture perturbations have smoothed out to be representa-

tive of natural variability (Fig. 1f–j). As shown in the results

later (Figs. 2 and 4), the differences between the perturbed

simulations and the CTRL experiment occur mostly after the

12 h. Our discussions are thus focused on the simulations

during 12–48 h.

2.3 Marsupial Paradigm

The Marsupial Paradigm is a framework proposed by

Dunkerton et al. (2009) to study the formation of a TC within

tropical waves. Dunkerton et al. (2009) demonstrated that

the critical layer of a tropical easterly wave is a region of

approximately closed Lagrangian circulation (also called a

“wave pouch”). The wave pouch protects the TC vortex from

dry air intrusion to some extent, rendering a favorable en-

vironment for deep convection and TC formation. Owing to

convergent flow, the wave pouch may have an opening that

allows the influx of environmental air (see Fig. 3 in Wang

et al., 2010). The Lagrangian boundary of the storm and its

interaction with the ambient environment can be clearly il-

lustrated by the streamlines in a frame of reference mov-

ing at the same speed with the wave (Fritz and Wang, 2013;

Montgomery et al., 2010; Wang et al., 2009, 2012a, b). The
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Figure 2. Time series of the model simulated ensemble mean and

standard deviation of (a) MSLP (hPa) and (b) MWSP (m s−1).

translated streamlines in a co-moving frame, which resem-

ble the flow trajectories, provide a Lagrangian view of the

storm evolution. Although the Marsupial Paradigm frame-

work was proposed for TC formation, we adopt the concept

in this study to investigate the impacts of asymmetric envi-

ronmental moisture on TC intensification and structure. In

the following analysis, the modeled streamlines are trans-

lated from the Earth-relative frame to the co-moving frame

based on the estimated storm propagation speed from the au-

tomatic vortex-following algorithm in the WRF.

3 Storm evolution in the control simulation

As shown in Fig. 2, the simulated storm in the CTRL exper-

iment (red lines) intensifies in the first 24 h. During 24–30 h,

the simulated MSLP shows a slowing down of the intensifi-

cation (Fig. 2a) while the MWSP (Fig. 2b) exhibits a weak-

ening trend. The storm continues its intensification in the fol-

lowing 18 h. The MWSP of the simulated storm increases by

21 m s−1 from 6 to 48 h while the MSLP deepens by 38 hPa.

The simulated intensification rate in the CTRL experiment

is less than that for Hurricane Earl (2010). Since this study

focuses on understanding the role of environmental moisture

in TC intensification, the differences between the sensitiv-

ity experiments and the CTRL are of interest. The difference

Figure 3. The mean translated streamline below 5 km and column-

integrated PWV (cm) (shading) in the WRF CTRL simulation in

the storm-following coordinate: (a) 0–6 h; (b) 12–18 h; (c) 30–36 h;

(d) 42–48 h. The hurricane symbol shows the TC center. The dashed

red circles represent the radius of 500 and 1000 km. All the data are

taken from the outer model domain.

Figure 4. Storm tracks for CTRL (red), MF (green) and MR (blue).

Every 6 h is identified with a diamond symbol. Black dashed lines

connect storm position at the same forecast time for every 12 h.

between the simulated storm in the CTRL experiment and

observed Hurricane Earl is not a primary concern.

Figure 3 shows the PWV and translated streamlines of the

WRF CTRL simulation in the co-moving frame. Averages

over four periods (0–6, 12–18, 30–36 and 42–48 h) are dis-

played. At the initial time (Fig. 3a), the storm core (indicated

Atmos. Chem. Phys., 15, 14041–14053, 2015 www.atmos-chem-phys.net/15/14041/2015/
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by the relative large PWV> 5 cm) is collocated with the

storm Lagrangian structure (indicated by the nearly enclosed

streamlines). The storm Lagrangian structure is closed to the

west of the storm, where dry air is located. Thus, there is a

favorable environment for the intensification of the storm, as

dry air intrusion would be limited and moisture in the vor-

tex can be preserved. The inner region of the storm continues

to moisten (Fig. 3b) as the storm intensifies in the first 24 h

(Fig. 2), and the dry zone to the northwest of the storm be-

comes even drier (Fig. 3b). Contrarily, the moist region to the

south and southeast of the storm diminishes in magnitude.

The storm Lagrangian structure is open to the southwest at

this time. In the next 24 h (Fig. 3c and d), the storm center

keeps moistening while the dry air approaches the opening of

the storm Lagrangian structure to the southwest of the storm.

4 Impacts of environmental moisture

4.1 Summary of sensitivities in TC intensity and track

Figure 2a shows the evolution of MSLP from four sensitiv-

ity experiments for comparison with the CTRL simulation.

Except for the first 6 h of the 48 h integration, the MF exper-

iment (with an ensemble mean of 990 hPa at the 24 h simu-

lation) has higher MSLP than the CTRL simulation (whose

ensemble mean is 967 hPa at that same time). The MR ex-

periment produces comparable (or slightly higher) MSLP

to the CTRL simulation in the first 24 h. Afterwards, the

storm in the MR experiment strengthens much faster than its

CTRL counterpart. The MSLP in the MR simulation reaches

953 hPa at the 48 h forecast, the lowest among all the experi-

ments. Similar experiments with initialization at 12 h earlier

show consistent results to the CTRL, MF and MR experi-

ments, except a more intense storm developed in the experi-

ment with a moist perturbation in the rear (figure not shown).

Both the MFI and DR simulations have minor impacts on

hurricane intensity, compared to the CTRL, throughout the

48 h integration.

Similar trends of storm evolution appear in the simulated

MWSP (Fig. 2b). Both the MF and MR simulations produce

a stronger storm at the 6 h forecast than the CTRL run. Be-

tween 18 and 24 h, the strength of the storm is comparable

between MF and MR but weaker than that in the CTRL. Af-

ter 30 h, the MF experiment produces a weaker storm relative

to the CTRL simulation while the storm intensifies faster in

the MR run. By the end of the simulation at 48 h, the ensem-

ble mean MWSP is 35 m s−1 for MF, 43 m s−1 for CTRL and

50 m s−1 for MR. Consistent with MSLP, both the MFI and

DR experiments have no significant impacts on the magni-

tude of MWSP relative to the CTRL.

Regarding storm track (Fig. 4), the storm in the MF exper-

iment moves further northwestward than the CTRL case. A

significant track difference starts to show at 12 h, correspond-

ing to the change in the MSLP. In the first 24 h, the track

Figure 5. Differences of mean wind vector (m s−1) below 5 km and

column-integrated PWV (cm) (shading) between the MF and CTRL

simulations in the storm-following coordinate: (a) 12–18 h; (b) 30–

36 h; (c) 42–48 h. The blue streamline is the translated streamline

at the co-moving coordinate for the CTRL experiment at the cor-

responding time. The hurricane symbol shows the TC center. The

dashed red circles represent the radius of 500 km and 1000 km. All

the data are taken from the outer model domain. Mean wind vectors

and column-integrated PWV for CTRL and MF at each time are

shown in Fig. S1 in the Supplement.
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differences are less than 110 km. When the storm executes a

gradual curve to the northwest, the track differences increase

with a maximum difference of 220 km at 48 h. In the last

24 h, the significant deflection to the north with lower sea sur-

face temperature may partly contribute to the weaker storm

in the MF experiment. The MR experiment has relatively

small changes in the storm track. In the last 24 h, the storm in

the MR experiment moves less northward comparing to the

storm in the CTRL experiment, along with stronger intensi-

fication in the MR. The track differences are less than 70 km

between MR and CTRL for all the 48 h integration. The track

differences from the CTRL experiment are insignificant in

the MFI and DR experiments (not shown).

Details of the storm evolution in each sensitivity experi-

ment are investigated in a storm-following framework in the

following subsections.

4.2 MF experiment

Figure 5 shows the differences of PWV and winds between

the MF and CTRL experiments. At the initialization of the

simulation (Fig. 1b), a nearly saturated region with a large

amount of water vapor is prescribed to the west of the storm,

where it is dry in the CTRL. The prescribed moist zone is

outside of the storm Lagrangian boundary. In the following

18 h, extensive precipitation (maximized between 6 and 12 h;

not shown) develops within the prescribed moist zone in the

MF experiment (Fig. 6b), which is absent in the CTRL sim-

ulation (Fig. 6a). This supplemental convective activity in-

duces a cyclonic circulation around the prescribed moist zone

in the environment of the storm, resulting in a deformation of

the storm Lagrangian structure with divergence to the west of

the storm center (Fig. 5a).

Consequently, both moist air from the prescribed moist

zone and dry air in the environment intrude into the storm

vortex from the convective-deformed portion, leading to an

asymmetric moisture structure (Fig. 5a–c) and diabatic heat-

ing fields (Figs. 6b and 7). Dry environmental air has reached

the storm inner core at 30–36 h (Fig. 5b). At 42–48 h forecast,

a spiral band of convection with closed ring in the inner core

forms in the CTRL case (Fig. 7d) while only a comma shape

of convection is produced in the MF experiment (Fig. 7e)

with much weaker storm intensity (Fig. 7f). In summary, con-

vection in the environment in the MF case deforms the storm

Lagrangian structure towards the dry front-side environment

and facilitates the intrusion of dry air from the north into

the inner core, creating asymmetric convection in the inner

core and leading to the weakening of the storm (Nolan and

Grasso, 2003; Nolan et al., 2007).

4.3 MR experiment

In the MR experiment, the prescribed moist zone is located in

the already relatively moist environment to the south of the

storm, outside of the storm Lagrangian boundary (Fig. 1c).

(a) 

(b) 

(c) 

x (km)!

y 
(k

m
)!

Figure 6. Mean rain rate (mm h−1) and streamlines below 5 km dur-

ing 12–18 h in the storm-following coordinate: (a) CTRL; (b) MF;

(c) MR. The hurricane symbol shows the TC center. The dashed

black circles represent the radius of 500 and 1000 km. All the data

are taken from the outer model domain.
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Figure 7. (a) Diabatic heating (DH; K day−1) of CTRL in 30–36 h; (b) DH of MF in 30–36 h; (c) the difference of DH and SLP between

MF and CTRL in 30–36 h; (d) DH of CTRL in 42–48 h; (e) DH of MF in 42–48 h; (f) the difference of DH and SLP between MF and CTRL

in 42–48 h in the storm-following coordinate. The hurricane symbol shows the TC center. The dashed red circles represent the radius of 100

and 200 km. All the data are taken from the inner model domain.

www.atmos-chem-phys.net/15/14041/2015/ Atmos. Chem. Phys., 15, 14041–14053, 2015
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Similar to the MF case, the nearly saturated moist pertur-

bation induces convective activity and precipitation (Fig. 6c)

beyond the storm vortex in the first 18 h, resulting in a weaker

storm compared to the CTRL case prior to 26 h (Fig. 2). Dif-

ferent from the MF case, the convection-induced deforma-

tion helps transport moisture to the east portions of the storm

without an accompanying dry air intrusion (Fig. 8a).

Therefore, by 30–36 h (Fig. 8b), more moisture appears

within the core and also on the storm’s north flank, where it

is also moister than in the CTRL case (Fig. 3c). This results in

a more symmetric storm, with better-defined spiral rainbands

than the CTRL (Fig. 9a and b). Subsequently, the MR storm

starts strengthening faster than the CTRL (Figs. 2 and 9c),

and by the end of the 48 h integration, the convective activity

of the inner core in the MR case (Fig. 9e) shows a nearly

concentric ring without the long tail of the spiral band seen

in the CTRL case (Fig. 9d). In summary, the convection in

the environment enhances the inflow to the storm Lagrangian

structure from the moist region and facilitates the moisture

transport into the storm inner core in the MR case, leading to

a more symmetric storm with higher intensity.

4.4 MFI and DR experiments

The MFI and DR experiments are similar to the MF and MR

cases, respectively, except that their RH perturbation mag-

nitude at each level is reduced in the prescribed zone. In

both of the MFI and DR experiments (Fig. 10), the mois-

ture perturbations do not promote convective activity in the

environment of the storm. Throughout the 48 h integration,

the storms in both the MFI and DR experiments contain the

Lagrangian structures comparable to the CTRL case. The La-

grangian structure protects the storm well from intrusion of

the environmental air. The prescribed moist air in the MFI

and dry air in the DR wrap around the storm without en-

trainment into the storm vortex during the 48 h integration.

There is no significant change in storm intensity and vortex

structure of the MFI and DR experiments compared to the

CTRL simulation. This is broadly consistent with Braun et

al. (2012) that environment moisture content does not neces-

sarily affect the storm intensity when the perturbation mag-

nitude is not significant.

4.5 Height dependency

Another set of experiments are conducted to identify which

layer of moisture is more important to promote TC intensifi-

cation in the MR experiment. In these simulations, we limit

the vertical extent of the moist perturbation to 900–500, 900–

300, 850–500, 500–300, 500–20 and 300–20 hPa, respec-

tively. It is found that only the RH enhancements including

the boundary layer (900–300 and 900–500 hPa cases) pro-

mote significant intensification of the storm relative to the

CTRL simulation (Fig. 11). When extra moisture is provided

above 850 hPa, the intensity of the storm is quite similar to

Figure 8. Same as Fig. 5 but for differences between the MR

and CTRL experiments. Mean wind vectors and column-integrated

PWV for CTRL and MR at each time are shown in Fig. S1 in the

Supplement.
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Figure 9. Same as Fig. 7 but for the MR and CTRL experiments.

www.atmos-chem-phys.net/15/14041/2015/ Atmos. Chem. Phys., 15, 14041–14053, 2015
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Figure 10. Difference of mean wind vector below 5 km and column-integrated PWV (cm) in the storm-following coordinate: (a) MFI-

CTRL for 12–18 h; (b) MFI-CTRL for 42–48 h; (c) DR-CTRL for 12–18 h; (d) DR-CTRL for 42–48 h. The blue streamline is the translated

streamline at the co-moving coordinate for the CTRL case at corresponding time. The hurricane symbol shows the TC center. The dashed

red circles represent the radius of 500 and 1000 km. All the data are taken from the outer model domain.

the CTRL run or even slightly weaker than the CTRL case

by the end of the simulations at 48 h integration, although

convective activity induced by moisture perturbation is pro-

duced outside of the storm in some cases (for example, the

850–500 hPa case). Note that saturation water vapor content

in the boundary layer is significantly higher than in the mid-

dle and upper troposphere. Therefore, a small increase of RH

in the boundary layer can provide much more moist static en-

ergy to fuel the storm intensification.

5 Summary and discussion

Guided by observations (Wu et al., 2012), the impacts of en-

vironmental moisture on TC intensity are examined in the

WRF model, with a focus on the azimuthal asymmetry of

moisture impacts. The Marsupial Paradigm framework is

used to understand the evolution of the storm. The intensifi-

cation process of a storm is simulated in the WRF CTRL sim-

ulation. When the moisture perturbation is not large enough

to create additional convection outside of the storm, as in the

MFI and DR experiments, the storm Lagrangian boundary

serves as a barrier to protect the storm from intrusion of en-

vironmental air. No significant impact on the storm intensity

and track is observed in the MFI and DR experiments.

However, when convective activity is promoted by the

moisture perturbation and deforms the storm Lagrangian

structure, as in the MF experiment, a storm that is weaker

than the CTRL case occurs due to intrusion of dry environ-

mental air from the northwest into the vortex through the

convective-induced open Lagrangian structure, which leads

to the asymmetry of convection in the storm inner core. The

storm is also deflected to further northwest and approaches

dry air, especially in the last 24 h, which may also contribute

to the weaker storm in the MF experiment. In contrast, con-

vective deformation of the vortex in the MR experiment facil-

itates the entrainment of additional moisture from the south

and results in more symmetric and powerful convection in the

inner core with a higher intensity than the CTRL case. The
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Figure 11. Time series of the model simulated (a) MSLP (hPa) and

(b) MWSP (m s−1). CTRL in red; MR in blue; other simulations

are the same as the MR run but with modification of moisture in

differently prescribed pressure layer.

intensification is primarily contributed by enhanced moisture

in the boundary layer. The distortion of the storm Lagrangian

structure and changes in the moisture pathway play the key

roles in the different response of the MF and MR cases.

This study demonstrates that the Marsupial Paradigm is a

useful tool to study the interaction of a TC vortex with its

environment at any stage of the storm development, not only

limited to TC formation. Dunkerton et al. (2009) proposed

that a closed circulation is favorable for TC formation. This

study hypothesized an open storm Lagrangian structure can

also benefit TC formation and intensification as long as the

opening is towards a favorable environment (e.g., moist air).

The series of sensitivity experiments with different magni-

tudes and positions of moisture perturbations provide a com-

prehensive view of the interactions of environmental mois-

ture with a tropical cyclone. Based on these results and previ-

ous studies (Braun et al., 2012; Ge et al., 2013; Hill and Lack-

mann, 2009; Kimball, 2006; Tao and Zhang, 2014; Wang,

2009; Ying and Zhang, 2012), we conclude that environmen-

tal moisture has limited impacts on storm intensity when

it does not enter the storm vortex, similar to the insignif-

icant impacts of dry air beyond 270 km noted in Braun et

al. (2012). If the moisture enhancement produces enhanced

convective activity within the vortex, however, the direct and

indirect impacts on the storm can be complex. By itself, en-

hanced outer rainband activity (the direct effect) may weaken

the storm (Wang, 2009; Ying and Zhang, 2012). Yet, the con-

vective activity could also deform the storm vortex, more

indirectly leading to changes in the nature of the moisture

inflow. Consistent with conventional understanding, a dry

air intrusion into the inner core that might opportunistically

cause a vortex deformation (as in the MF case) and suppress

the storm, while an enhanced moisture supply into the in-

ner core (as in the MR case) promotes intensification of the

storm. The disparate responses of TC intensity to moisture

perturbations in the literature may largely be a result of the

different magnitudes and relative locations of moisture per-

turbations to the storm vortex and, thus, their different abili-

ties to deform the storm vortex.

This study demonstrates that storm structure is critical for

understanding environmental impacts on TCs. Previous com-

posite data analyses have been sampled with respect to the

distance from the storm center, without consideration on the

storm (structure). Most modeling studies prescribed moisture

perturbations but did not pay much attention to their relative

locations to the storm vortex. As shown in this study and pre-

vious papers, TCs respond differently to moisture perturba-

tions in different locations (the inner core, the outer rainband

region and the more distant environment). Thus, in order to

better quantify moisture impacts on TCs, it is necessary to

distinguish moisture in the outer rainband and moisture in

the inner core of the storm as well as different environmental

moisture distributions.

This study also explains, to some degree, the observa-

tional results by Shu and Wu (2006) that the dry SAL may

have favorable or unfavorable impacts on TC intensification,

depending on its position. Considering that the TCs in the

North Atlantic usually have moisture inflow from the south-

ern quadrants, when the SAL is located to the northwest of

TCs, it may not affect the storm intensity, or may even indi-

rectly favor TC intensification by suppressing the formation

of convective rainbands outside of the storm. When dry air

is located to the southeast or southwest of the TCs, how-

ever, the dry air may be entrained into the storm, leading

to a weakening effect. The MF and MR experiments sug-

gest that the “dry front and moist rear” distribution of en-

vironmental moisture is a favorable condition for TC inten-

sification, consistent with the observational study of Wu et

al. (2012). Given that environmental moisture can have dif-

ferent impacts on TCs once it enters into the storm, accurate

characterizations of environmental moisture are important to

TC intensity forecasts.

This study shows that convection in the environment can

have either favorable or unfavorable impacts on the storm in-

tensity. Thus, a better understanding of the interaction of the

storm with environmental convective activity (e.g., trough in-

teraction with storm) is also critical to improving TC inten-

sity forecasts.
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