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ABSTRACT

Hurricane Irene (2011) moved northward along the eastern coast of the United States and was expected to

cause severe wind and flood damage. However, the hurricane weakened much faster than was predicted.

Moreover, the minimum pressure in Irene occurred, atypically, about 40 h later than the time of maximum

wind speed. Possible reasons for Irene’s weakening and the time shift between maximum wind and minimum

central pressure were studied in simulations using WRF with spectral bin microphysics (WRF-SBM) with

1-km grid spacing and ocean coupling. Both ocean coupling and aerosol distribution/concentration were

found to influence Irene’s development. Without ocean coupling or with ocean coupling and uniform

aerosol distribution, the simulated maximum wind occurred at about the same time as the minimum

pressure. With ocean coupling and nonuniform spatial aerosol distributions caused by aerosols from the

Saharan air layer (band) and the continental United States, the maximum wind occurred about 40 h before

the simulated minimum pressure, in agreement with observations. Concentrations of aerosols of several

hundred per cubic centimeter in the inner core were found to initially cause convection invigoration in the

simulated eyewall. In contrast, a weakening effect dominated at the mature and the decaying stages, when

aerosols from the band and land intensified convection at the simulated storm’s periphery. Simulations

made with 3-km instead of 1-km grid spacing suggest that cloud-scale processes interactions are required to

correctly simulate the timing differences between maximum wind and minimum pressure.

1. Introduction

The threat of Hurricane Irene to the U.S. mainland

made news even across the Atlantic Ocean. As reported

by the Telegraph (2011) on 25 August 2011, ‘‘the US is

bracing for devastation as a large and dangerous storm

roars towards the densely populated East Coast, including

New York.’’ The newspaper alerted its readers that

‘‘Hurricane Irene is forecast to become a lethal Category 4

storm with winds of 135mph (1mph 5 0.44704ms21) by

as early as today, according to the US National Hurricane

Center (NHC).’’ The NHC official track forecasts were

remarkably consistent and accurate in showing a path

offshore fromFlorida and extreme easternNorthCarolina

(Fig. 1), along or very near the coast of the mid-Atlantic

states, and into New York (Avila and Cangialosi 2011;

http://www.nhc.noaa.gov/data/tcr/AL092011_Irene.pdf).

Yet the maximum wind intensity of Irene was not well

forecast (Fig. 2).While Irenewas forecast to be a category-

3 storm through landfall inNorthCarolina, in reality, Irene

weakened to a category 1. It is notable that the surface

pressure reached its minimum about 40h later than the

time ofmaximumwind (Avila and Cangialosi 2011). Thus,

during these 40h, tropical cyclone (TC) deepening ac-

companied the decrease in maximum wind. This indicates

that the deepening was accompanied by a decrease in the

radial pressure gradient (i.e., the size of the eyewall grew

even while the minimum pressure continued dropping).

Irene may have weakened for one of several reasons.

Some researchers have suggested that an incomplete

eyewall replacement cycle was responsible (e.g., Zhou
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et al. 2011; Zhou and Wang 2011). From this point of

view, when Irene’s outer eyewall failed to undergo the

contraction that typically follows inner-eyewall dissipa-

tion, restrengthening did not occur. According to ob-

servations beginning on 24 August 2011, Irene’s radius

grew in parallel with an intensification of its convective

rainbands. An intensification of outer rainbands typi-

cally leads to TC weakening (e.g., Wang 2009). A pos-

sible reason for the observed variation of TC intensity

over time is the effect of aerosols on convective clouds in

the TC. We believe that it was not inconsequential that

Hurricane Irene crossed a wide band of Saharan dust

during its northward movement. Figure 3 (top panel)

shows that Saharan-air-layer (SAL) dust impinged on

Irene in three sectors at 1800UTC 21August 2011.Most

of the dust was not observable by satellite 54 h later

(0000 UTC 24 August 2011), but it is still seen to Irene’s

north in a cloud-free area (Fig. 3, bottom panel). This

indicates that the dust seen at the earlier time was likely

absorbed into Irene’s circulation.

In large-scale models, the effects of aerosols on the

atmosphere are typically related to their effects on the

radiative budget both directly (direct effect) or in-

directly via the effects on cloud microphysics (indirect

effects) (Tao et al. 2012). In this study, we investigate the

indirect effect of aerosols on tropical storm development

or aerosol impacts on cloud microphysical process. It is

now well recognized that aerosols tend to intensify

tropical convection (Khain et al. 2005, 2008a, 2010; Khain

2009; Rosenfeld et al. 2008; Tao et al. 2012). Moreover,

since aerosol-induced convection invigoration leads to

the intensification of rainbands (and even lightning ac-

tivity), it can even foster initial TC development (Jenkins

et al. 2008; Jenkins and Pratt 2008; Khain et al. 2008b;

Zhang et al. 2009; Hazra et al. 2013; Herbener et al. 2014).

In contrast, when a TC approaches land, a significant

amount of continental aerosol is available as cloud

condensational nuclei (CCN), which can lead to an in-

tensification of convection at the TC periphery and to

TC weakening (Khain et al. 2008b, 2010; Khain and

FIG. 1. The best-track positions for Hurricane Irene, 21–28 Aug 2011.
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Lynn 2011; Rosenfeld et al. 2012; Cotton et al. 2007,

2012). According to Khain et al. (2010), aerosol-induced

convection invigoration in Hurricane Katrina’s periph-

ery led to an increase bymore than 10mb (1mb5 1 hPa)

in surface pressure (and corresponding weakening of

wind speed in the vicinity of the eyewall).

A decrease in sea surface temperature (SST) caused by

amixing of the oceanic upper layer and upwellingmay also

substantially decrease TC intensity (Khain and Sutyrin

1983; Khain 1984; Bender et al. 1993; Bender and Ginis

2000; Ma et al. 2013). The cold wake induced by a TCmay

not only weaken the TC but may also foster the expansion

of the storm circulation. In the case of Irene, comparatively

high initial values of SST were associated with a very low

depth of the oceanicmixing layer of just 15m (Fig. 4). Thus,

the mixing of the surface ocean water layer during the

storm’smovement would be expected to lead to a dramatic

decrease in SST (I. Ginis 2013, personal communication).

In this study, we evaluated the possible contribution of

two physical mechanisms on the weakening of Irene: (i)

aerosol effects on cloudmicrophysics and convection; and

(ii) effects of TC–ocean interaction leading to an SST

decrease. Simulations of Irene’s track and intensity were

carried out using the Advanced Research Weather and

Forecasting Model, version 3.4 (Skamarock and Klemp

2008; for details, see http://www2.mmm.ucar.edu/wrf/

users/docs/user_guide_V3/contents.html), mostly with

1-km grid spacing, using 6-h reanalysis data from

the Global Forecast Systems model. Cloud dynamics and

microphysics were simulated using spectral (bin) micro-

physics (SBM) (Khain et al. 2010). Pollard et al.’s (1972)

one-dimensional ocean model [described further by

Davis et al. (2008)] was used to test the potential impact

of ocean coupling on Irene’s intensity. The paper is

structured as follows. Section 2 discusses themodel setup,

while section 3 presents the results of the simulations. A

summary and conclusions are given in section 4.

2. The model and experimental design

The nested-gridWRF (version 3.4) includes SBM (Khain

et al. 2010) as an add-onmicrophysical option, and this code

has also been included in version 3.6. The grid spacing was

9km3 9km in an outer grid, where there were 700 3 700

grid elements. The first inner (moving) nest had 3km 3
3km grid spacing and 300 3 300 grid elements. The inner-

most grid had 1km3 1km grid spacing with 4993 499 grid

elements. In each of the simulations, there were 30 vertical

layers, with the finest resolution in the boundary layer.1 The

simulations began at 0000 UTC 21 August 2011 and ended

at 0000 UTC 28 August 2011. The initial position of the

FIG. 2. Official NHC intensity forecasts for Irene every 6 h from 1200UTC 23Aug to 0600UTC

28 Aug.

1 A simulation was set up to test the sensitivity of the results to

using additional vertical levels toward the top of the atmosphere.

As identified by Fierro et al. (2009) and Chen et al. (2011), finer

grid spacing at the top of the model domain can influence the de-

velopment of the upper-level secondary circulation that ‘‘vents’’

the TC. In a test, the minimum surface pressure of the simulation

with 47 layers was about 3–4mb lower than in the simulation with

31 levels. The sensitivity of the TC minimum pressure and maxi-

mum wind to the vertical resolution turns out to be much weaker

than the sensitivity of TCminimumpressure andmaximumwind to

SST changes or to the initial aerosol distribution.
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storm was about 158N and 608W (southeast of the Lesser

Antilles islands), and the final position was about 40.78N,
748W (just east of New York City, New York), 192h later.

Each of the simulations used the GFS analysis fields as

boundary conditions, which included grid nudging of

the temperature, winds, and specific humidity above

the boundary layer in the outer 9-km grid (http://nomads.

ncdc.noaa.gov/cgi-bin/ncdc-ui/define-collection.pl?model_

sys5gfsanl&model_name5gfsanl&grid_name54). The

2.5-order closure of the Mellor–Yamada–Nakanishi–Niino

boundary layer scheme, version 2 (MYNN2), was used to

calculate the surface layer and boundary layer flux

processes2 (Nakanishi 2000; Nakanishi and Niino 2009).

The SBM scheme is described by Khain et al. (2010)

and based on the SBM scheme included in the Hebrew

University CloudModel in Khain et al. (2004). The SBM

is based on solving a system of size distribution functions

for drops, low-density ice hydrometeors (aggregates or

snow), and high-density ice particles (graupel/hail) size

distributions. The shapes of the particle size distribu-

tions (PSD) change with time and space as a result of

advection, diffusion growth–evaporation, deposition–

sublimation, collisions, sedimentation, and freezing–

melting, etc. Each size distribution is defined on the

logarithmically equidistant doubling mass grid and

contains 33 mass bins. The mass of the minimum bin

corresponds to droplets of 2-mm radius. The thirty-third

bin corresponds to the mass of 4-mm-radius drops. This

mass grid is suitable for tropical clouds in which drops

and ice particles are comparatively small.

Diffusional growth–evaporation of drops anddeposition–

sublimation of ice particles is calculated by solving

an equation system for the equation of diffusional

FIG. 3. Dry-air, Saharan-air-layer maps from the University ofWisconsin–CIMSS (http://tropic.ssec.wisc.edu) for (top) 1800 UTC 21 Aug

and (bottom) 0000 UTC 24 Aug 2011.

2We tested the impact of the choice of boundary layer scheme on

the forecast minimum pressure and maximum wind using other

available options. Using MYNN2 gave the most realistic forecast

results, when compared to commonly used surface layer and

boundary schemes referred to as the Yonsei University (YSU; first

order) and MYJ (1.5 order).
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growth and equations for supersaturation over water and

ice. As a result, the changes in the values of supersatu-

ration during the diffusion growth are taken into account.

The changes of PSDs by collisions between particles

of all types are calculated by solving stochastic collision

equations using collision kernels calculated by Pinsky

et al. (2001) and Khain et al. (2001). The nucleation of

pristine ice particles is described using the scheme by

Meyers et al. (1992).

Freezing of drops is described using the semiempirical

formula of probability freezing, according to which the

freezing rate is proportional to drop mass (Bigg 1953).

Bigg’s (1953) formula is used for temperatures lower

than 2208C. For higher temperatures, the formula by

Vali (1994) is used. Regarding frozen drops, those with

radius below 100mm are converted to small aggregates

(snow). Larger frozen drops are converted to hail/

graupel type. The model also describes the processes of

ice nucleation.

To calculate the effects of soluble aerosols (CCN), an

aerosol size distribution is used. The aerosol size distri-

bution also contains 33 bins. The maximum size of dry

aerosol particles is equal to 2mm. The aerosols are as-

sumed to be soluble and consist of NaCl. The shape of

the aerosol size distribution changes with time and space

as a result of advection, diffusion growth/evaporation,

and activation to drops.

The process of droplet nucleation is described

using the Köhler theory, with some changes for large

CCN [see Khain et al. (2000) for details]. Using

supersaturation calculated at each time step, a critical

CCN size is calculated so that CCNswith radii exceeding

this critical radius are converted to droplets. In this case,

the CCN size distribution in corresponding bins be-

comes equal to zero. No aerosols return to the atmo-

sphere in case of cloud/raindrop evaporation. Since the

humidity in hurricanes is high, the process of raindrop

evaporation is not efficient and cannot greatly increase

CCN concentration.

The initial size distribution of dry aerosol particles

serving as CCN was derived from the empirical expres-

sion for CCN activation spectra written asNCCN 5NoS
k
w,

whereSw is supersaturation overwater in percent,NCCN is

the concentration of CCN activated under supersatura-

tion Sw, No is the concentration of CCN activated under

supersaturation Sw 5 1%, and k is a slope parameter

characterizing the shape of CCN size spectrum. The

quantities No and k are measured constants.

The main goal of the numerical experiments was to

find the reasons for the unexpected decrease in the

maximum wind and the time shift between the maxi-

mum wind and minimum surface pressure. We consider

two physical mechanisms: TC–ocean coupling and the

effects of aerosols on deep convective clouds and the

subsequent feedbacks on Irene’s intensity. The list of

experiments (Exps.) is presented in Table 1. Ocean

coupling was included in Exps. 1, 3, 4, and 5 but not in

Exp. 2.

To evaluate the effects of the SST decrease as a result

of TC coupling, we conducted several simulations using

FIG. 4. Time series of seawater temperature from observation from theMid-Atlantic Regional Association Coastal

Ocean Observing System (MARACOOS) (http://maracoos.org/irene/?p5305).
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the above-mentioned WRF one-dimensional ocean

model and bulk microphysics. According to the results

of preliminary simulations, the utilization of the oceanic

mixed layer of 15m gave a realistic SST cooling of about

48–58C (I. Ginis 2013, personal communication). Thus,

in the SBMTC–ocean coupled simulations, the depth of

the oceanic mixed layer was set equal to 15m. The initial

SST was obtained from the GFS reanalysis data files. In

Exp. 2 andExp. 2_3km (without the 1D SSTmodel), the

SSTs were updated every 6h using the data from 6-hourly

GFS reanalysis files. In the other simulations with the 1D

SSTmodel, only the initial SSTs at 0000 UTC 21 August

were used, and the SSTs were calculated thenceforth

using the 1D model. The lapse rate below the mixed

layer was 0.14Km21.

The configuration of the initial aerosol distributions is

shown in Fig. 5. The design of the aerosol distribution

over the computational area in Exp. 1 is presented in

Fig. 5a. In Exp. 1, high aerosol concentration was as-

sumed over land (continental aerosols) and low aerosol

concentration over the ocean. A band of Saharan-air-

layer aerosols with aerosol layer depth of 3 km was as-

sumed stretching east to west along the southern half of

the domain.3 In Exp. 1 the maritime aerosol size distri-

bution was assumed in the central area covered by grids

with resolutions of 3 and 1km. The goal of implementing

the clean zone around the TC center was to mimic the

initial conditions indicated by the satellite that aerosols

were not initially within Irene’s inner zone.

In Exp. 2, the initial aerosol setup was as in Exp. 1, but

there was, as noted, no ocean coupling. The goal of Exp. 2

was to reveal the effect of ocean coupling on the TC in-

tensity and structure. In Exp. 3, the initial aerosol

concentration was uniformly maritime with ocean cou-

pling (Fig. 4b). The goal of this experiment was to reveal

the effects of variations in aerosol spatial distribution (as

represented by aerosols over land and within the Saharan

air layer) on the TC intensity.

In Exp. 4, the setup was as in Exp. 1, but aerosols over

land (outside the band) were assumed to be maritime

(Fig. 4c). The goal of this experiment was to reveal the

effects of continental aerosols on the TC intensity and

structure.

In Exp. 5, the setup was as in Exp. 4, but continental

aerosols were also included within the initial storm circu-

lation area (i.e., within the 3- and 1-km simulation do-

mains). Additionally, two simulations were done with the

same setup asExp. 1 andExp. 2, butwith 3-kmgrid spacing

(Exp. 1_3km and Exp. 2_3km). The goal of these simu-

lations was to evaluate the effects of model resolution

on the intensity and microphysical structure of the

simulated TC.

The maritime aerosols were specified with No 5
100 cm23 and k5 0.4. In dustlike continental conditions,

No was set to 4000cm23, with k5 0.9. The initial aerosol

concentration decreased exponentially with height above

2km in each of these simulations. An additional simula-

tion was done with intermediate-like continental condi-

tions, where No was set to 2000cm23. Some simulations

were done using 3-km grid spacing.

3. Results

All of the storms tracked very close to the observed

track (not shown), so differences in the TC intensity

between simulations were due to either differences in

the aerosol configurations or ocean coupling.

a. Effect of aerosols and TC–ocean coupling on
Irene’s intensity and structure

Figure 6 shows the SST fields in observations andExp. 1

prior to (23 August) and after the passage of Irene

(28 August). The utilization of a 1D ocean model

TABLE 1. List of experiments.

Experiment Model resolution (km) Aerosols Ocean coupling

Exp. 1 1 Continental aerosols over the land, a 3-km-depth Saharan dust band,

maritime aerosols over the sea and within the central area with grid

spacing $ 3 km

Yes

Exp. 2 1 As in Exp. 1 No

Exp. 3 1 Low (maritime) aerosols everywhere Yes

Exp. 4 1 As in Exp. 1, but low aerosol concentration over land Yes

Exp. 5 1 As in Exp. 4, but continental aerosols were assumed in the internal TC

area

Yes

Exp. 1_3 km 3 As in Exp. 1 Yes

Exp. 2_3 km 3 As in Exp. 1 No

3 Saharan dust stretched from 108 latitude to 308 latitude (based

on an examination of MODIS data). CALIOP lidar data was used

to determine that a constant aerosol mixed layer extended from

about the surface through a 3-km depth. Above this layer, the dust

concentration was initially zero.
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allowed the reproduction of a reasonable facsimile

of the observed cold band in the ocean. While the

observations show a decrease in the SST to between

238–248C, the SSTs in the simulation decreased to

between 258–268C. We attribute this smaller SST de-

crease to the fact that the 1D ocean model does not

describe the physical process of convergence and its

associated upwelling of cold water (as might be simu-

lated with a 3D ocean model). The SST results shown

were typical of other simulations made with ocean

coupling.

Figure 7 shows the time evolution of maximum wind

(Figs. 7a,b) and minimum pressure (Figs. 7c,d) for Exps.

1–5. With the exception of Exp. 2, (i.e., no ocean cou-

pling), each of the simulated minimum pressures were

within 5–10mb of the observed minimum pressure

value. Yet, of all the experiments, Exp. 1 (Fig. 7a) was

the most realistic, because it simulated the correct

time of the maximum wind versus the time of minimum

pressure. As previously noted, it includes ocean cou-

pling and was designed to represent (in an idealized

sense) the impact of the SAL intrusion and aerosols

from land on the tropical storm structure. That is, the

hurricane in this simulation developed in a relatively

pristine environment, but, within about 48 h, dust en-

tering the eyewall circulation invigorated convection in

the TC center. However, by the time the storm ap-

proached the U.S. mainland, aerosols entering the

storm’s periphery (not shown) led to relative storm in-

vigoration in the outer rainbands, leading to its eventual

weakening (as discussed further below).

In contrast, the simulated Irene in Exp. 2 without

ocean coupling was much stronger than in the observa-

tions. The maximum winds in this simulation soon

exceeded 100knots (kt; 1 kt5 0.51ms21) and remained

so for more than 100h. In fact, the largest difference

between observations and simulated wind speed was

;35 kt, while the differences in minimum pressures

FIG. 5. Four configurations of the initial spatial distributions of aerosols in numerical simulations: Exps. (a) 1, (b) 3, (c) 4, and (d) 5.

Asterisk shows initial location of Irene in the simulations. The aerosol configuration in Exp. 2 is as in (a). The small blue area in the inner

TC zone in (d) indicates the zone with maritime aerosols.
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were between 25 and 35mb. When the simulated storm

developed in a maritime (uniform) environment (Exp.

3), the maximum wind exceeded 100kt for almost 70 h.

The maximum wind speed and minimum pressure were

about 25 kt higher and 15mb lower than in Exp. 1, and

the maximum wind occurred at about the time of mini-

mum pressure. Uniformly increasing the aerosol con-

centration did not impact the relative timing of the

maximum wind–minimum pressure (not shown). In-

stead, we see that the spatial distribution of aerosols and

ocean coupling both have substantive impacts on TC

development.

Comparison of time dependencies of maximum wind

and pressure minimum in Exp. 4 and Exp. 5 shows that

the initial presence of aerosols in the TC central area

invigorated convection and intensified the simulated

Irene more quickly than without aerosols in the area of

initial TC development. The invigoration of tropical

convection through an increase in the CCN concentra-

tion was simulated in many studies and reported in ob-

servations (Khain 2009; Khain et al. 2010; Rosenfeld

et al. 2008; Tao et al. 2012). An increase in the CCN

concentration leads to the formation of a larger number

of cloud droplets, which efficiently absorb water vapor.

Because of low collision efficiency, small droplets pro-

duce raindrops slower and at higher levels than in the

case of low CCN concentration.

As a result, the droplets in cases of high CCN con-

centration grow by diffusion (condensation) over a

longer time and ascend to higher levels with more effi-

cient freezing, as compared to cases of low CCN con-

centration. All these processes lead to a stronger latent

heat release than in the case of low CCN concentration.

Exp. 5 had stronger maximum winds than Exp. 4, since

FIG. 6. The fields of SST (left) before and (right) after the passage of Irene, according to (top) observations (I. Ginis 2013, personal

communication) and (bottom) forecast. Note that the observations show 3-day-averaged SST fields.
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the former intensified more quickly at the beginning of

the simulation than the latter.

Figure 8 shows the relationships between maximum

wind and minimum pressure from Exps. 1, 2, and 3. A

comparison of these curves shows that ocean coupling

and aerosol impact (on the periphery convection) to-

gether act to produce a more realistic maximum wind–

minimum pressure relationship than without ocean

coupling or with ocean coupling but with uniform initial

aerosol concentrations. It is interesting to note thatExp. 2

produced a double maximum in the maximum wind

and minimum pressure hysteresis curve (to be dis-

cussed further in Section 4). The appearance of the

maximum in the wind speed at about t5 80h is seen also

in Fig. 7a. However, the maxima of wind speed in Exp. 2

were too high because of no ocean coupling. The for-

mation of the first wind maximum indicates that the

presence of aerosols in the storm center zone in-

vigorating the storm was enough to lead to subsequent

intensifications. An analysis of the results in Figs. 7 and 8

indicates a very important role played by aerosols on the

intensity of the TC at all stages of its evolution.

Figs. 9–13 explain the mechanisms by means of which

aerosols affect Irene’s structure. Figure 9 illustrates

differences in the field of vertical velocity at a height of

9 km in Exps. 1 and 3 caused by differences in the aerosol

concentrations and distributions. At the developing

stages (0500UTC 25August; 105h into the simulations),

vertical velocities in the eyewall in Exp. 1 were larger,

and the radius of the eyewall (as indicated by the vertical

FIG. 7. Time dependencies of (a),(b) maximum wind and (c),(d) minimum pressure in different experiments

described in Table 1 with (left) Exps. 1, 2, and 3 and (right) Exps. 1, 4, and 5. Observed time dependencies are also

presented. Exp. 1 with and Exp. 2 without ocean coupling and initially banded (high concentrations of) aerosols.

Exp. 3 with ocean coupling, but with low-concentration (initially uniformmaritime) aerosols. Exp. 4 was similar to

Exp. 1, but without aerosols over land, while Exp. 5 was like Exp. 4, but with high aerosol concentration initially in

the center of the storm.
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velocity field) was smaller than inExp. 3 (cf. Figs. 9a,b and

Figs. 9c,d at 1200 UTC 25 August). Between 0000

and 0800 UTC, aerosols penetrated the inner core

(eyewall) of the simulated TC in Exp. 3 from the Sa-

haran dust band on the storm’s northern side (not

shown). At the mature stage (0800 UTC 26 August)

the values of the maximum velocity in Fig. 9f de-

creased in the eyewall but increased over a large area

at the northern periphery of the TC because of

aerosol-induced invigoration (through greater latent

heat release associated with diffusional growth of

many cloud drops). The structure of vertical velocity

in Exp. 1 (Fig. 9f) reflects the process of the second

eyewall formation and the weakening of the in-

nermost eyewall. Moreover, because of the aerosol

intrusion in the periphery, the secondary eyewall does

not contract to the size of the former eyewall (see

below). In contrast, no substantial changes in the

structure of the simulated TC in Exp. 3 took place

(Fig. 9e).

The difference in the structure of the inner TC core in

Exp. 1 and Exp. 3 is clearly seen in the field of rainwater

mixing ratio [rainwater content (RWC)]. Figure 10

shows fields of RWC at the altitude of 4.5 km at different

time instances. At 0500 UTC 25 August, the aerosol-

penetrated eyewall in Exp. 1 led to the intensification of

convection in the eyewall and to a smaller eye radius. At

1200 UTC, aerosols entering the storm in Exp. 1 in-

tensified the rainbands outside of the eyewall and in-

creased the number of the bands, compared to Exp. 3

(again because of greater latent heat release associated

with the higher aerosol concentrations in Exp. 1 vs Exp.

3). By 0800 UTC 26 August, Exp. 1, but not Exp. 3,

shows a large rainband spiraling around and far from the

storm center. Moreover, the radial size of the inner

rainband in Exp. 1 was much larger than in Exp. 3.

The differences in the structure of the convection in

Irene’s inner core are well seen in the radially averaged

wind speed and sea level pressure versus radial distance

for Exp. 1 and Exp. 3 (Fig. 11). At 50 and 70 h, the

maximum wind speeds in Exp. 1 (Fig. 11a) were about

5m s21 higher than in Exp. 3 (Fig. 11b), while minimum

pressures are about 5mb lower in Exp. 1 (Fig. 11c)

compared to Exp. 3 (Fig. 11d). The radius of the maxi-

mum wind in each experiment was between 30 and

40km. At 100 h, the maximum wind in Exp. 3 was about

10m s21 higher than in Exp. 1, and the minimum pres-

sure was about 10mb lower. The radius of the maximum

wind in Exp. 1 was less than 50km, while there was a

secondary maximum in Exp. 1 just beyond 50km.

At 120 h, both experiments produce their peak maxi-

mum wind speeds, and each was located at about 50 km

(Figs. 11a,b). Yet the minimum pressure in Exp. 3 was

about 10mb lower than in Exp. 1, while the maximum

wind speed in Exp. 3 was about 10m s21 higher than in

Exp. 1. Moreover, Exp. 1 had a secondary peak about

110 km from the storm center associated with the for-

mation of the secondary eyewall, with wind speeds a few

meters per second higher than those in Exp. 3. At 150 h,

the maximum wind speed in Exp. 1 reached a maximum

value about 100 km from the storm center. However, the

internal maximum related to the original eyewall dis-

appeared. During this time, aerosols entered from the

continental United States on its southwestern side. In

contrast, the wind speed increased smoothly in Exp. 3

until about 75 km from the storm center. No formation

of the secondary eyewall was found in Exp. 3.

Figures 11c and 11d clarify the mechanism leading to

time shift between maximum wind and minimum pres-

sure. One can infer that the formation of the secondary

eyewall at a larger radius in Exp. 1 led to a decrease in

the radial pressure gradient. Thus, the decrease in the

pressure in the TC center was accompanied by a de-

crease in maximum wind. In Exp. 3, one can infer that

the decrease in the central pressure was accompanied by

an increase in the pressure gradient. As a result, in Exp. 3,

FIG. 8. The maximum wind velocity–minimum pressure re-

lationships in Exp. 1 (with initially banded aerosols and continental

aerosols). Exp. 2 was similar to Exp. 1, but without ocean coupling.

Exp. 3 had ocean coupling but initially uniform maritime aerosols.

Circles denote the points of minimum pressure and maximum

wind. In Exp. 2 (Exp. 3) the minimum pressure and the maximum

wind take place in one time instance, which is denoted by one green

(red) circle of maximumwind–minimum pressure dependencies. In

Exp. 1, maximum wind and minimum pressure are reached at

different time instances, which are denoted by two circles. The

results reached in Exp. 1 (when effects of continental aerosols are

taken into account) agree well with observations.
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a decrease in the pressure was accompanied by an increase

in the maximum wind.

The changes in the dynamical structure of the inner

TC core were seen not only in the fields characterizing

warm microphysics, but also in those characterizing ice

microphysics. We present two examples. Figure 12

compares SSM/IS 91-GHz color composite images at

2336 UTC 25 August (Fig. 12a) and 1040 UTC 26 Aug

2011 (Fig. 12b) with the fields of simulated total mass

content of ice crystal and aggregates from a model setup

similar to Exp. 1 and Exp. 3 (the grid spacing was 3 km,

but the results were very much like those with 1-km grid

FIG. 9. Horizontal cross sections in the field of vertical velocity (m s21) at z 5 9 km in (a),(c),(e) low-aerosol and (b),(d),(f) high-aerosol

(banded) simulations at (top) 0500 UTC 25 Aug, (middle) 1200 UTC 25 Aug, and (bottom) 0800 UTC 26 Aug.
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FIG. 10. Fields of rainwater mixing ratio (kg kg21) at the altitude of 4.5 km in simulations with (a),(c),(e) low CCN concentration (Exp.

3) and (b),(d),(f) high banded CCN concentration (Exp. 1) at (top) 0500 UTC 25 Aug, (middle) 1200 UTC 25 Aug, and (bottom) 0800

UTC 26 Aug.
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spacing). These times are 120 and 130 h into the simu-

lations. The maps are plotted near the time of lowest

pressure, at the height of the cirrus shield (;11 km). At

the earlier time, the structure of the cloud shield in each

experiment was similar to those in the other and to the

observed cloud field. The circulations are relatively

compact, and clouds are seen to spiral tightly around

the storm center in the observations and model simu-

lations. Yet, 12 h later, the circulation (as indicated by

the color composite image) has changed dramatically.

Instead of being a spiraling mass of clouds, the storm

has developed two separate cloud areas: one encircling

the eastern and northern quadrants around the center

and one to its north. The structure and time evolution

of the cirrus shield in the Exp. 1_3 km experiment

shows a much better spatial agreement with the

observations than the Exp. 3_3 km simulation, which

mainly shows ice and aggregates encircling the

simulated tropical storm center. Note that the maximum

in the cloud ice content at the northern section of the

hurricane is caused by aerosols that penetrated to the

TC inner zone largely from the northern TC sector

(not shown).

Figure 13 shows azimuthally averaged snow and

graupel masses fromExp. 1_3 km and Exp. 3_3 km (with

3-km grid spacing), as well as from an experiment with

uniformly continental aerosols. The snow amounts in

Exp. 3_3km (Fig. 13a) were higher than in the other

experiments. Moreover, the graupel (Fig. 13b) in Exp.

3_3 km is clearly located relatively close to the TC

center. The experiment with continental aerosols has

less snow than Exp. 3_3km but much more graupel than

the other experiments (near the TC center), and the

minimum graupel contour extends farther away from

the TC center than in Exp. 3_3 km. The increase in the

graupel and the decrease in the snow mass content

FIG. 11. (top) Radially averaged wind speed (m s21) vs radial distance for (a) Exp. 1 and (b) Exp. 3. (bottom)

Radially averaged sea level pressure (mb) vs radial distance for (c) Exp. 1 and (d) Exp. 3. Experimental results are

shown for hourly simulation times of 50, 70, 100, 120, and 150 h.
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indicate the formation of more ‘‘continental’’ clouds

characterized by the existence of more cloud water

content at higher levels and more efficient conversion of

snow to graupel by riming. Exp. 1_3km had more

graupel (Fig. 13c) and less snow than the experiment

with maritime aerosols near the storm center because

of a higher CCN concentration than in Exp. 3_3 km.

Moreover, the contouring and shading in Fig. 13 shows

that Exp. 1_3km has the least compact storm circulation

among the three experiments. This is the result of the

effects of continental aerosols at the TC periphery, as

discussed above. Thus, the effect of continental aerosols

on the intensity and structure of the TC is seen in all

microphysical fields.

b. Sensitivity to grid spacing

Continuous increases in computer power allow for the

utilization of smaller grid spacing in cloud-resolving

models. It is of interest to understand how improve-

ments in the model resolutionmay affect the intensity of

simulated TCs. Simulations with 3-km (or 4-km) grid

spacing are often referred to as ‘‘convection allowing’’

(Clark et al. 2010). A grid spacing of 3 km is small

enough to explicitly resolve convective cloud clusters

FIG. 12. (top) SSM/IS 91-GHz color composite images at (a) 2336 UTC 25 Aug and (b) 1040 UTC 26 Aug 2011.

The fields of ice crystal and aggregates contents (g kg21) in the cirrus shield in a simulation with (c),(d) banded and

continental vs (e),(f) uniform (low concentration) aerosols at similar times.
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but not convective clouds. Even increasing the grid

spacing to 2 km does not necessarily improve forecasts

of convective systems over the United States (Schwartz

et al. 2009). Schwartz et al. (2009, p. 3351) write that

‘‘although the 2-km forecasts produced more detailed

structures on the smallest resolvable scales, the patterns

of convective initiation, evolution, and organization

were remarkably similar to the 4-km output.’’ However,

Roberts and Leans (2008) note that the 4-km model

representation suffers from large convective cells and

delayed initiation because the grid length is too long to

correctly reproduce the convection explicitly. They

found that forecasts using 1-km grid spacing had better

accuracy for lower threshold rainfall amounts; yet, they

did not obtain better forecasts for large threshold values.

In contrast, Schwartz (2014) found that their 1-km

forecasts produced precipitation structures similar to

those observed during their simulations of the Septem-

ber 2013 record-breaking rainfall over the Colorado

Front Range. Hence, prior modeling results support

the possibility that 1-km forecasts can more faithfully

reproduce precipitation structures than their 3- or 4-km

convection-allowing counterparts.

Figure 14 shows results fromExp. 1 and Exp. 2, as well

as the same experiments but with 3-km grid spacing. The

results indicate that simulations with 3-km resolution led

to a substantially weaker storm. Maximum wind speed

in Exp. 2_3 km was about 15 kt lower than in Exp. 2,

while it was about 5kt lower in Exp. 1_3km than in

Exp. 1. Both Exp. 1_3 km and Exp. 2_3km produce their

maximum wind speed about 145h into their respective

simulations. This is about 60 h later than observed.

There was, however, a 20-h lag between the occurrences

of the wind maximum in Exp. 1_3 km and the minimum

pressure. Hence, using ocean coupling with banded

aerosols with 3-km grid spacing does partially reproduce

the time lag between the maximum wind and minimum

pressure, but the use of the coarser grid spacings leads to

large errors in the timing of both.

The plausible increase in the intensity of the TCwith a

decrease in grid spacing from 3 to 1 km can be derived

from an analysis of microphysical fields indicating

FIG. 13. Radial and 10-h time averages (gm23) between 130 and 140 h of forecast snow

(shaded) and graupel (contoured)masses for initially uniform (a) low- and (b) high-concentration

aerosols. (c) The results for the simulation with initially banded aerosols.
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differences in the rates of latent heat release. In this

sense, cloud mixing ratios [cloud water content (CWC)]

is the most representative field, since the mass of cloud

droplets is closely related to the process of droplet

growth by condensation. Figure 15 shows vertical north–

south cross sections through the TC center in the fields

of CWC from Exp. 1 and Exp. 1_3 km at 0500 UTC 25

August. In both, one can see strong updrafts forming the

eyewall with supercooled water that remains in clouds

up to the level of homogeneous freezing (about2398C).
There is also a well-known increase in the eyewall radius

with an increase in height. The simulationwith 1-km grid

spacing produced CWC values 50%–100% higher than

those in Exp. 1_3km. There was also an additional ac-

tivated band in Exp. 1 on the northern side of the

tropical storm caused by an increased concentration of

aerosols in the northern TC sector during this time that

was not activated in the simulation with 3-km grid

spacing.

The increase in the CWC in Exp. 1 (1-km resolution),

as compared to Exp. 1_3 km, was closely related to the

values of vertical velocity. Because of arguments of flow

FIG. 14. As in Fig. 7, but for Exp. 1 and Exp. 2 and for Exp. 1_3 km and Exp. 2_3 km with 3-km grid spacing: (a) minimum pressure and

(b) wind.

FIG. 15. Vertical north–south cross sections through the TC center of cloud mixing ratio values (g kg21) from

simulations (a) Exp. 1_3 km with 3-km and (b) Exp. 1 with 1-km grid spacing with initially high concentrations of

aerosol-penetrated eyewall. The southern (northern) direction is indicated by negative (positive) distances.
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continuity, the vertical velocity at 1-km resolution was

higher by a factor of about 1.5 than in the case of 3-km

grid spacing. Higher vertical velocity leads to higher

supersaturation, higher droplet concentration, and

faster growth of CWC. As was shown by an analysis of

heat and moisture budgets (Khain 2009), higher values

of CWC indicate a higher latent heat release and higher

buoyancy, which, in turn, increases vertical velocity.

Thus, the increase in the grid resolution allowing for

better-resolved deep convective clouds led to a more

intense TC than in cases with cruder resolution. Con-

sequently, the physics of TC intensification with a de-

crease in grid spacing is clear.

4. Summary and conclusions

In this study, Hurricane Irene was simulated using

WRF with SBM with (mostly) 1-km spacing. One of the

most intriguing features of Hurricane Irene was the 40-h

time delay of minimum pressure with respect to the time

of reachingmaximumwind speed. During these 40h, the

decrease in maximum wind speed was accompanied by

TC deepening. Such a shift indicates substantial struc-

tural changes (an increase in TC size), during which a

decrease in central pressure was accompanied by a de-

crease in the radial pressure gradient.

To understand the reason for such a delay, the effects

of two factors were tested: TC–ocean coupling and

aerosol spatial distribution (including effects of conti-

nental aerosols) and grid spacing. This aspect of the

storm’s evolution was not simulated without taking into

account the spatial distribution of aerosols, ocean

feedbacks, and simulation of cloud-scale processes on a

grid with 1-km grid spacing. It was found that the 40-h

time delay of minimum pressure with respect to the time

of reaching maximum of wind speed was related to an

aerosol-induced formation of the secondary eyewall at a

larger distance from the TC center and a dissipation of

the old eyewall. Such fine reconstruction of the inner-

core TC structure requires high grid resolution and ac-

curate representation of cloud microphysical processes,

especially aerosol-induced convection invigoration.

It was shown that in the simulation that included the

effects of Sahara dust and continental aerosols (with

ocean coupling), both the TC structure (cirrus shield,

structure, and rainbands) and intensity were more sim-

ilar to observations than a simulation with uniform

spatial aerosol distributions. The microphysical struc-

ture (hydrometeor mass and concentrations) and the

area and location of the cirrus shield were all largely

determined by aerosols activated into CCN.

An analysis of the simulation during the period

of time shift between the maximum wind and the

minimum pressure in TC Irene showed that aerosols

that penetrated the TC inner region (during the period

when a TC crossed the dust band) invigorated convec-

tion and intensified it. However, aerosols also intensified

convection at the outer periphery of the eyewall and

rainbands in the vicinity of the eyewall. This, in turn, led

to an increase in the radius of the eyewall and to an in-

crease in the TC size. Continuous penetration of aero-

sols to the TC periphery from the continental United

States led to a further intensification of convection at the

TC periphery as well as to a further increase in TC size

and further relative weakening. Our results showed that

the intensification of the secondary eyewall and forma-

tion and intensification of rainbands at the TC periphery

was the main factor in the time shift between maximum

wind and minimum surface pressure, as long as there

was ocean coupling. The weakening effect of high con-

centration (mainly land-based aerosols) dominated at

the mature and decaying stages, resulting in an increase

in the minimum pressure by 10–15mb and to a decrease

in the maximum wind by 15–25 kt in the mature hurri-

cane compared to the simulation with uniform aerosols.

The differences in the maximum wind speed were about

two-thirds of those caused by not including TC–ocean

coupling (with the same initial banded aerosols and

aerosols over land). Moreover, the results highlight the

importance of knowing aerosol concentration, not only

near land but also over the open ocean, for the correct

prediction of TC evolution.

It was also found that an increase in the grid resolution

from 3 to 1 km led to an intensification of simulated TC.

These conclusions accord with those reported by

Gopalakrishnan et al. (2011, 2012). This intensification

can be attributed to a better approximation of convec-

tive processes, which led to an increase in the vertical

velocity in simulated clouds and a corresponding simu-

lated increase in the latent heat release. Without ocean

mixing, the simulated storms at 1 km were found to have

maximumwind andminimum pressure higher and lower

than observed, respectively. It is interesting that aerosol

impacts on the time lag between maximum wind and

minimum pressure manifested themselves so strongly

when there was TC–ocean coupling. Yet we noted that

the double maximum in the maximum wind–minimum

pressure curve (Fig. 8) from Exp. 2 may indicate tran-

sient effects of aerosols on the storm development. Note

that effects of the TC–ocean coupling tend to weaken

the TC and to increase its size. This is because convec-

tion tends to develop over zones with high sea surface

temperatures at higher distances from the TC center.

The aerosol-induced intensification of convection at

the TC periphery also leads to a TC weakening and

an increase in the TC size. So it was necessary to use a
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high-resolution SBM model that is sensitive to aerosols

and to take into account theTC–ocean coupling and effects

of continental aerosols to reproduce the 40-h time delay of

minimum pressure with respect to the time of reaching

maximum wind speed.

Note that the results of Herbener et al. (2014), who

showed the intensification of an idealized developing

hurricane when aerosols penetrated its inner core, are

consistent with our results. The process of aerosol-

induced intensification should be especially pro-

nounced in the case of tropical depressions (TD), when

significant aerosol concentrations may occur in the

TD core. As an example, Fig. 16 shows a histogram of

the minimum pressure in TD Debbie at 1800 UTC 22

August 2006, 3 days after the initial forecast time, from

supplemental simulations using the same model WRF-

SBM. Simulations were performed at low [SBM with

maritime aerosols (SBM-MAR)], high [SBM with con-

tinental aerosols (SBM-CON)], and two intermediate

CCN concentrations: low intermediate (L-Int) and high

intermediate (H-Int). An increase in the aerosol con-

centration in the area of the TD location accelerated the

TD development and brought the TD-simulated mini-

mum pressure more in line with the observed one. These

results are consistent with those of Jiang (2012), who

demonstrated a high correlation between the intensity

of convection in the inner core of a TC and its

intensification.

The potentially important effect of sea spray pro-

duced in the TC inner core on TC microphysics and

intensity was not taken into account in these simulation

experiments. As was shown by Shpund et al. (2011, 2012,

2014), large eddies in the boundary layer are able to

raise sea-spray drops with diameters as large as several

hundred microns to altitudes of a few hundred meters.

These sea-spray drops, which are the size of raindrops,

may ascend in deep convective clouds, thus accelerating

the process of collisions. The presence of small aerosols

(from sea spray or background aerosols) can lead to a

synergetic effect, leading to intense in-cloud nucleation,

intensification of lightning, and other consequences

(Khain et al. 2012). We plan to investigate the effects of

sea spray on tropical storms in future studies.
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