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Sensitivity analysis is performed to objectively determine the role of storm structure

during periods of rapid intensification in a sample of five Atlantic hurricanes. Weather

Research and Forecasting (WRF) model 24-hour forecasts for 96-member ensembles

provide the basis for analysis of hurricanes Bill (2009), Earl (2010), Igor (2010), Katia

(2011), and Ophelia (2011). Ensemble sensitivity analysis is used to investigate which

patterns in the analysis have a strong influence on the forecast intensity and then a

novel sensitivity compositing technique is used to identify common patterns that affect

the forecast intensity. We find a common response for increasing intensity associated

with an initial increased primary and secondary circulation, an increased warm core, a

raised tropopause and moistening of the rain band region. Perturbed initial-condition

experiments show a linear response for modest initial amplitude, and also signs of non-

linearity for large perturbations, indicating that these sensitivity patterns are robust

for limited additional strengthening of the hurricane. When initial perturbations are

partitioned into dry and moist variables, we find that most of the forecast change is

achieved by the dry dynamics. Further investigation into convective indicators reveal

that simulations in which only moist variables are perturbed experience less convective

development in the eyewall throughout the forecast. These findings are consistent with

recent observational studies of intensifying tropical cyclones.
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1. Introduction

The prediction of tropical cyclone (TC) intensity is a well-

known forecasting challenge. When compared to the prediction

of TC track, which has experienced steady improvement over

the past several decades, operational TC intensity forecast

errors remain virtually flat (DeMaria et al. 2013). Hurricane

rapid intensification (RI), defined as an increase of 15 m

s−1 in the maximum sustained surface wind or decrease of

24 hPa in the minimum central pressure over 24 hours, is
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an exceptional challenge in operational tropical cyclone (TC)

forecasting (Kaplan and DeMaria 2003). Though RI represents

the ninety-fifth percentile of over-water 24-hour TC intensity

changes, improved understanding of these extreme events may

provide a large benefit to overall intensity forecasting. In fact,

while the prediction of small intensity changes has shown

improvement, these gains are masked overall by an increasing

number of large intensity changes, the prediction of which has

not shown improvement (Moskaitis 2012). As with the general

intensity forecasting problem, the difficulty in forecasting RI

is often attributed to an incomplete understanding and model

representation of the multi-scale interactions that govern hurricane

intensification (Rogers 2010).

The statistical-dynamical method of RI forecasting pioneered

by Kaplan and DeMaria (2003) has had marked success versus

climatology in operational forecasting. Known as the SHIPS-

RII (Statistical Hurricane Intensity Prediction Scheme - Rapid

Intensification Index) model, this method uses linear discriminant

analysis on a number of predictors to estimate the probability

that a given TC will rapidly intensify. It is revealing that in

recent versions of SHIPS-RII the predictor for storm symmetry

receives significantly more weight than the intensity predictor,

suggesting that storm structure plays an important role in rapid

intensification (Kaplan et al. 2010). In addition to statistical

prediction, numerous observational and numerical modeling

studies of RI have been reported, often exploring the question

of whether RI is triggered by asymmetric or axisymmetric

forcing. One hypothesis is that intensification occurs through a

change in heating efficiency due to changes in inertial stability,

which represents the opposition to radial displacement in a

vortex. Thermal efficiency is the amount of heating realized

above the amount offset by adiabatic cooling from ascent, which

is controlled by inertial stability; thus, larger inertial stability

promotes greater thermal efficiency (Schubert and Hack 1982).

Therefore, an anomalous heat source in the vortex can provoke

a positive feedback, where the anomalous secondary circulation

increases the inertial stability, which increases the thermal

efficiency, which then causes the heating source to have further

positive impact on the intensity (as measured by the tangential

wind) (e.g. Pendergrass and Willoughby 2009; Schubert and Vigh

2008; Nolan et al. 2007).

The main mode of asymmetric heating which would provide

the initial perturbations to the inertial stability relates to so-

called ‘hot towers’, also known as convective bursts, which

are strong, highly localized updrafts with enhanced buoyancy

(Smith et al. 2005). Convective bursts co-located with enhanced

cyclonic vorticity, termed vortical hot towers (VHTs), have also

been suggested as triggers for RI (Montgomery et al. 2006). Other

research identifies less localized, more symmetric forcing such as

weak updrafts, which are generally more uniformly distributed

around a TC. For example, using a high-resolution numerical

simulation of hurricane Dennis (2005), Rogers (2010) finds that

weak and moderate updrafts are responsible for increasing the

inertial stability of the vortex, not strong updrafts. They found no

discernible change in the population statistics of strong updrafts,

an indicator of hot towers. Regardless of the hypothesized trigger

for RI, it appears that the location of anomalous heating, and thus

the vortex-scale structure of the storm itself (whether described by

inertial stability or some other metric), is critical to intensification

(e.g., Moon and Nolan 2010; Didlake and Houze 2013).

Recent observational studies of RI have employed a

compositing approach. In particular, compositing of observations

provides a description of hurricane structure that may point to

mechanisms or characteristics unique to RI events. Wu et al.

(2012), composite nine years of humidity data from the

Atmospheric Infrared Sounder (AIRS) instrument aboard the

Aqua satellite according to hurricane quadrant (relative to the

storm motion vector). They find that environmental relative

humidity is significantly higher in the near (radius of 200 to 400

km) and intermediate (radius of 400 to 600 km) environment

for cases with both higher intensities and intensification rates,

but also find that rapidly intensifying hurricanes have a

significantly sharper radial gradient of relative humidity in

the front-right quadrant between the near and intermediate

environment. Rogers et al. (2013) compare the structure of

intensifying hurricanes and non-intensifying hurricanes using

airborne Doppler radar observations. They find that RI cases

show a stronger primary and secondary circulation, as well as

a vorticity ring structure rather than a vorticity monopole as in
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the non-intensifying cases. The eyewall upward motion, located

inside the radius of maximum wind, is stronger in the mid- to

upper-troposphere while there is weak downward motion at radii

of less than half the RMW for the composite of intensifying

cases compared to the composite of non-intensifying cases.

The non-intensifying composite exhibits a possible secondary

tangential wind maximum outside of the radius of maximum wind

(RMW) co-located with weak updrafts that the authors suggest is

indicative of rain band or even secondary eyewall activity.

Previous research reviewed above illustrates that RI studies

generally fall into two categories: statistical analysis of RI

climatology, or a numerical modeling or observational case study

of one RI event. Recently, observational compositing studies have

documented structure of RI hurricanes, which motivates the need

for a complementary approach from numerical modeling studies.

Here we bridge the gap between statistical analyses and high-

resolution numerical modeling case studies by using dynamical

analysis and numerical modeling methods to identify structural

sensitivity common among RI events. This process will serve as

both an independent test of the most recent structure compositing

results of radar and satellite observations and a source of new

insight into rapidly intensifying tropical cyclones.

The remainder of the study is organized as follows. The main

analysis tool, ensemble sensitivity analysis, is described in Section

2, and the data and model configuration in Section 3. Section 4

presents both the sensitivity of the intensity of individual TCs

and the results of a novel sensitivity compositing method. The

robustness of the sensitivity results and the role of dry and moist

dynamics in TC intensification are then tested using perturbed

initial condition experiments in Section 5, and concluding remarks

are presented in Section 6.

2. Ensemble Sensitivity

The type of sensitivity study performed here refers to an

objective assessment of perturbed initial conditions that affect

a forecast as summarized by a metric (e.g. Hakim and Torn

2008). Various methods, including adjoint, ensemble, and

singular vector techniques, have been used to determine the

initial-condition sensitivity of numerical simulations of TC

recurvature and extratropical transition (e.g., Torn and Hakim

2009; Reynolds et al. 2009), tropical cyclogenesis (e.g., Mahajan

2011), midlatitude weather systems (e.g., Ancell and Hakim

2007; Torn and Hakim 2008; Hakim and Torn 2008) and winds at

specific locations such as wind farms (Zack et al. 2010). When

objective methods are compared, as in Ancell and Hakim (2007),

it is found that they are not necessarily equivalent but broadly

agree on the most sensitive regions.

Objective sensitivity studies typically start with the choice of

a scalar forecast metric, which represents a summary measure

of the phenomenon of interest. For TCs, the most well-known

measures of intensity are the minimum central pressure and

maximum wind speed (e.g., Torn and Hakim 2009; Chang et al.

2013); however, these point measures may not represent the

broader state of the storm, and may be sensitive to location. To

improve spatial representativeness, a spatial average value, such

as average kinetic energy or circulation, may be more appropriate

(e.g., Peng and Reynolds 2006; Torn and Cook 2013; Doyle et al.

2012). Here we define the forecast metric by the circulation per

unit area over a radius of 100 km from the storm center.

One approach to sensitivity analysis treats model variables as

independent predictors of J , in which case

∂J

∂xai
≈

cov(J,xa
i )

var(xa
i )

(1)

Here, cov and var indicate the sample covariance and variance,

respectively, and x
a
i is a vector of perturbations from the ensemble

mean at the analysis time of the ith state variable. Equation (1)

represents linear regression between the ensemble of forecast

metrics and the ensemble of ith analysis state variables, with

the metric acting as the dependent variable. This calculation

highlights the regions or patterns in the initial conditions that

contribute to a change in the forecast metric. Due to sampling error

inherent in finite-member ensemble techniques, the regression

coefficient should be tested for significance for the desired

confidence level (e.g., Torn and Hakim 2009) ; here we use the

95% level.

The ensemble sensitivity calculation derives from a lineariza-

tion about the ensemble mean, which may not apply in certain

circumstances in a nonlinear model such as the one used here
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(WRF-ARW; see Section 3). Thus the next step in our ensem-

ble sensitivity study is to conduct perturbed initial-condition

experiments where the initial conditions are perturbed and the

model propagated forward again. These experiments must account

for spatial (and cross-variable) correlations, so here we reverse

the dependent and independent variables in Eqn. 1 in order to

determine the initial condition that yields a specified change in the

forecast metric. Specifically, the analysis state vector is perturbed

according to

x
p
i = x

a
i +

∂xai
∂J

· α, (2)

where

∂xai
∂J

=
cov(xa

i ,J)

var(J)
, (3)

α is the desired change in the forecast metric and x
p
i is the

ensemble of the perturbed ith state variable.

3. Data and Model

3.1. Selected cases

The tropical cyclones in this study were chosen from sets

of ensemble analyses produced by an ensemble Kalman filter

(EnKF) data assimilation system over portions of the 2009, 2010

and 2011 North Atlantic hurricane seasons. The assimilation

system, as well as the ensemble forecasts produced for this study,

use the WRF-ARW model version 3.3.1 (Skamarock et al. 2005),

the configuration of which is described below. Observations

were assimilated using the Data Assimilation Research Testbed

(DART; Anderson et al. 2009) which is a version of the ensemble

adjustment Kalman filter (Anderson 2001). For details of the

data assimilation system, the reader is referred to Torn and Davis

(2012) and Torn (2010). An ensemble of 96 analyses were

available at 0000 UTC every day during the lifetime of each storm

described below.

The subjective selection of test cases was made after

considering the intensity change of the hurricane, its proximity

to land, and the skill of the Advanced Hurricane WRF 4 km

forecast. Though preference was given to rapidly intensifying

storms, they comprise, by definition, only 5% of all over-water
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Figure 1. The ensemble mean (solid) and best-track (dashed) intensity measured
by (a) the maximum wind speed, and (b) the minimum central pressure for each test

case during the chosen 24 hour forecast period.

intensity changes (Kaplan et al. 2010). Furthermore, some cases

of RI were excluded due to the storm’s proximity to land which

would introduce complex interactions and axial asymmetries in

storm structure. As a result, additional cases were added that did

not reach the 15 m s−1 per 24 hours definition of RI, but still

strongly intensified. The five cases are Bill (2009), Earl (2010),

Igor (2010), Katia (2011) and Ophelia (2011). A summary of the

test cases, their initialization times and their intensity change can

be found in Table 1. Two forecast periods during Earl’s RI are

used, initialized on 29 August 2010 and 30 August 2010 and will

be referred to as Earl 29 and Earl 30, respectively.

The selected tropical cyclones are strong, Cape Verde-type

storms which generally formed from tropical easterly waves

exiting the West coast of Africa south of the Cape Verde

Islands and strengthened over the open Atlantic Ocean. With

the exception of hurricane Katia (2011), the selected cases

intensified moderately or rapidly during the selected forecast

period (Figure 1). During the 24 hour forecast period chosen for

Katia (2011) the TC did not intensify in reality, but intensifies

moderately in the simulation. The average ensemble mean

forecast metric for the seven ensemble forecasts (including Julia

(2010), which is excluded from this study) is 5.6× 10−4 s−1 and

the average ensemble standard deviation over the seven ensemble

forecasts is 3.4× 10−5 s−1. This average standard deviation will

be referred to as α∗ and will serve as a reference forecast metric

scaling for perturbed initial condition experiments.
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Table 1. A summary of the selected test cases, the initialization date (all cases

initialized at 0000 UTC on the date indicated) and the 24 hour best track

intensity change estimate in maximum wind speed (m s−1) and minimum

central pressure (hPa). Also listed are the ensemble mean (J) and standard

deviation (σJ ) of the 24 hour forecast metric (circulation per unit area; 10−4

s−1 and 10
−5 s−1, respectively)

Storm Date ∆Vmax ∆pmin J σJ

Bill 18 Aug 2009 10.3 -12 6.3 3.4

Earl 29 Aug 2010 15.2 -20 5.5 3.3

Earl 30 Aug 2010 15.4 -33 7.5 1.8

Igor 12 Sep 2010 33.4 -52 4.7 1.7

Katia 01 Sep 2011 0.0 0 6.5 3.7

Ophelia 29 Sep 2011 10.3 -13 4.9 3.8

3.2. Model configuration

The ensemble forecasts are made on a vortex-following, 12

km resolution grid within a parent domain having 36 km

spacing. All grids are configured with the WRF single-moment

6-class microphysics scheme (WSM6) with graupel (Hong et al.

2004), Rapid Radiative Transfer Model - GCM (RRTMG) short-

wave and long-wave radiation schemes (Iacono et al. 2008),

Yonsei University (YSU) boundary layer scheme (Hong et al.

2006), Noah land-surface model (Ek et al. 2003) and the Tiedtke

cumulus parameterization (Zhang et al. 2011). The outer domain

spans 11,484 km from East to West and 7,524 km from North

to South, encompassing the western portion of the Northern

hemisphere. The inner domain is 1,584 km on each side and

automatically moves to track the center of the TC as defined

by the vorticity centroid at 700 hPa. Two-way nesting, in which

information is transferred both from the parent to the inner domain

and from the inner to the parent domain, is implemented.

The “Advanced Hurricane” option of WRF is used which makes

modifications to the model parameterizations and surface scheme

designed specifically for hurricane simulation. These include

alternative formulations for the surface exchange coefficients and

include the effects of dissipative heating (Davis et al. 2008). The

simulations also include a one-dimensional ocean mixed layer

in which a constant initial mixed-layer depth and constant deep-

water lapse rate are specified and the mixed layer is cooled based

on the wind stress (Pollard et al. 1973).

Additional simulations were carried out for Earl 29 (2010)

and Igor (2010) using two additional, higher-resolution nested

domains of 4 km and 4/3 km grid spacing. These two innermost

domains explicitly resolve convection and thus do not use a

cumulus parameterization scheme, but are otherwise configured

the same as the parent domains described above. The initialization

of the two higher resolution domains is interpolated from the

12 km domain as 4 km and 4/3 km ensemble analyses were

not produced by the EnKF system described above. The initial

condition perturbations must also then be interpolated from 12

km, and when perturbed the behavior of these simulations may be

thought of as the vortex- and convective-scale response to vortex-

scale perturbations. A detailed description and analysis of the

ensemble sensitivity and evolution of perturbations is reserved for

a forthcoming study, but preliminary details describing convective

indicators from the 4 km domain will be presented here to assist

in the interpretation of the 12 km results which are the main focus

of this study.

4. Sensitivity Results

4.1. Individual Cases

The ensemble sensitivity of the individual test cases is examined

here in a storm-centered domain. The center of the storm is

defined by minimizing the magnitude of the horizontal wind

vector within a window centered on the point of minimum

pressure. When multiple levels are considered in Section 4.2, the

centering process is performed at each level so that the storm is

vertically aligned along the center axis.

Figure 2 shows the sensitivity of the analysis tangential wind at

the third model level to the circulation forecast metric for each test

case. This indicates the change in the analysis field that will yield

a change of α∗ (3.41× 10−5 s−1) in the metric 24 hours later. In

general, the sensitivity patterns in Figure 2 emphasize the core of

the storm, with weak sensitivity in the outer areas of the domain.

These patterns suggest that to achieve the prescribed change in the

forecast metric, the tangential wind at the initial time should be

decreased in the eye and increased around the radius of maximum

wind—either in a narrow band such as in Earl 29 (Fig. 2b),

Earl 30 (Fig. 2c) and Igor (Fig. 2d), or in a broader region

such as in Bill (Fig. 2a), Katia (Fig. 2e) and Ophelia (Fig. 2f).

This general pattern is at least partially due to the high spatial

correlation between points in the core of the storm vortex that

are influenced by the strong primary circulation and highlights

c© 2014 Royal Meteorological Society Prepared using qjrms4.cls
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Figure 2. The storm-centered ensemble mean (contours, m s−1) and sensitivity to the forecast metric (shading, m s−1) of the analysis tangential wind at the third model

level for (a) Bill (2009), (b) Earl 29 (2010), (c) Earl 30 (2010), (d) Igor (2010), (e) Katia (2011), and (f) Ophelia (2011). Areas which are statistically significant at the 95%

confidence level are unstippled. The horizontal and vertical axes indicate kilometers East and North from the center of the hurricane, respectively.

the need to consider a method of sensitivity where spatial points

are not assumed to be uncorrelated (cf. adjoint sensitivity). In

a dynamical sense, an enhanced primary circulation enhances

the radial gradient of tangential wind which, as noted in the

conclusions of Rogers (2010), amplifies the inertial stability and

thermal efficiency of the hurricane.

The sensitivity pattern also promotes an annular storm

structure, as opposed to a monopole where the vorticity is greatest

in the center. This pattern is not only evident in the analysis

tangential wind, but also the analysis relative vorticity, the radial

profile of the sensitivity of which is presented in Figure 3.

The sensitivity is annular in the case of Bill, Earl 30, and

Katia, and has a secondary maxima away from the center in

the case of Earl 29 and Ophelia. There is ample observational

and theoretical evidence that this vorticity configuration is

essential for the intensification of hurricane-like vortices (e.g,

Rogers et al. 2013; Montgomery et al. 2000; Kossin and Eastin

2001). A vorticity annulus can be barotropically unstable, leading

to mesovortices and asymmetric flow structures on the eyewall,

which are hypothesized to contribute to hurricane intensification

through potential vorticity mixing (e.g., Schubert et al. 1999;

Kossin and Schubert 2001).
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to the 24 hour forecast metric for each test case.

Vertical wind shear is generally considered detrimental to the

strengthening of TCs because it disrupts the vertical organization

of the secondary circulation (e.g., Kaplan et al. 2010); thus we

consider if this is an important factor in the storms studied here.

The ensemble-mean, domain-mean shear vector is defined by

taking the spatial mean of the 300 to 150 hPa and 700 to 900 hPa

layer-mean zonal and meridional wind components (to remove

the axisymmetric storm flow), taking their difference, and then

averaging over the ensemble. By virtue of other characteristics of

the selected test cases, i.e., strong intensification, the magnitude

of the shear is generally weak (less than 10 m s−1) and is

summarized in Table 2 along with the sensitivity of the forecast

metric to the shear. In this instance, sensitivity refers to the

sensitivity of the metric to the analysis for ease in interpreting

a single value rather than a two-dimensional pattern. Therefore,

the sensitivity values in Table 2 indicate the amount that the

forecast metric is predicted to change for a prescribed change

of one standard deviation in the analysis mean shear magnitude.

The sensitivity is generally negative, small, and not statistically

significant.

Sensitivity to column integrated water vapor (Figure 4) is found

mainly near the center of the storms or in a ring around the center

in the most intense cases, such as Bill (Fig. 3a) and Earl on

30 August (Fig. 3c). The sensitivity patterns also show positive

sensitivity in banded structures from the inner core to several

hundred kilometers in radius, which indicate that moistening these

areas in the analysis leads to increased circulation 24 hours later.

The banded areas of positive sensitivity specifically appear in

regions threatened by dry intrusions: southeast of the storm center

Table 2. A summary of the mean vertical wind shear and the sensitivity of

the metric to the shear. The first column gives the magnitude of the analysis

spatial-mean, ensemble-mean shear vector calculated from the 300 to 150

hPa and 700 to 900 hPa layers, with the standard deviation given in the

second column (both in m s−1). The third column gives the sensitivity of the

circulation forecast metric to the spatial-mean shear vector (10−6 s−1) and

the fourth column indicates whether the sensitivity is statistically significant at

the 95% confidence level.

Storm Date |Vsh| σVsh
Sens. Stat. Sig.

Bill 18 Aug 2009 1.26 0.34 1.12 no

Earl 29 Aug 2010 7.80 0.27 -1.45 no

Earl 30 Aug 2010 4.34 0.28 2.88 no

Igor 12 Sep 2010 3.53 0.34 -0.09 no

Katia 01 Sep 2011 1.60 0.34 -7.54 yes

Ophelia 29 Sep 2011 8.73 0.35 -6.53 no

in Bill (Fig. 4a), north of the storm center in Earl 29 (Fig. 4b),

southwest of the storm center in Earl 30 (Fig. 4c), west of the

storm center in Igor (Fig. 4d), southwest of the storm center

in Katia (Fig. 4e) and south of the storm center in Ophelia

(Fig. 4f); these banded structures are statistically significant with

95% confidence. While there are areas of equally strong negative

(drying) sensitivity at larger distances from the storm center, these

are generally not statistically significant. This is an indication that

the inner core and the several hundred kilometers surrounding it

is an important region for determining hurricane intensification.

There is also the interesting implication that moistening outside

of the inner core has a positive effect on the forecast metric,

but a lack of a stronger sensitivity in the eyewall region could

merely indicate that the air in that region is already saturated. This

will be addressed below by exploring not only the axisymmetric

sensitivity of water vapor mixing ratio, but also the sensitivity of

the analysis relative humidity.

4.2. Composite sensitivity

To reduce dimensionality and determine patterns common to

the sample, we consider now the sample-mean axisymmetric

component of the sensitivity field. Specifically, we examine the

tangential and radial wind, perturbation potential temperature∗,

water vapor mixing ratio and relative humidity. Sensitivity for

each test case is calculated and then interpolated in radius to a

common grid for the sample average. The common radial grid

is defined as the radius normalized by the radius of maximum

∗Perturbation from a uniform base state potential temperature of 300 K.
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Figure 4. As in Figure 2 but for the analysis column integrated water vapor (kg m2).

axisymmetric tangential wind at the level of maximum wind

(RMW), r∗.

The composite ensemble mean of the axisymmetric analysis

tangential wind and its sensitivity to the forecast metric is shown

in Figure 5. The maximum composite sensitivity of 1.3 m s−1

(about 6% of the ensemble mean maximum tangential wind)

is co-located with the area of maximum tangential wind at

the RMW in the lower troposphere. Away from the area of

maximum tangential wind, the sensitivity decreases with both

increasing radius and decreasing pressure to zero sensitivity at the

tropopause. This sensitivity pattern indicates that a strengthened

(weakened) primary circulation in the analysis is associated with

a larger (smaller) metric, a stronger (weaker) storm, in the 24-

hour forecast. As with the individual sensitivity fields considered

previously, this reveals that a sharper gradient on both the inside

and outside edges of the eyewall, enhancing annular structure, is

important for hurricane intensification.

The composite ensemble-mean analysis axisymmetric radial

wind shows canonical boundary-layer inflow and upper-level

outflow (Figure 6) and the composite sensitivity of this field

highlights these two features, with maximum negative sensitivity

of about 1 m s−1 in the boundary layer and maximum

positive sensitivity of 0.6 m s−1 near the upper level outflow.

Though these maximum sensitivity values are of the same
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Figure 5. The composite ensemble mean (contours, m s−1) and composite

sensitivity to the metric (shading) of the analysis axisymmetric tangential wind as a

function of normalized radius (r*) and pressure.

magnitude as the tangential wind sensitivity, they represent a

larger change in the analysis, about 10–12% of the ensemble

mean. Because radial inflow is negative, negative (positive)

sensitivity centered on an area of negative radial wind indicates

that increasing (decreasing) radial inflow is related to an

increase (decrease) in circulation circulation 24 hours later.

This pattern of sensitivity suggests that a stronger secondary

circulation in the analysis is associated with a stronger storm

in the 24 hour forecast. The composite sensitivity of the

perturbation potential temperature also highlights strengthening

the canonical axisymmetric hurricane structure for a resulting

stronger circulation in the 24 hour forecast, with positive

sensitivity centered on the storms warm core (Figure 7). The

axisymmetric potential temperature sensitivity also shows an

upper level dipole, with a positive-over-negative pattern near

the tropopause, indicating that a higher (lower) tropopause is

associated with stronger (weaker) circulation in the 24 hour

forecast.

Thus far, the composite axisymmetric sensitivity patterns

indicate that a stronger hurricane in the analysis will be

associated with a stronger hurricane in the 24-hour forecast.

There is no indication of a secondary maximum in the

composite axisymmetric sensitivity of the tangential wind,

which is consistent with the observational composite results

of Rogers et al. (2013) and the relatively large weight on the

persistence predictor of Kaplan et al. (2010).

In contrast, the composite sensitivity of the axisymmetric water

vapor mixing ratio reveals local maxima in the boundary layer
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Figure 6. As above, but for analysis axisymmetric radial wind (m s−1).
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Figure 7. As above, but for the analysis axisymmetric perturbation potential

temperature (K).

extending from the center of the storm to two and a half times

the RMW, in the mid-troposphere from two to three times the

RMW, and in the lower troposphere in the eye and eyewall region

(Figure 8). This pattern implies that an axisymmetric moistening

of the rainband region outside of the eyewall, in addition to

moistening the boundary layer and lower troposphere in the

inner core, should result in a stronger circulation in the 24-hour

forecast. This axisymmetric moisture sensitivity is consistent with

the sensitivity of the column integrated water vapor shown for

each test case above. The plan view sensitivity shown in Fig. 4

exhibits a spiral band pattern outside of the RMW, which projects

upon the axisymmetric component of the sensitivity. Although this

rainband sensitivity pattern appears in the majority of cases (not

shown) and the composite mean, it is apparently accompanied by

little or no secondary wind and potential temperature sensitivity

maxima.

An alternate assessment of moisture sensitivity is given by the

axisymmetric relative humidity (RH) (Fig. 9). Common regions
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Figure 9. As above, but for the analysis axisymmetric relative humidity (%).

of maximum positive sensitivity are apparent at two to three times

the RMW, and four times the RMW, in regions where the RH

gradient is enhanced but the air is not saturated. The negative RH

sensitivity in the center of the storm is likely attributable to the

positive sensitivity to potential temperature at that location, but

the areas of positive sensitivity appear to correspond with positive

water vapor mixing ratio sensitivity.

5. Perturbed Initial Condition Experiments

While the previous section identified statistical patterns of

possible importance to intensification, they are subject to the

assumptions made in the derivation of ensemble sensitivity

discussed in Section 2. Here, we check the link between

initial-condition sensitivity for forecast intensity by performing

perturbed initial-condition experiments with the WRF-ARW

model. Specifically, the analysis values of the model prognostic

variables in each cases are perturbed with sensitivity patterns

defined by Equation (2) over a range of α. Moreover, certain

experiments are designed to test the relative importance of moist

and dry variables to intensification.

First, the model response is calculated for perturbations of all

of the prognostic variables, for values of α which are multiples

of α∗ (3.41× 10−5 s−1), up to six times α∗; this maximum

prescribed α ranges from 27% (Earl 30) to 43% (Igor) of

the mean 24-hour forecast metric of the test cases. Due to

computational constraints, only the ensemble member closest

to the ensemble mean (with respect to the 24-hour metric) for

each test case is perturbed.†. The predicted change and actual

change in the forecast metric are generally in good agreement,

especially for negative changes in the metric, which show only

small deviations from agreement out to −2× 10−4 s−1 for cases¡

such as Bill (2009) and Igor (2010) (Figure 10). Experiments

with positive perturbations (increasing storm intensity) tend to

deviate further from agreement with the predicted change. This

type of asymmetric response to perturbations, with a weaker

response than predicted for increasingly positive perturbations, is

a hallmark of non-linearity. From a physical standpoint, because

the time period simulated for each test case is already a period of

strong intensification for a mature storm, additional intensification

may be difficult to achieve due to thermodynamic constraints

on intensification. Katia (2011) and Ophelia (2011) have the

weakest response to positive perturbations, and it should be noted

that these two storms had the smallest observed intensification

during the selected forecast period. On the other hand, storms

may be weakened substantially with robust agreement between

the modeled response and the predicted change.

The generally linear model response to small and even

moderate amplitude perturbations allows further experimentation

on the initial conditions. Motivated by the moisture sensitivity

in the outer radii of the composite, experiments are designed

to test the relative roles of the dry and moist dynamics in

the intensification of the test cases. To test the relative role of

dry dynamics, hereafter the ‘dry’ experiments, perturbations to

the water vapor, cloud water, rain water, cloud ice, snow and

graupel mixing ratios are set to zero. To test the relative role

†The closest member is determined by the member whose forecast metric has the

smallest absolute difference from the ensemble mean forecast metric
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with perturbed initial conditions for each test case.

of moisture, hereafter the ‘moist’ experiments, perturbations to

the zonal and meridional wind, vertical motion, and perturbation

potential temperature and pressure are set to zero. The results

of these experiments show that in every case except Earl on 29

August 2010, perturbations to the dry dynamics apparently play a

larger role than moisture in forecast storm intensity (Figure 11).

Particularly in the case of Earl on 30 August 2010 and Igor (2010),

the dry experiment has nearly equivalent results to perturbing the

full initial conditions, while perturbing only the moist variables

has almost no effect. This is a similar result to Mahajan (2011)

in which the four cases of tropical cyclogenesis exhibited a larger

relative response when perturbations to moisture variables were

suppressed than when only moisture variables were perturbed.

To further evaluate the behavior of the three perturbed

experiments, the evolution of the forecast PV field of each case is

considered. The fully perturbed and dry experiments are generally

initialized with higher values of PV in the core of the storm

than the moist experiment. In cases such as Earl 30 and Ophelia,

the axisymmetric PV field evolves from an annulus in the initial

conditions to a monopole in which the maximum PV is found in

the center of the storm (Figure 12c, f). In other cases, such as Earl

29, Igor (after an initial adjustment), and Katia the radial gradient

of PV sharpens as the forecast progresses, and is more sharp in the

dry experiment than the moist experiment (Fig. 12b, d, e). This

behavior is similar to that described by Kossin and Eastin (2001)

as a vortex transitions from intensifying to its peak intensity to a

steady or weakening intensity. While all cases reach a monopole

configuration in the moist experiment by the end of the forecast,

in cases such as Katia (Fig. 12e) and Ophelia (Fig. 12f) the dry

and/or fully perturbed experiment retain an annular profile. In all

test cases, the dry and fully perturbed experiments maintain higher

PV values throughout the forecast at outer radii than the moist

experiment.

As described in Section 3.2, two test cases were simulated

in higher resolution ensembles which have additional nested

domains of 4 km and 4/3 km resolution. Convective indicators

calculated from the 4 km domains of these additional simulations

of Earl 29 and Igor also reveal differences in the evolution of

the perturbed experiments. These additional simulations of Earl

29 and Igor have sensitivity at 3 hours similar to the composites

shown in Section 4.2 (because the inner domains are interpolated

from the 12 km domain their sensitivity at the analysis time is

identical) as well as similar model response when perturbed (not

shown). Both a dry and moist experiment were conducted in the

same manner described above. The distributions of the combined

eyewall vertical velocities from these two simulations are shown

in Figure 13, as selected percentiles (i.e., the 1st, 5th, 25th,

50th, 75th, 95th, 99th, and 99.9th percentiles), as in Rogers et al.

(2013). The eyewall is defined as .75 times the RMW to 1.25 times

the RMW; depending on the RMW, the number of grid points

in each height bin for each experiment varies between 10000

and 11000. The percentiles are shown as they evolve through the

forecast. Throughout the forecast, the middle of the distribution

is virtually identical for all experiments and the control, but

differences emerge at the tails of distribution. During the first

six hours of the forecast, all perturbed experiments have stronger

updrafts than the control in the higher end of the distribution, and

the moist experiment has stronger downdrafts between 4 and 6 km

at the extreme low end of the distribution compared to the other

experiments (Fig. 13a). By the end of the forecast (Fig. 13b) the

99.9th percentile of the fully perturbed and dry experiments are

nearly 5 and 2 m s−1 greater than the control in their strongest

extreme updrafts located at a height of 6 km. In contrast, the

moist experiment has weaker extreme eyewall updrafts than the

control at all but a few heights (e.g., 5 km), and has stronger

extreme eyewall downdrafts than the unperturbed case above

6 km. Though the percentiles of vertical motion are compared

here between different categories of intensifying storms, rather
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Figure 11. The prescribed change in metric (α, abscissa) versus the actual change (ordinate) in the forecast metric for each test case when the analysis state vector is fully

perturbed (black, as in Figure 10), when only the dry variables are perturbed (red), and when only the moist variables are perturbed (blue) for (a) Bill (2009), (b) Earl 29

(2010), (c) Earl 30 (2010), (d) Igor (2010), (e) Katia (2011), and (f) Ophelia (2011).

than intensifying and non-intensifying storms as in Rogers et al.

(2013), the results are qualitatively similar to those of that study,

suggesting that the characteristics of intensifying storms exist on a

spectrum from non-intensifying through moderately intensifying

and rapidly intensifying. Here as well as in Rogers et al. (2013),

the most pronounced differences between groups are found at

the extreme ends of the distributions, with stronger intensifying

storms having stronger extreme eyewall updrafts. It is also

confirmed here that the largest differences in the extreme updrafts

are seen above the height of the freezing level (4 to 5 km).

6. Summary and Conclusions

Systematic numerical modeling experiments that bridge the

current gap in hurricane rapid intensification studies between

climatological and composite observational studies and case study

numerical simulations were conducted. The aim through this

systematic modeling approach was to conduct novel compositing

of ensemble sensitivity analysis to find commonalities in

sensitivity to storm structure between several cases of hurricane

intensification and then to use this as a guide for further
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analysis of the fully perturbed and dry experiments are nearly identical and the analysis of the moist perturbed approximates the unperturbed control analysis.

investigation into the mechanisms of intensification. 96-member

ensembles were run with the WRF-ARW model for six cases

from the Atlantic Basin: Bill (2009), two cases of Earl (2010),

Igor (2010), Katia (2011) and Ophelia (2011). During the forecast

period for each case, the hurricane intensified either rapidly or

nearly rapidly (defined as an increase of 15 m s−1 in the maximum

10-m wind speed over 24 hours), remained over open ocean

and did not undergo intensity oscillations such as those from

secondary eyewall replacement cycles.

The results of the composite sensitivity study show that a

stronger initial TC is associated with a stronger forecast TC. This

applies to the primary circulation, secondary circulation and warm

core. The composite sensitivity of the axisymmetric moisture field

reveals that a pattern of enhanced moisture outside of the RMW

is associated with a stronger forecast TC. This pattern of moisture

sensitivity is also found in the three hour forecast, as well as in

high-resolution ensembles of two of the test cases (not shown).

Perturbed initial-condition experiments were conducted by

scaling the amplitude of the sensitivity fields. In all cases the
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actual change in the metric was close to the predicted value,

indicating a fairly linear model response for perturbations with a

magnitude of up to a quarter of the test-case average ensemble-

mean forecast metric. Signs of non-linearity were evident as

larger perturbations were applied, with a longer linear regime

for perturbations that weaken the storm. Experiments on the

role of moisture showed that dry variables consistently had

a relatively larger impact on the forecast. Some cases evolve

from a PV annulus to a monopole, while others experience a

sharpening PV gradient as the forecast progresses. The dry and

fully perturbed experiments generally have higher PV than the

moist experiment from the RMW outward, and in some cases

evolve more slowly toward a monopole. High resolution (4 km and

4/3 km) simulations of Earl and Igor showed that the dry and fully

perturbed experiments exhibit increasingly larger extreme eyewall

updrafts as the forecast progresses compared to the unperturbed

control; however, the moist experiment shows little difference

from the control. Rogers et al. (2013) showed that this type of

difference is associated with a stronger and deeper layer of updraft

mass flux in Doppler observations of hurricanes.

The results of this study are broadly consistent with the

composited observational results of Rogers et al. (2013), which

show that intensifying hurricanes exhibit more convective and

kinematic enhancement in the eyewall, inside the RMW, while

non-intensifying hurricanes exhibit more convective activity

outside of the RMW. The sensitivity results here indicate the

same for intensifying storms, with the exception of the moisture

sensitivity. Unlike Rogers et al. (2013) though, it cannot be

determined from this study whether these results are significantly

different from those that a group of non-intensifying TCs might

produce, as only intensifying hurricanes were studied here. A

logical follow on study to this research would be to perform a

similar analysis on a set of non-intensifying hurricanes.

Acknowledgement

The authors are grateful to Prof. Ryan D. Torn of the University

at Albany, State University of New York, for providing the

ensemble analyses of the test cases shown here. We also wish

to thank Professors Dargan Frierson and Robert A. Houze, Jr.,

for their input on this work as members of the first author’s

PhD thesis committee. This work was funded in part by NSF

grant AGS-0842384. Computing resources were made available

on NCAR CISL’s Yellowstone high-performance computing

resources (Laboratory 2012).

c© 2014 Royal Meteorological Society Prepared using qjrms4.cls



Sensitivity of intensifying hurricanes to vortex structure 15

References

Ancell B, Hakim GJ. 2007. Comparing adjoint- and ensemble-sensitivity

analysis with applications to observation targeting. Mon. Wea. Rev. 135:

4117–4134.

Anderson JL. 2001. An ensemble adjustment kalman filter for data

assimilation. Mon. Wea. Rev. 129: 2884–2903.

Anderson JL, Hoar T, Raeder K, Liu H, Collins N, Torn R, Arellano A. 2009.

The data assimilation research testbed: A community data assimilation

facility. Bull. Amer. Meteor. Soc. 90: 1283–1296.

Chang EKM, Zheng M, Raeder K. 2013. Medium-range ensemble sensitivity

analysis of two extreme Pacific extratropical cyclones. Mon. Wea. Rev. 141:

211–231.

Davis C, Wang W, Chen S, Chen Y, Corbosiero K, DeMaria M, Dudhia J,

Holland G, Klemp J, Michalakes J, Reeves H, Rotunno R, Snyder C, Xiao

Q. 2008. Prediction of landfalling hurricanes with the Advanced Hurricane

WRF model. Mon. Wea. Rev. 136: 1990–2005.

DeMaria M, Sampson CR, Knaff JA, Musgrave KD. 2013. Is tropical cyclone

intensity guidance improving? Bull. Amer. Meteor. Sc. TBD: TBD, doi:

10.1175/BAMS-D-12-00240.1.

Didlake Jr AC, Houze Jr RA. 2013. Convective-scale variations in the inner-

core rainbands of a tropical cyclone. J. Atmos. Sci. 70: 504–523.

Doyle JD, Reynolds CA, Amerault C, Moskaitis J. 2012. Adjoint sensitivity

and predictability of tropical cyclogenesis. J. Atmos. Sci. 69: 3535–3557.

Ek MB, Mitchell KE, Lin Y, Rogers E, Grunmann P, Koren V, Gayno G,

Tarpley JD. 2003. Implementation of noah land surface model advances in

the National Centers for Environmental Prediction operational mesoscale

Eta model. J. Geophys. Res. 108: 8851.

Hakim GJ, Torn RD. 2008. Ensemble synoptic analysis. In: Synoptic-Dynamic

Meteorology and Weather Analysis and Forecasting: A Tribute to Fred

Sanders, American Meteor. Soc.

Hong SY, Dudhia J, Chen SH. 2004. A revised approach to ice microphysical

processes for the bulk parameterization of clouds and precipitation. Mon.

Wea. Rev. 132: 103–120.

Hong SY, Noh Y, Dudhia J. 2006. A new vertical diffusion package with an

explicit treatment of entrainment processes. Mon. Wea. Rev. 134: 2318–

2341.

Iacono MJ, Delamere JS, Mlawer EJ, Shepard MW, Clough SA, Collins WD.

2008. Radiative forcing by long-lived greenhouse gases: Calculations with

the AER radiative transfer models. J. Geophys. Res. 113: D13 103.

Kaplan J, DeMaria M. 2003. Large-scale characteristics of rapidly intensifying

tropical cyclones in the north atlantic basin. Wea. Forecasting 18: 1093–

1108.

Kaplan J, DeMaria M, Knaff J. 2010. A revised tropical cyclone rapid

intensification index for the atlantic and eastern north pacific basins. Wea.

Forecasting 25: 220–241.

Kossin JP, Eastin MD. 2001. Two distinct regimes in the kinematic and

thermodynamic structure of the hurricane eye and eyewall. J. Atmos. Sci.

58: 1079–1090.

Kossin JP, Schubert WH. 2001. Mesovortices, polygonal flow patterns, and

rapid pressure falls in hurricane-like vortices. J. Atmos. Sci. 58: 2196–2209.

Laboratory CaIS. 2012. Yellowstone: IBM iDataPlex system

(university community computing). Technical report, Boulder,

CO, National Center for Atmospheric Research, URL

http://n2t.net/ark:/85065/d7wd3xhc.

Mahajan RB. 2011. Applying ensemble data assimilation to understand

tropical cyclogenesis. PhD thesis, Unviersity of Washington, Seattle, WA.

Montgomery MT, Hidalgo JM, Reasor PD. 2000. A semi-spectral numerical

method for modeling the vorticity dynamics of the near-core of hurricane-

like vortices. Atmospheric science paper 695, Colorado State University.

Montgomery MT, Nicholls ME, Cram TA, Saunders AB. 2006. A vortical hot

tower route to tropical cyclogenesis. J. Atmos. Sci. 63: 355–386.

Moon Y, Nolan DS. 2010. The dynamic response of the hurricane wind field

to spiral rainband heating. J. Atmos. Sci. 67: 1779–1805.

Moskaitis JR. 2012. Are atlantic basin tropical cyclone intensity

forecasts improving? In: 30th Conference on Hurricanes and Tropical

Meteorology. Amer. Meteor. Soc.: Ponte Vedra Beach, FL, p. 1B.3, URL

http://ams.confex.com/ams/30Hurricane/webprogram/Paper205407.html

Nolan DS, Moon Y, Stern DP. 2007. Tropical cyclone intensification from

asymmetric convection: Energetics and efficiency. J. Atmos. Sci. 64: 3377–

3405.

Pendergrass AG, Willoughby HE. 2009. Diabatically induced secondary flows

in tropical cyclones. Part I: Quasisteady forcing. Mon. Wea. Rev. 137: 805–

821.

Peng MS, Reynolds CA. 2006. Sensitivity of tropical cyclone forecasts as

revealed by singular vectors. J. Atmos. Sci. 63: 2508–2528.

Pollard RT, Rhines PB, Thompson RORY. 1973. The deepening of the wind-

mixed layer. Geophys. Fluid Dyn. 3: 381–404.

Reynolds CA, Peng MS, Chen JH. 2009. Recurving tropical cyclones: Singular

vector sensitivity and downstream impacts. Mon. Wea. Rev. 137: 1320–

1337.

Rogers R. 2010. Convective-scale structure and evolution during a high-

resolution simulation of tropical cyclone rapid intensification. J. Atmos. Sci.

67: 44–70.

Rogers R, Reasor P, Lorsolo S. 2013. Airborne doppler observations of

the inner core structural differences between intensifying and steady-

state tropical cyclones. Mon. Wea. Rev. in press: TBD, doi:10.1175/

MWR-D-12-00357.1.

Schubert WH, Hack JT. 1982. Inertial stability and tropical cyclone

development. J. Atmos. Sci. 39: 1687–1697.

Schubert WH, Montgomery MT, Taft RK, Guinn TA, Fulton SR, Kossin JP,

Edwards JP. 1999. Polygonal eyewalls, asymmetric eye contraction, and

potential vorticity mixing in hurricanes. J. Atmos. Sci. 56: 1197–1223.

Schubert WH, Vigh JS. 2008. Rapid development of the tropical

cyclone warm core. In: 28th Conference on Hurricanes and Tropical

c© 2014 Royal Meteorological Society Prepared using qjrms4.cls

http://n2t.net/ark:/85065/d7wd3xhc
http://ams.confex.com/ams/30Hurricane/webprogram/Paper205407.html


16 B. R. Brown & G. J. Hakim

Meteorology. Amer. Meteor. Soc.: Orlando, FL, p. 14C.3, URL

http://ams.confex.com/ams/pdfpapers/138263.pdf.

Skamarock WC, Klemp JB, Dudhia J, Gill DO, Barker DM, Wang W,

Powers JG. 2005. A description of the Advanced Research WRF Version

2. tech. rep. NCAR/TN-468+STR. Technical report, National Center for

Atmospheric Research, Boulder, CO.

Smith RK, Montgomery MT, Zhu H. 2005. Buoyancy in tropical cyclone and

other rapidly rotating atmospheric vortices. Dyn. Ocean Atmos. 40: 189–

208.

Torn RD. 2010. Performance of a mesoscale ensemble Kalman filter (EnKF)

during the NOAA High-Resolution Hurricane Test. Mon. Wea. Rev. 138:

4375–4392.

Torn RD, Cook D. 2013. The role of vortex and environmental errors in genesis

forecasts of Hurricanes Danielle and Karl (2010). Mon. Wea. Rev. 141: 232–

251.

Torn RD, Davis CA. 2012. The influence of shallow convection on tropical

cyclone track forecasts. Mon. Wea. Rev. 140: 2188–2197.

Torn RD, Hakim GJ. 2008. Ensemble-based sensitivity analysis. Mon. Wea.

Rev. 136: 663–677.

Torn RD, Hakim GJ. 2009. Initial condition sensitivity of western pacific

extratropical transitions determined using ensemble-based sensitivity

analysis. Mon. Wea. Rev. 137: 3388–3406.

Wu L, Su H, Fovell RG, Wang B, Shen JT, Kahn BH, Hristova-Veleva SM,

Lambrigtsen BH, Fetzer EJ, Jiang JH. 2012. Relationship of environmental

relative humidity with North Atlantic tropical cyclone intensity and

intensification rate. Geophys. Research Letters 39: L20 809.

Zack J, Natenberg E, Young S, Manobianco J, Kamath C. 2010. Application

of ensemble sensitivity analysis to observation targeting for short-term

wind speed forecasting. Technical report, Lawrence Livermore National

Laboratory - LLNL-TR-424442.

Zhang C, Wang Y, Hamilton K. 2011. Improved representation of boundary

layer clouds over the southeast pacific in WRF-ARW using a modified

Tiedtke cumulus parameterization scheme. Mon. Wea. Rev. 139: 3489–

3513.

c© 2014 Royal Meteorological Society Prepared using qjrms4.cls

http://ams.confex.com/ams/pdfpapers/138263.pdf

	1 Introduction
	2 Ensemble Sensitivity
	3 Data and Model
	3.1 Selected cases
	3.2 Model configuration

	4 Sensitivity Results
	4.1 Individual Cases
	4.2 Composite sensitivity

	5 Perturbed Initial Condition Experiments
	6 Summary and Conclusions

