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1. Introduction

Understanding the physical mechanisms leading
to the spin up of the low-level winds of tropical
cyclones (TCs) could help improve TC intensity
forecasts. While several theories have been pro-
posed to explain TC intensification (e.g. Charney
and Eliassen 1964; Emanuel 1986; Nguyen et al.
2008), most of these studies have centered on the
axisymmetric processes occurring in idealized envi-
ronments with no background flow. In a real at-
mosphere, the interaction between small-scale con-
vective processes and the large-scale environment,
which is often characterized by vertical wind shear,
may lead to different pathways that result in TC
intensification. It is thus imperative to study the
processes aiding or inhibiting TC spin up within re-
alistic environmental conditions.

With recent advancements in observational and
numerical weather prediction systems, it is possible
to investigate both the environmental and internal
control of TC intensity. One method of studying
intensity change is to evaluate composites of multi-
ple cases to determine differences between intensi-
fying and non-intensifying TCs. One of these stud-
ies (Hendricks et al. 2010) used global model anal-
yses and satellite-derived data to study the differ-
ences associated with the environments of weaken-
ing, steady state, intensifying and rapidly intensify-
ing TCs during the period 2003–08. Their results
showed that intensifying storms on the North At-
lantic and West Pacific were characterized by weaker
deep-layer vertical wind shear, higher low- and mid-
level relative humidity and warmer sea surface tem-
perature than weakening storms. These findings
are consistent with well-recognized favorable envi-
ronmental conditions for TC intensification. In ad-
dition, Rogers et al. (2013) used airborne observa-
tions for the period of 1997–2010 to evaluate dif-
ferences in the inner-core region of intensifying and
steady state TCs. Their findings revealed that in-
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tensifying TCs had stronger and deeper low-level in-
flow, stronger vertical motion in the eyewall and a
larger number of convective bursts inside the radius
of maximum winds. These studies have provided
insightful information about the conditions associ-
ated with TC intensification; however, both investi-
gations included mature TCs in their weakening or
steady state groups, thus making it difficult to ap-
ply their results to tropical depressions or tropical
storms.

Motivated by the composite approach employed
by Hendricks et al. (2010), Rogers et al. (2013) and
others, this study also compares composites of inten-
sifying and non-intensifying TCs. Our approach dif-
fers from previous studies because we use a large set
of high-resolution, full-physics, ensemble forecasts
for a particular TC that proved challenging to fore-
cast. Using numerical simulations allows us to study
both the environmental and internal contributions
to TC intensity changes. The ensemble approach
aids in comparing different simulations for the same
storm, using the same model physics, but only per-
turbing the initial conditions. While other studies
have also used the ensemble forecasts method to in-
vestigate predictability of TC intensity (e.g. Zhang
and Sippel 2009; Sippel and Zhang 2010; Torn and
Cook 2013), the present study focuses on the storm
dynamics rather than on the predictability problem.
Our goal is to use the ensemble as a tool to gain a
better understanding of the mechanisms that drive
TC intensity changes.

2. Methods

2.1. Case study: Hurricane Katia

The case selected for this study is Hurricane Ka-
tia, which was a long-lived Atlantic TC that re-
mained over open ocean waters throughout its life-
time (Fig. 1). The genesis of Katia can be tracked
back to an African easterly wave that moved over
the Eastern Atlantic on 27 August 2011 (Stewart
2012). As the tropical disturbance moved westward,
the convection became better organized such that
the disturbance was designated a tropical depres-

1



Fig. 1. Best track estimates of Katia’s position and in-
tensity (color coded according to the legend). The black
box indicates the time period considered in the AHW
forecasts.

sion on 0600 UTC 29 August. Despite being in-
fluenced by strong vertical wind shear, the tropical
depression continued strengthening, becoming Trop-
ical Storm Katia on 0000 UTC 30 August and reach-
ing hurricane intensity 24 hours afterwards (Stewart
2012). The vertical wind shear slightly weakened
later on, but a region of dry air emerged from Africa
and diminished the tropospheric moisture surround-
ing the storm. Katia remained at the same intensity
for about three days, and numerical models for that
period struggled to accurately predict Katia’s inten-
sity. It is hypothesized that the dry air surrounding
Katia was likely preventing it from intensifying any
further.

After overcoming the detrimental effects of shear
and dry air, Katia rapidly intensified on 4 September
and reached peak intensity on 0000 UTC 6 Septem-
ber (Stewart 2012). The hurricane weakened shortly
afterwards as it moved into higher latitudes while re-
curving on the Western Atlantic. Katia then transi-
tioned into an extratropical cyclone on 10 September
when it entered the strong midlatitude flow on the
North Atlantic.

2.2. Experimental setup

To investigate the intensity changes of Katia as it
developed under the influence of moderate vertical
wind shear and dry air, numerical forecasts were pro-
duced using the Advanced Hurricane Weather Re-
search and Forecasting model (AHW; Davis et al.
2008). The AHW ensemble system consisted of 96
members generated using a six-hourly cycling en-
semble Kalman filter (EnKF) data assimilation tech-
nique. The assimilation was done over a 36-km
grid spacing domain covering the full Atlantic basin.
Whenever a tropical system was designated at least

as an INVEST by the National Hurricane Center,
the modeling system also assimilated observations
into a two-way nested domain with 12-km grid spac-
ing following the tropical system. A free forecast
was initialized on 0000 UTC 30 August 2011, which
included a third nested domain with 4-km grid spac-
ing that allowed for explicit convection calculation.
A description of the assimilated observations and
the physical parameterizations used in this model-
ing system is provided in Torn (2010) and Cavallo
et al. (2013).

2.3. Ensemble forecasts diagnosis

The AHW track forecasts captured the general
trajectory of Katia, but the intensity forecasts were
mixed (Fig. 2). All members were initialized with
similar storm intensity based on the minimum sea-
level pressure (MSLP) or maximum wind speed (not
shown). None of the members predicted the ob-
served intensification of Katia during the first 48
hours of the forecast. More interesting, the ensemble
spread at the five-day forecast was quite large and
showed a wide range of possible outcomes, ranging
from a weak depression to a strong hurricane.

The large variability in the intensity forecast pro-
vided an opportunity to study why some members
predicted intensification over the five-day period,
while other members predicted little or no intensi-
fication. In order to answer this question, two sub-
groups were objectively identified by averaging the
MSLP between 48–126 h. The groups selected for
comparison were: 1) ten members that predicted
the lowest time-averaged MSLP (named strongest
members) and 2) ten members that predicted little
or no change in MSLP (named weakest members).
Composites of these two subgroups were created and
compared against each other to discern the differ-
ences in the environment and within the vortex. The
differences were tested for statistical significance us-
ing a bootstrap resampling method on which two
subgroups of ten members each were randomly se-
lected and compared against each other. This ran-
dom resampling was repeated 10,000 times to cre-
ate a distribution to test the statistical significance
of the composite differences between strongest and
weakest members.

3. Results

3.1. Uncertainty within the environment

Differences in the TC environment were consid-
ered first. Environmental quantities such as SST,
200–850 hPa vertical wind shear, precipitable wa-
ter vapor (PW), upper level divergence, among oth-
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Fig. 2. AHW track (left) and intensity (right) forecasts initialized at 0000 UTC 30 August 2011. The gray lines
depict the individual ensemble forecasts while the black line depicts the best track estimates. Red (blue) lines
represent the 10 strongest (weakest) members based on the time-averaged minimum sea level pressure.

ers, were averaged within a 500–km radius from the
storm center of each ensemble member. The averag-
ing was done to remove the effects of the vortex and
evaluate differences associated with the environment
itself.

The most interesting differences between the
strong and weak members were in wind shear and
PW. Fig. 3 shows the normalized joint combination
of these two parameters for all members, and also
separated for the strongest and weakest members.
The joint space for all members show two distin-
guishable maxima in wind shear. The peak at the
higher end was due to the moderate wind shear at
the initialization time for all members. The shear
difference between the strongest and weakest mem-
bers was statistically significant only at certain fore-
cast times (e.g. 0 h, 6 h, 18 h, 24 h and 48 h).

When separated into strongest and weakest mem-
bers, the joint space revealed a preference for PW
greater than 56 mm for strongest members, and PW
smaller than 56 mm for weakest members. The dif-
ference between the mean PW of the strongest and
weakest members was found to be statistically sig-
nificant at the 95% confidence level at all lead times
up to 96 h. This result suggests that near-storm
environmental water vapor could be important for
TC intensification, and the reason for this deserves
further investigation.

3.2. Composite differences

To investigate if there was a preferred location
and time for differences in PW, horizontal fields in
a storm-centered framework were considered. Com-
posites of the strongest and weakest members were
computed every six hours. The composite differ-

ences revealed that water vapor surrounding the
storm was significantly higher in the strongest mem-
bers beginning at early forecast hours (Fig. 4). At
all lead times, the largest differences in PW were
located 200–300 km away from the storm center,
rather than near the center. Furthermore, the dif-
ferences in water vapor and moist static energy were
largest in the lower troposphere (not shown).

The composite differences of latent heat fluxes
showed an asymmetric pattern during the first six
hours of the forecast, with evidently large statis-
tically significant differences to the south of the
storm center (Fig. 5). With moderate easterly ver-
tical wind shear during the same period (20–25
kts), convection was likely pushed to the west and
the enhanced latent heat fluxes in the strongest
members were located downwind of the convection.
This setup could likely enhance the convection as
it rotated counterclockwise with the storm’s cy-
clonic winds. By the 48-h forecast the latent heat
fluxes were much higher all around the storm in the
strongest members, partially owing to the stronger
tangential wind but nevertheless adding more mois-
ture in the lower troposphere and priming the atmo-
sphere for moist convection.

3.3. Water vapor budgets

Having noticed statistically significant differences
in PW and latent heat fluxes located far from the
storm center, it is worth considering how those dif-
ferences at relatively large radii produced differences
in the inner-core convection and circulation. In an
attempt to quantitatively answer this question, wa-
ter vapor budgets were computed for all members
and compared between the strongest and weakest
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Fig. 3. Joint combinations of precipitable water and vertical wind shear based on the 0–72 h forecasts for
(a) all members, (b) strongest members and (c) weakest members. All values are normalized by the total
amount of occurrences using all ensemble members.

Fig. 4. Storm-centered composite differences of precipitable water between the strongest and weakest members
(mm; shaded) at (a) 6 h, (b) 24 h and (c) 48 h. Also shown is the ensemble mean (mm; contours). Stippling pattern
indicates statistically significant differences at the 95% confidence level.

Fig. 5. As in Fig. 4 but for the surface latent heat flux (W m−2).
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members. Previous studies have used water vapor
budgets to study the storm structure (e.g. Braun
2006), as well as to compare the structure of devel-
oping and non-developing TCs (e.g. Fritz and Wang
2013). In the present study we used a similar ap-
proach by considering the Boussinesq water vapor
equation:

∂(ρqv)

∂t
= −∇h ·(ρqv ~Vh)− ∂(ρqvw)

∂z
−C+E+B (1)

where qv is the water vapor mixing ratio, ρ is the dry
air density, ~Vh is the horizontal wind, w is the verti-
cal wind speed, C represents condensation, E repre-
sents evaporation and B represents the contribution
from the planetary boundary layer parameterization
scheme. The first two terms to the right hand side
of Eq. (1) represent the horizontal and vertical wa-
ter vapor flux convergence or divergence. These two
terms can be used to diagnose the net transport of
water vapor towards the storm center and from low-
to mid-levels. The terms were averaged over the area
of a circle, which by Green’s theorem translates into
the net flux across the radius of the area considered.
Similar to Braun (2006), the budgets were evaluated
at two different radii to consider the flux across the
inner-core region, and the flux from the environment
towards the TC outer region. The first radius, 60
km, was chosen to be 1.5 times the radius of max-
imum wind of the strongest members at 48 hours.
The second radius, 200 km, roughly represents the
outermost region of recirculating air as estimated by
the closed storm-relative streamlines.

The composite differences of the first two terms of
Eq. (1) evaluated at a radius of 60 km are shown
in Fig. 6 as a function of height and time. The dif-
ferences in the first term indicate that the strongest
members had greater water vapor flux convergence
in the boundary layer, which was statistically sig-
nificant at all lead times (Fig. 6a). These differ-
ences, which reached values of 200 g m−3 day−1,
first appeared in the initial conditions and persisted
throughout the entire forecast period. It is likely
that the statistically significantly large differences in
latent heat fluxes resulted in more low-level moisture
in the strong members. The favorable storm-relative
inflow (not shown) could then transport the water
vapor towards the storm center, leading to greater
horizontal flux convergence in the strongest mem-
bers.

On the other hand, the vertical water vapor flux
term was not statistically significantly different dur-
ing the first 24 hours of the forecast (Fig. 6b). Even
though the boundary layer was moistened by the
horizontal flux, there was not enough forcing to pro-

Fig. 6. Composite differences of (a) horizontal water
vapor flux convergence, (b) vertical water vapor conver-
gence and (c) area-averaged water vapor mixing ratio
(shaded). The black contours depict the ensemble mean
and the stippling pattern indicates statistically signifi-
cant differences at the 90% confidence level.

mote deep convection. The vertical transport of
water vapor became statistically significantly differ-
ent after 24 hours when a significant amount of wa-
ter vapor was being transported from the lower to
the middle troposphere. This time coincides with
the period when the storm in the strongest mem-
bers slowly started intensifying (Fig. 2). Interest-
ingly, this term was significantly different earlier in
the forecast when evaluated at 200 km (not shown).
Even though convection was not well organized in
the inner-core region, it was aiding in moistening
the mid-levels in the outer region.

The evolution of the area-averaged water vapor
mixing ratio generally depicts the gradual moist-
ening of the lower troposphere during the first 24
hours of the strongest members forecast (Fig. 6c).
The extra moisture extended higher than the layer
of enhanced horizontal water vapor flux convergence.
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This result can be attributed to the presence of shal-
low convection during the 24 h. Once the vertical
water vapor flux divergence became significantly dif-
ferent, deep convection and moistening of the middle
to upper troposphere occurred in the strongest mem-
bers, but not in the weakest members. The lack of
deep convection in the weakest members did not aid
in strengthening the low-level circulation, which is
likely the reason why those members remained weak
throughout the rest of the forecast.

4. Concluding remarks

A large set of high-resolution, full physics ensem-
ble forecasts was used to investigate TC intensity
changes under realistic conditions. The case of Hur-
ricane Katia (2011) was selected for this study based
on the challenges numerical models faced in predict-
ing development and intensification. Two distinct
groups were identified and compared: 1) ten mem-
bers that predicted intensification (strongest mem-
bers) and 2) ten members that did not predict in-
tensification (weakest members). Results showed
that a more favorable environment for strengthen-
ing with relatively weak vertical wind shear and
abundant PW characterized the strongest members.
The largest differences in PW were found to be out-
side the inner-core region of Katia, suggesting that
moisture in the near-storm environment is important
for development. Stronger latent heat fluxes in the
strongest members provided an additional source of
boundary layer water vapor. An evaluation of the
horizontal and vertical water vapor flux convergence
revealed that stronger low-level inward and upward
transport of water vapor gradually moistened the
middle troposphere, promoting deep convection in
the strongest members.

Based on these findings, it is hypothesized that
observations of lower tropospheric water vapor and
wind field in the near-storm environment may reduce
initial condition uncertainty and lead to improved
TC intensity forecasts. Future work will evaluate
this hypothesis through ensemble-based sensitivity
experiments.
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