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ABSTRACT

In this study, the predictability of Tropical Storm Erika (2009) is evaluated by analyzing a 60-member
convection-permitting ensemble initialized with perturbations from a real-time ensemble Kalman filter (EnKF)
system. Erika was forecast to intensify into a hurricane by most operational numerical models, but in reality it
never exceeded 50kt (1kt = 0.51 ms™'). There is a fairly large spread in the final intensities of the 60 ensemble
members indicating large uncertainty in the deterministic prediction of Erika’s intensity at 36-48-h lead times.
An investigation into which factors prevented intensification of the weaker ensemble members provides insight
that may aid in the forecasting of the intensity of future tropical cyclones under similar conditions.

A variety of environmental and storm-related factors are examined, and the parameters that have the
greatest relation to future intensity are determined based on ensemble sensitivity and correlation analysis. It
appears that midlevel relative humidity, absolute vorticity, and the distribution of convection relative to the
storm center all play a role in determining whether a given ensemble member intensifies or not. In addition,
although differences in deep-layer shear among ensemble members are difficult to discern, many of the en-
semble members that do not intensify fail to do so because of apparent dry air intrusions that wrap around the
centers of the storms, particularly in the 700-500-hPa layer. In the presence of moderate shear, this dry air is
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able to penetrate the cores of the cyclones, thereby preventing further development.

1. Introduction

Significant advances have been made over the past
few decades in the skill of hurricane-track forecasts
(Rappaport et al. 2009). However, the skill of intensity
prediction has not improved at a rate anywhere near that
of the track forecasts (Elsberry et al. 2007; DeMaria
et al. 2005). More recent studies focus on the processes
and environmental conditions that lead to events such as
genesis and rapid intensification, which are important
to intensity forecasts. In contrast, this study investi-
gates the predictability of the intensification (or lack
thereof) of a weak tropical cyclone that has already
undergone genesis. Tropical Storm Erika (2009) orig-
inated from a westward-moving tropical wave that
emerged into the Atlantic Ocean off the western coast
of Africa on 25 August 2009 (Berg and Avila 2011).
Shower and thunderstorm activity began to increase
on 27 August 2009 as a broad area of low pressure
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formed. On 29 August 2009, as the wave tracked west-
ward south of the Cape Verde Islands, convection began
to diminish. However, on 30 August 2009, the wave
encountered a region of warmer sea surface tempera-
tures and convection began to redevelop. At this time,
scatterometer data indicated that the storm had tropical
storm—force winds but lacked a well-defined low-level
circulation center. By the next day, satellite imagery
indicated that the storm had become better defined and
a United States Air Force Reserve reconnaissance air-
craft identified a broad, but closed, circulation about 250
nautical miles (n mi; ~460km) east of Guadeloupe.
Therefore, Tropical Storm Erika was officially desig-
nated at 1800 UTC 1 September 2009 with a minimum
sea level pressure (SLP) of 1007 hPa and maximum
sustained winds of 45kt (1kt = 0.51ms™ ') (Berg and
Avila 2011). Even though the wave was upgraded to
a tropical storm, the circulation was exposed, and a large
cluster of thunderstorms was located well east of the
surface center of the storm (Fig. 1a). Over the next few
days, Erika struggled to intensify (Fig. 1). The magnitude
of the Advanced Microwave Sounding Unit (AMSU)
deep-layer wind shear (Zehr et al. 2008) was initially
strong (30kt) but quickly decreased to a more modest
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FIG. 1. Water vapor satellite images of Tropical Storm Erika from a NOAA satellite at (a) 2345 UTC 1 Sep,
(b) 1145 UTC2 Sep, (c) 1745 UTC 2 Sep, (d) 2345 UTC 2 Sep, (e) 1145 UTC 3 Sep, and (f) 2345 UTC 3 Sep 2009. The
center of circulation at each time is indicated by the red hurricane symbol. Burnt orange regions indicate areas of
drier air. Lines for 20°N and 60°W are also drawn in aqua for reference. Images obtained online (available at http:/
rammb.cira.colostate.edu/products/tc_realtime/storm.asp?storm_identifier=AL.062009).

value, ranging between 5 and 20 kt (to be shown later).
In addition, the shear was from the southwest
throughout the lifetime of the storm, which is consis-
tent with the deep convection associated with Erika
remaining to the northeast (downshear) and displaced
from the circulation center. Forecasters at the Na-
tional Hurricane Center (NHC) believed that this
southwesterly shear played a significant role in prevent-
ing the convection from becoming more organized and

wrapping around the circulation center and therefore
contributed to the lack of strengthening of Tropical
Storm Erika.

Erika continued moving westward, weakening to a
minimal tropical storm (maximum sustained winds of
35kt), as the circulation center passed over Guadeloupe
at approximately 1800 UTC 2 September 2009. Early on
3 September 2009, thunderstorm activity slightly increased
and the storm began to reintensify (to 40kt at 0600 UTC 3
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September 2009). This increase in convection is evident in
Fig. 1e (1145 UTC 3 September 2009) as the convection
increases in areal coverage, although it remains displaced
from the circulation center. This intensification period was
brief, however, and Erika was downgraded to a tropical
depression at 1800 UTC 3 September 2009 and further
weakened to a remnant low 6h later as it passed to the
south of Puerto Rico. Tropical Storm Erika reached its peak
intensity at 0000 UTC 2 September 2009 with a minimum
SLP of 1004 hPa and maximum sustained winds of 45 kt.

The genesis of Erika was very well forecasted (Berg and
Avila 2011; Brown 2009). However, at the time of genesis
of Erika (1800 UTC 1 September 2009) nearly all opera-
tional intensity models forecasted the tropical storm to
intensify into a hurricane although the storm failed to do
so. These operational forecasts most likely failed in part
because of their coarser resolution and their inability to
resolve the exact location of impinging dry air on the
modeled vortex of Erika. The official NHC forecast issued
at the time of genesis did not intensify Erika into a hur-
ricane, but significant intensity errors were still seen
(Brown 2009). Utilizing the methodology employed in
previous predictability studies (Zhang and Sippel 2009;
Sippel and Zhang 2010), a 60-member Weather Research
and Forecasting model (WRF) ensemble simulation of
Tropical Storm Erika is performed and analyzed in an
attempt to identify which environmental and internal
factors contributed to the lack of intensification of this
storm. An understanding of what processes prevented the
weak ensemble members from intensifying may help to
understand why this lack of intensification for Erika was
difficult to forecast. More generally, this analysis may
help to increase the understanding of the predictability of
weaker tropical systems, which in the past has been
shown to be quite limited (Van Sang et al. 2008).

Section 2 describes the model and ensemble setup
used for the simulations, as well as the statistical tools
used to analyze the output of this simulation. Section 3
discusses the overall performance of the simulation and
explains in detail how differences in the environmental
factors among the ensemble contribute to the spread in
final intensity. Finally, section 4 summarizes the main
conclusions of this study.

2. Methodology

a. Model description and ensemble setup

In this study a 60-member cloud-permitting ensem-
ble using the Advanced Research Weather Research
and Forecasting model (ARW-WRF), version 3.1.1,
(Skamarock et al. 2008) is performed and analyzed.
Two static, two-way nested domains are used for all
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ensemble members with horizontal grid spacings of
13.5 and 4.5 km, respectively, and 34 vertical levels. Each
domain has 541 X 604 horizontal grid points, which cor-
respond to areas covering approximately 7300km X
8100km and 2400km X 2700km, respectively. The
physics configurations are consistent with those used in
Zhang et al. (2010). These include the Yonsei University
(YSU) (Noh et al. 2003) planetary boundary layer pa-
rameterization scheme, and the WRF single-moment
six-class (WSM6) microphysics parameterization scheme
(Hong et al. 2004). There are no cumulus parameteriza-
tions used in either domain. The model is integrated
from 0000 UTC 2 September 2009 until 0000 UTC 4
September 2009, which corresponds with the time from
6h after Erika was officially designated as a tropical
storm until the time at which Erika was declared a
remnant low. As in Zhang et al. (2010), the initial and
boundary conditions of the 60 ensemble members are
derived from ensemble perturbations generated by
the real-time Global Forecast System (GFS)-ensemble
Kalman filter (EnKF) global ensemble data assimilation
system (Whitaker et al. 2008). This real-time GFS-EnKF
system uses the same GFS model, which has a grid reso-
lution of T574 (equivalent to approximately 25-km grid
spacing), and assimilates the same set of observations as
those in the National Centers for Environmental Pre-
diction (NCEP) operational GSI analysis. The specific
variables from the GFS-EnKF system that are provided to
WREF include the geopotential height, minimum sea level
pressure, relative humidity, temperature, and the zonal
and meridional components of the wind. This system
has demonstrated advantages over the NCEP then-
operational system because of its use of a more advanced
data assimilation technique (Hamill et al. 2011). The en-
semble perturbations derived from the GFS-EnKF
analysis and forecast system thus represent realistic un-
certainties in the initial and boundary conditions for the
ensemble prediction of Erika, which eventually led to
large ensemble spread in the 48-h forecast of intensity.

b. Correlation analysis

To assess environmental and storm-related factors
that affect the predictability of Erika, a correlation
analysis based on ensemble sensitivity is performed. As
in previous predictability studies (e.g., Sippel and Zhang
2008, 2010; Sippel et al. 2011) correlation thresholds of
“weak,” “moderate,” and “strong” are chosen to be 0.3,
0.5, and 0.7, respectively." A correlation below 0.3 is

! Note that the thresholds in the current study will be more sta-
tistically significant than those in Sippel and Zhang (2008, 2010)
with the doubling of the ensemble size from 30 to 60.
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therefore considered to be no correlation. Throughout
this study, correlations are calculated between a given
factor and the final intensities of the ensemble, to assess
the impact of that factor on the intensity spread of
the ensemble. The metric used for ““final” intensity is the
minimum SLP of each ensemble member 42 h into the
simulation (forecast hour 42 or 1800 UTC 3 September
2009). The results of the correlation analysis corre-
sponding to the time interval between forecast hour 12
and 24 are most relevant to identifying whether an en-
semble member will intensify or not. This is the portion
of the simulation after the WRF “‘spinup” (resulting
from the initial conditions that were derived from a
coarse-resolution global model) has been completed but
for which the intensities of the ensemble members are
still similar to each other. As we will show, the influence
of environmental and storm-related factors on the final
intensity is strongest during this portion of the simula-
tion (before some of the ensemble members have begun
to intensify) and the analysis of the statistical correla-
tions will therefore be focused on this 12-h period.
Although linear correlation is a valuable statistical
tool, it is important to remember its limitations. First,
correlation does not imply causation, and second, the
variables could still be nonlinearly related even if they
have little or no linear correlation. Furthermore, many
of the factors considered in this study that potentially
influence the final intensity spread (atmospheric mois-
ture, initial intensity, wind shear, etc.) are correlated
with each other. For example, as the simulation ad-
vances, the relative humidity becomes strongly corre-
lated with current intensity, and part of the correlation
of humidity with final intensity is actually a consequence
of the relationship between current and final intensity.
Once the intensification process has begun for a given
member, it is likely to continue unless significant changes
occur in the surrounding environmental conditions. A
simple linear correlation is insufficient when assessing
relationships between the factors and the final intensities.
Partial or “‘part” correlations are therefore used to clarify
relationships when multiple variables are correlated to
one another. A first-order partial correlation is equivalent
to correlating variables x and y while holding z constant
[7y(x.z)]- This first-order partial correlation is given by

ryx - rerXZ (1)

r =2
y(x.z) /1 _ r)%z

where r,, is the correlation between variables x and y, r,,,
is the correlation between y and z, and r,, is the corre-
lation between x and z. Similar to Sippel et al. (2011), in
all partial correlations calculated in this study the
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dependent variable y is the final intensity metric, z is the
current intensity (current minimum sea level pressure)
of each ensemble member, and x is the factor that is
being evaluated. Partial correlations are applied in an
attempt to evaluate the relationship between the final
intensity and the environmental and storm-related fac-
tors, while removing the impact that current intensity
has on this relationship. Throughout this study, linear
and partial correlations are the main statistical tools
utilized to evaluate the impacts of a given factor on the
intensity spread of these simulations.

3. Results and discussion

a. Ensemble performance of track and intensity

An analysis of the tracks and intensities of the 60
ensemble members is performed to gain insight into
whether the differences in ensemble tracks contributed
to the significant spread in final intensity in any way.
Figure 2a shows the National Hurricane Center (NHC)
best track of Erika as well as the tracks of all 60 members
in the ensemble grouped by final intensity. Erika tracked
westward throughout its lifetime, and the best track lies
along the southern edge of the area spanned by the en-
semble tracks. Some of the ensemble members track
generally westward, while others take a more north-
westward heading. The NHC Tropical Cyclone report
states that all operational models for this storm had
a strong northward bias and unusually large track errors
(Brown 2009). The northward bias that exists in the
ensemble tracks of this simulation was most likely
caused by the same modeling errors that occurred in the
track forecasts of the operational models. It appears that
most of the more intense ensemble members travel in
a more northwestward direction, while the weaker en-
semble members can have either westward or north-
westward tracks. However, the final position (in terms of
latitude and longitude) and final intensity are only
weakly correlated (not shown). This suggests that the
tracks of the members may be influenced to some extent
by their intensities but the track does not appear to
contribute substantially to the intensity spread. The
tracks of all ensemble members coincide with suffi-
ciently high sea surface temperatures (SSTs; Fig. 2a) for
further development (28°-29°C), implying that SST also
does not contribute to the intensity spread.

Figures 2b and 2c show an evolution of the minimum
SLP and maximum 10-m wind speed for each ensemble
member, along with the best-track intensity of Tropical
Storm Erika. The initial intensities of the ensemble
members are slightly weaker than the best-track in-
tensity of Erika, perhaps because of the coarse (~47 km)
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FIG. 2. Evolution of (a) the tracks, (b) the minimum SLP (hPa),
and (c) the maximum wind speeds (kt) of the best track of Tropical
Storm Erika [black line (BT) is the position indicated every 6h
in (a)] and the ensemble members grouped by intensity at
1800 UTC 3 Sep 2009: WEAK — minimum SLP > 1000 hPa (blue),
AVERAGE — minimum SLP between 990 and 1000 hPa (green),
and STRONG — minimum SLP < 990 hPa (red). A portion of the
inner domain of the WRF simulation is plotted in (a) along with sea
surface temperature contours every 1°C. The thick red and blue
lines in (b),(c) correspond to four selected ensemble members.
Members 29 and 25 are two members of WEAK while members
46 and 51 are members of STRONG.

MUNSELL ET AL.

2509

resolution of the GFS-EnKF analyses, which provide
the initial conditions. Given these similar initial in-
tensities, Fig. 2 clearly illustrates that some ensemble
members intensify while some do not. The black dashed
line indicates the time that was chosen as a “final” in-
tensity time when calculating statistical relationships
(1800 UTC 3 September 2009). This time coincides with
the operational downgrading of Tropical Storm Erika to
Tropical Depression Erika. By the end of the simulation,
the spread in intensity between the members is large.
Overall, about half of the ensemble members (32) per-
form somewhat successfully by not appreciably inten-
sifying, with a final minimum SLP greater than 1000 hPa.
Another 19 members are considered to be average
performers with final minimum SLPs between 990 and
1000 hPa, while 9 ensemble members perform unsuc-
cessfully and intensify to storms with minimum SLPs
less than 990 hPa. These groups of ensemble members
will be referred to as “WEAK”, “AVERAGE,” and
“STRONG?” throughout this study. During the first 12 h
of the simulation, spikes in intensity and unrealistic
features in some of the environmental fields can be ob-
served. These irregularities in intensity in the early part
of the simulation can be clearly seen in the evolution of
the maximum wind speed of the ensemble members
(Fig. 2c), as the maximum wind speeds of some members
increase by as much as 40 kt. Presumably, these features
result from the initial conditions being derived from
a different model with coarser grid spacing, and so
a period of adjustment must occur. Therefore, the
statistical analysis of this study is focused on the times
between 1200 UTC 2 September and 0000 UTC
4 September 2009.

The intensity evolution of four ensemble members is
highlighted in Fig. 2 (members 29, 25, 46, and 51), while
Fig. 3 shows the evolution of the 2-km simulated radar
reflectivity fields that correspond with these four high-
lighted members. These members demonstrate the di-
versity of the ensemble. Member 29 represents a typical
weak member that has an average initial intensity
among the other members of the ensemble but fails to
strengthen throughout the simulation. As the radar re-
flectivity fields indicate, there is little convection located
near the circulation center of this storm throughout its
lifetime. Member 25 fails to intensify to a minimum SLP
less than 1000 hPa even though the member has one of
the stronger initial intensities in the ensemble, and is
representative of other such weak members. This implies
that initial intensity does not completely determine
whether a given member will intensify or not. There is
also a larger areal coverage of convection associated with
the initial vortex of this member and this convection may
be a contributing factor in the evolution of the strength
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FI1G. 3. Evolution (every 12 h between 1200 UTC 2 Sep and 0000 UTC 4 Sep 2009) of 2-km simulated radar reflectivity (filled contours
every 5dBZ) and sea level pressure (contour lines every 2 hPa between 1000 and 1012 hPa, every 5 hPa for pressures less than 1000 hPa)
for the four highlighted ensemble members in Fig. 2. Each panel is storm-centered and the domain encompasses a 5° latitude X 5°
longitude box. Radar reflectivity contours have been smoothed (using a 1:2:1 smoother in both the x and y directions) 10 times for clearer

visualization.

of the vortex. This member does begin to slowly in-
tensify at 0000 UTC 3 September 2009 but later weakens
at 1200 UTC 3 September 2009 when the strength of the
convection weakens and becomes severely displaced
from the circulation center.

Both members 46 and 51 intensify to minimum SLPs
less than 990 hPa and are therefore two of the worst-
performing members in the ensemble. Member 46 is the
strongest member in the ensemble, with a minimum SLP
of 987 hPa at 1800 UTC 3 September 2009. A large area
of strong convection in this member is initially located to
the east of the circulation center. However, this con-
vection is able to wrap around the low pressure center to
form a closed eye by 1200 UTC 3 September 2009. The
eye formation further accelerates the intensification
process. Member 51 has the weakest initial intensity
among all ensemble members but still does intensify.
Once again, a large area of relatively strong convection

remains close to the circulation center, which enables
this member to intensify. Based on this preliminary
analysis of four diverse ensemble members, it appears
that the areal coverage, intensity, and location of initial
convection, as well as the initial storm intensity, all play
a role in determining which members intensify and
which do not.

b. Factors affecting intensity

1) ATMOSPHERIC MOISTURE AND MIDLEVEL DRY
AIR INTRUSIONS

Atmospheric moisture has long been recognized as an
important environmental factor in the determination of
tropical cyclone intensity. For example, Sippel and
Zhang (2008), who utilized a similar ensemble setup to
this study, showed that the initial moisture profile of
a member from the surface up to about 300 hPa has
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FIG. 4. Vertical profiles of 200-km area-averaged relative humidity (%) averaged according to final intensity: WEAK — minimum
SLP > 1000 hPa (black dashed), AVERAGE — minimum SLP between 990 and 1000 hPa (gray), and STRONG — minimum SLP <
990 hPa (black solid) at (a) 1200 UTC 2 Sep, (b) 1800 UTC 2 Sep, and (c) 0000 UTC 3 Sep 2009. Relative humidities at each vertical level
for each ensemble member are calculated by finding the average relative humidity within a 200-km radius from the surface center. Also
shown are vertical profiles of 200-km area-averaged relative humidity (%) for the eight strongest members (8STRONGEST; black solid)
and the eight weakest members (SWEAKEST; black dashed) at (d) 1200 UTC 2 Sep, (e) 1800 UTC 2 Sep, and (f) 0000 UTC 3 Sep 2009.

The thick black solid and dashed lines in each of these plots represent the means of the SSTRONGEST and SWEAKEST groups.

a moderate correlation with final intensity. The corre-
lation between water vapor mixing ratio and final in-
tensity in the midlevels, particularly at 700 hPa, was
shown to be strong. The presence of dry air in the mid-
level portion of the atmospheric moisture profile can be
particularly influential in preventing intensification from
occurring. Dry air can wrap around a storm’s core and
subsequently become entrained into the eyewall up-
drafts, which diminishes convection (Kimball 2006).
Therefore, the atmospheric moisture profiles are in-
vestigated to determine their impact on the intensity
spread of the ensemble members in this simulation of
Tropical Storm Erika.

Relative humidities at each vertical model level for
each ensemble member are analyzed by finding the
average relative humidity within a 200-km radius of
the surface center. Figures 4a—c show an evolution of the
vertical profiles of relative humidity, averaged over the
various ensemble members grouped by final inten-
sity (WEAK, AVERAGE, STRONG), while Figs.
4d-f show the vertical profiles for the eight weakest

(“SWEAKEST”) and eight strongest (“8STRONGEST”)
ensemble members according to final intensity, as well
as the respective group means. Throughout nearly the
entire depth of the troposphere, the ensemble members
that fail to develop have relative humidities that are on
average less than those of the ensemble members that
do intensify. This difference between intensity groups
is especially apparent in the midlevels (between 4
and 7km). As early as 12h into the simulation, the
mean vertical profile of the weakest members (WEAK)
is about 10% drier at the low and upper levels when
compared with the STRONG vertical profile. At mid-
levels, this difference is as large as 20%. As the simu-
lation progresses, the difference between the mean
profiles at the low and upper levels remains around 10%;
however, the difference at the midlevels increases to
around 25%. The difference between the composite
profiles SWEAKEST and 8STRONGEST members at
this time is as large as 30%.

Figures 5a—f show an evolution of storm-centered
composite 500-hPa relative humidity (%) for SWEAKEST
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FIG. 5. The 500-hPa storm-centered horizontal cross-section composites (600 km X 600 km box around each ensemble surface center)

of relative humidity (%) (contours filled every 10%) of the SWEAKEST and 8STRONGEST ensemble member groups at (a),(d)
1200 UTC2 Sep, (b),(e) 1800 UTC2 Sep, and (c),(f) 0000 UTC 3 Sep 2009. Geopotential height contours corresponding to the model level
whose mean pressure is closest to 500 hPa are also plotted every 5 m in solid gray. The surface center is indicated by the solid black dot.
Relative humidity and geopotential height contours are smoothed 10 times (using a 1:2:1 smoother in both the x and y directions) to aid in
visualization. (g)-(i) The difference between the relative humidity composites (SSTRONGEST — SWEAKEST) is also plotted at these

times (contours filled every 10%).

and 8STRONGEST, respectively, while Figs. Sg—i show
the difference between the two groups. It should be
noted that the ensemble members of SWEAKEST have
the highest minimum SLPs at forecast hour 42 but are
not necessarily the eight weakest ensemble members at
each of the times of the composites. These composites
display data for a 600km X 600km box around the
surface center of each member and composite geo-
potential height contours at 500 hPa are also overlaid.
Both sets of relative humidity composites exhibit similar
structures. Moister air is located predominantly to the

southeast of the storm centers with drier air to the west
and northwest of the storm centers. The areas of higher
relative humidity are associated with the areas of the
strongest convection. Differences between the com-
posites arise however, as the region of very moist air
covers a much larger area in the 8STRONGEST com-
posites. This moist air is not only located to the southeast
of the storm centers, but also to the east and northeast of
the centers. In these regions, the relative humidities in
the 8STRONGEST composites are as much as 40%
higher than in the SWEAKEST composites (Figs. 5g-i).
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The composites also indicate not only moister air (at
least a 10%-20% difference throughout the cross sec-
tion) for the stronger members, but this moister air is
located over the surface circulation centers of the
members. It appears that the drier air located over the
surface circulation centers of the SWEAKEST members
may be preventing the weaker members from de-
veloping. These spatial composites provide strong in-
dications of dry air intrusions into the centers of the
weak ensemble members at 500 hPa. Figure 5 also clearly
illustrates the difference in midlevel vortex strength be-
tween the groups by comparing the geopotential height
contours of the composites. By 1200 UTC 2 September,
the 8STRONGEST composite has a closed and much
stronger composite vortex that deepens throughout the
simulation. The composite vortex of the SWEAKEST
members is much weaker, and a closed vortex cannot be
identified.

The evolution of the structure of the composites for
the two intensity groups at 700 hPa (not shown) is similar
to the composites at 500 hPa, with moist air to the east of
the surface circulation centers and drier air to the west.
Even more influential at this level than at 500 hPa,
the moister air envelops the circulation center of the
stronger member composite, while lower relative hu-
midity air (typically about 70% for SWEAKEST com-
pared to 80% for 8STRONGEST) is located over the
circulation center of the weaker members. It is also
worth noting that in the 8STRONGEST composites at
both 500 (Figs. 5d—f) and 700 hPa (not shown), as early
as 12 h into the simulation, there is an area of drier air
that appears to be slowly wrapping around the outside of
the center of circulation. This feature may result from
the stronger initial intensities of the stronger ensemble
members. More intense vortices associated with the
strong members can more rapidly advect the surround-
ing dry air around the center of the storms. This helps
prevent the dry air from being advected into the circu-
lation center by the surrounding environmental flow and
makes dry air intrusions in the stronger members less
likely. This suggests that there may be a more complex
relationship between atmospheric moisture and tropical
cyclone intensity that will be further investigated later.

Figures 6a and 6¢ show an evolution of the composite
vertical profiles of relative humidity for SWEAKEST
and 8STRONGEST, respectively. These plots effec-
tively synthesize the information displayed in Fig. 4 and
further highlight the differences between the compos-
ite groups. Similar results are seen when plotting the
evolution of the composite vertical profiles of relative
humidity for the WEAK, AVERAGE, and STRONG
groups (not shown), although the differences in mag-
nitude are not as large. The vertical profiles of relative
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humidity for any given weak or strong member (not
shown) also include very similar characteristics as the
composite SWEAKEST and 8STRONGEST profiles,
allowing the composite profiles to be used for this
analysis. It is once again clear from these figures that
the weak members tend to have a consistently drier
vertical profile at all times. The difference between the
composites is the clearest at the midlevels as the
members of the SSTRONGEST group have moister air
(relative humidities between 70% and 80% ) while the
members of the SWEAKEST group develop drier air
(relative humidities between 50% and 70%) in this
region, particularly as the simulation evolves.

Figure 6b shows the evolution of the correlation at
each height and time between the 200-km area-averaged
relative humidity (%) and the final intensity in terms of
minimum SLP of the 60 ensemble members. Therefore,
a negative correlation implies that there is moister air
(higher relative humidity) when the storms are more
intense (lower minimum SLP). As expected, the re-
lationship between the relative humidity and final in-
tensity is strongest in the midlevels. At 12h into the
simulation, the correlation between relative humidity
in the 4-7-km region and final intensity is moderate
(approximately —0.55). By forecast hour 24, which
is the point in the simulation where the intensities
of the ensemble members noticeably begin to sepa-
rate, the correlation has become strong (approxi-
mately —0.70). These calculations provide statistical
evidence of the importance of the midlevel moisture
in determining the final intensity of each ensemble
member. These results are consistent with the physi-
cal expectation that the atmospheric moisture profile
will influence intensity.

Figure 6d shows the evolution of the partial correla-
tion between the 200-km area-averaged relative hu-
midity and the final intensity, with the current intensity
held constant. This calculation is performed to remove
the effect that the current intensity of each member has
on the statistical relationships. The partial correlation
will steadily decrease over time regardless and will reach
zero by forecast hour 42 when the final intensity is equal
to the current intensity. Overall, as expected, the partial
correlation is weaker than the correlation, as the current
intensity in general has some impact on the final in-
tensity. However, at forecast hour 12, a moderate cor-
relation (approximately —0.55) still exists between the
relative humidity and the final intensity at the midlevels.
This correlation remains weak to moderate in the sim-
ulation until forecast hour 27, which is the point when
the current intensity has a larger impact on the final
intensity spread. These results provide more evidence
of the importance of the midlevel moisture between
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a lower (and stronger) minimum SLP.

forecast hour 12 and 24 in determining the final intensity
of each member in the ensemble.

To more clearly illustrate the impact of the midlevel
dry air intrusions, correlation contour plots are con-
structed of horizontal cross-sections of relative humidity.
Figures 7a—c show an evolution of the storm-centered
ensemble mean 500-hPa relative humidity (%) field,
while Figs. 7d—-f show these same plots at the 700-hPa
level. The overall structures of the ensemble-mean
relative humidity fields are as expected very similar to
the SWEAKEST and 8STRONGEST composites, with
moister air to the east of the surface circulation center
and drier air to the west. The ensemble-mean wind field
at the respective pressure level is also overlaid and
throughout the simulation it is clear that the mean cir-
culation centers at 500 and 700 hPa are displaced from
the surface center. This indicates that there is a definite
tilt of the center with height in the majority of the en-
semble member vortices, which is a typical feature of
weak and/or sheared tropical storms (Reasor et al.
2004).

Correlation contours between each grid point of the
horizontal cross section of relative humidity and final
intensity are also plotted in Fig. 7. The regions with the
strongest horizontal gradient in relative humidity are
those with the highest correlation. Because of the neg-
ative correlation, the ensemble members with stronger
final intensities (lower minimum SLPs) will have higher
relative humidities in these regions. At the 500-hPa level
at forecast hour 24, the region of significant correlation
encompasses a fairly large area surrounding the surface
circulation. This result does not necessarily indicate the
individual dry air intrusions at this level, but it does show
that the stronger ensemble members on average have
uniformly higher relative humidities across the tropical
storms. The correlation analysis at the 700-hPa level
provides more evidence of dry air intrusions. At forecast
hour 24, the area of moderate correlation that appears to
have originated northwest of the mean surface circula-
tion, over the driest region, has extended southeast to-
ward the centers of the members across the region of the
largest gradient. Once again this implies that the most
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significant difference between the moisture fields of the
weak and strong ensemble members occurs in this re-
gion. This correlation structure is consistent with dry air
northwest of the center being advected into the circu-
lation center, preventing the weaker ensemble members
from intensifying. The correlation contours indicate that
these dry air intrusions do not occur as often or as det-
rimentally for the ensemble members that intensify.

2) VORTICITY

Besides the midlevel atmospheric moisture, another
important factor in the intensity determination of
a member is the initial and subsequent evolution of the
vorticity of the member. Sippel et al. (2011) found that
initial low-level potential vorticity was the factor most
strongly correlated with the final intensity of Tropical
Storm Debby (2006). Figures 8a—c show an evolution of
the 200-km area-averaged relative vertical vorticity
(10~°s™ 1) profiles averaged according to final intensity. At
forecast hour 12 it is clear that the members of STRONG
have initially higher relative vorticities throughout
the entire vertical profile. A stronger initial vortex not

surprisingly seems to lead to a stronger final vortex as
a relationship exists between the current intensity and
final intensity of the storm. As the storms evolve, the
stronger members maintain higher relative vorticities at
all heights, which correspond with stronger circulations.
Figures 8d—f show an evolution of the 200-km area-
averaged relative vorticity (107>s™ ") profiles for the
SWEAKEST and S8STRONGEST ensemble member
groups. The profiles of these extreme performing members
once again demonstrate the differences in vorticity be-
tween the members of the two intensity groups. Increases
in the vorticity in the midlevels of the vertical profiles for
the members in SSTRONGEST are observed as the sim-
ulation evolves. The vorticity profiles of the members in
SWEAKEST however, remain mostly unchanged.

Once again, statistical correlations are used to de-
termine if the differences in the relative vorticity profiles
between the intensity groups are statistically significant.
Figures 9a and 9c show an evolution of the 200-km area-
averaged relative vorticity composites of SWEAKEST
and 8STRONGEST. These plots continue to highlight
the increase in relative vorticity for the stronger members
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FIG. 8. As in Fig. 4, but for relative vorticity (10>s™1).

as the simulation evolves. The vortices associated with
the 8SSTRONGEST members appear to be intensifying
throughout most of the vertical profile but particularly in
the midtroposphere, throughout the simulation. Figure 9b
shows an evolution of the correlation between the 200-km
area-averaged relative vorticity profile and the final in-
tensity of each ensemble member. As early as forecast
hour 12, the correlation between relative vorticity and
final intensity is moderate throughout the profile. By
forecast hour 15, the correlation has increased and is
particularly strong in the midlevels (between 3 and
8 km). The correlation between the relative vorticity and
final intensity is stronger and appears to increase earlier
in the simulation than the correlation between the rel-
ative humidity profiles and the final intensity. This im-
plies that the current relative vorticity could prove to be
a very useful factor in determining whether an ensemble
member intensifies.

Figure 9d shows an evolution of the partial correlation
between the 200-km area-averaged relative vorticity
profiles and the final intensity with the current intensity
held constant. The partial correlation is significantly
weaker than the correlation, but as early as forecast
hour 15, a moderate partial correlation is seen in the
midlevel region of the relative vorticity profile, corre-
sponding to stronger and deeper vortices in the stronger

ensemble members. This moderate partial correlation is
an indication that, although relative vorticity is some-
times considered to be a measure of the intensity of
a tropical cyclone, in this simulation the two are not
interchangeable. An increase in relative vorticity in the
developing members of this simulation is observed be-
fore a corresponding drop in minimum SLP and this
provides an indication that relative vorticity may offer
a signal that a given ensemble member is about to
strengthen. The relative vorticity partial correlation
profile is similar to the partial correlation results from
the relative humidity analysis, indicating that both the
atmospheric moisture and vorticity play a role in de-
termining the final intensity of the ensemble members in
this simulation.

The relationship between relative vorticity and con-
vection is also investigated. Figure 10 shows an evolution
of the composite 2-km radar reflectivity fields (dBZ)
for the SWEAKEST (Figs. 10a—) and 8STRONGEST
(Figs. 10d—f) ensemble groups. These composites dem-
onstrate that the ensemble members with the stronger
final intensities, and therefore the stronger initial vorti-
ces, have a larger areal coverage of convection as well as
more intense convection associated with the storms. It
appears that the members of 8SSTRONGEST also de-
velop convection located closer to the circulation center
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than the members of SWEAKEST, even though the
convection in both intensity groups is located almost
exclusively to the east of the surface circulation center.
The presence of convection in these ensemble members
must also influence the atmospheric moisture profiles of
each of the members, highlighting the complicated in-
teractions that exist in this simulation between both
thermodynamic and dynamic variables. Given the ran-
domness of moist convection, these interactions may
further limit the predictability of Erika’s evolution and
final intensity.

3) RELATIONSHIP BETWEEN THERMODYNAMIC
AND DYNAMIC PROCESSES

The results of the correlation analysis of the atmo-
spheric moisture variables and the intensity variables
revealed that both thermodynamic and dynamic pro-
cesses are important in determining the final intensity of
an ensemble member in this simulation. The evolution
of the correlation and partial correlation plots from the
relative humidity and the relative vorticity analyses have
very similar magnitudes and structures and therefore
reveal a potential relationship between the two vari-
ables. A simple way to test the relationship between
these two variables is to once again use a basic statisti-
cal correlation. Figure 11a shows an evolution of the

correlation between the 200-km area-averaged relative
humidity (%) and the 200-km area-averaged relative
vorticity (10°s™"). As early as 9 h into the simulation,
a moderate correlation exists between the vorticity and
the low- to midlevel (2-5 km) relative humidity field. As
the vorticity develops in the low and mid levels of the
profile as the ensemble members begin to intensify, the
correlation also increases at these levels. At forecast
hour 21, there is a strong correlation between the vor-
ticity and the relative humidity. By this time in the
simulation, the separation in intensity between the
strong developing members and the weaker members
has begun. This can be clearly illustrated by examining
the evolution of the correlation between current in-
tensity and final intensity in terms of minimum SLP (Fig.
11b). The correlation at forecast hour 21, the time when
the correlation between the relative humidity and the
relative vorticity becomes strong, is approximately 0.60,
which is moderate. The correlation is initially weak
(~0.3) and remains weak to moderate throughout the
majority of the simulation period. This relationship is
also illustrated by the results of the partial correlation
analyses discussed above.

The strong correlation between the relative vorticity
and the relative humidity reinforces the existence of
a relationship between the thermodynamic and dynamic
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processes in the evolution of Erika. A complicated
feedback process between these two variables is occur-
ring, although it is difficult to determine whether the
dynamic processes or the thermodynamic processes are
more important. The correlation between relative hu-
midity and final intensity and the correlation between
relative vorticity and final intensity become significant
near the same time in the simulation (forecast hour 12),
although the correlation between relative vorticity and
final intensity is much stronger. There appear to be two
potential scenarios that dictate whether an ensemble
member will intensify. If the thermodynamic variables
are more influential on the intensification process, an
analysis of the midlevel relative humidity profiles will
reveal dry air intrusions that infringe upon the circula-
tion centers of the eventually weaker ensemble mem-
bers. These dry air intrusions are detrimental to the
development and intensification of convection in the
tropical storm. In this situation, the thermodynamic
profiles and whether a dry air intrusion occurs will be the
dominant contributor to whether intensification occurs,
thereby dictating the dynamics. However, if the dynamic
variables are more influential on the intensification

process, the stronger initial vorticity and therefore cir-
culation can prevent dry air intrusions from occurring by
advecting the drier air around the outer circulation of
the storm, inhibiting the dry air from reaching the cir-
culation center. In addition, the storms with stronger
initial vortices tend to have a larger areal coverage and
intensity of convection associated with them, and outer
rainbands can therefore protect the inner core from the
dry air intrusions (Kimball 2006). This process would
allow the tropical system to maintain a moist profile over
the center of the vortex and intensification could pro-
ceed. In this scenario, the stronger initial vorticity,
which is a dynamic variable, is more significant in the
determination of intensification. Regardless of which
group of variables is more important, the correlation
analysis of these factors reveals that a complex re-
lationship exists between the thermodynamic and dy-
namic variables in this simulation, emphasizing the
importance of both of these groups of variables.

4) DEEP-LAYER SHEAR

The final environmental factor considered that has an
influence on the final intensity spread in this study is the
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deep-layer (850-200 hPa) wind shear. We focus on this
environmental factor primarily because of the well-
documented negative effects of deep-layer shear on
tropical cyclone intensification (Simpson and Riehl
1958; Gray 1968; DeMaria and Kaplan 1994, 1999; and
others) as well as the frequent appearance as an im-
portant factor in similar predictability studies (Sippel
and Zhang 2008). Figure 12a shows the ensemble-mean
deep-layer shear magnitude and direction for this sim-
ulation. The magnitudes of shear for each ensemble
member are calculated by taking the average of the dif-
ference in wind velocities between the 850- and 200-hPa
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levels at every model grid point that is between 200 and
500km from the surface center. The values are then
averaged across the members and plotted in Fig. 12a.
The observational data discussed in the introduction
(AMSU data) as well as the Statistical Hurricane In-
tensity Prediction Scheme (SHIPS; DeMaria et al. 2005)
shear are also overlaid in Fig. 12a. Throughout the sim-
ulation, the magnitude of the ensemble-mean shear re-
mains moderate, in the range of 10-15kt. The mean
southwesterly shear present during the first day of the
simulation begins to evolve toward a westerly shear
around forecast hour 24 (approximately 240°-280°). The
observational estimates of the magnitude and direction of
the deep-layer shear are similar to the results from the
ensemble simulation. The initial magnitude of the AMSU
shear (30kt) appears to be larger than in the simulations,
but throughout the rest of the lifetime of Tropical Storm
Erika the observed shear remains between 10 and 20 kt,
which is fairly consistent with the simulation. The di-
rection of the observed AMSU shear is also fairly similar
to the simulated shear, although the observed shear is
predominantly southwesterly throughout the entire sim-
ulation (approximately 240°) and does not becomes
more westerly with time. The magnitude and direction
of the SHIPS shear is even more comparable to the
ensemble-mean shear. The similarities between the ob-
served and simulated shear provide confidence that the
thermodynamic and dynamic processes occurring in the
ensemble simulation could be representative of those
within Tropical Storm Erika.

Based on the results shown in Figs. 12a and 10, the
ensemble-mean direction of the deep-layer shear and
the location of the convection in the ensemble members
appear to be related. In addition to the reflectivity in Fig.
10, mean deep-layer shear vectors are plotted from the
composite centers and are pointed in the direction of
the shear. It is clear from these plots that simply being in
the presence of this moderate southwesterly shear has
displaced all of the convection in the composites east-
ward of the circulation centers, or downshear. These
results are consistent with numerous previous studies,
including for example the numerical study by Rogers
et al. (2003) and the observational study by Corbosiero
and Molinari (2002), which found that in the presence
of moderate shear, there is a strong preference for
convection to be located downshear, both near the
storm core and in the outer band region. At fore-
cast hour 12 (Figs. 10a,d) and forecast hour 18 (Figs.
10b,e) of the simulation, the shear vectors in both the
SWEAKEST and 8STRONGEST composites are of
similar moderate magnitude. However, at forecast hour
24, the composite shear vector associated with the weak
members has increased and is now larger in magnitude
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circles), and 24 (black circles) for the members of the composite groups SWEAKEST and 8STRONGEST. Three of
the members in the SWEAKEST group do not have distinguishable circulation centers at forecast hour 42 and

therefore are not plotted.

than the shear associated with the strong members
(approximately 11kt for SWEAKEST versus approxi-
mately 6 kt for SSTRONGEST).

The composite magnitude of center tilt with height of
the ensemble vortices is also plotted in Fig. 10. The
center tilt with height of each ensemble vortex is cal-
culated by finding the horizontal difference between the
850-hPa center and the 500-hPa center. At forecast
hours 12 and 18, the center tilt with height of the
SWEAKEST composites and the 8STRONGEST com-
posites are similar and relatively large in magnitude. At
forecast hour 24, the magnitude of the composite tilt
vector for 8STRONGEST has become small while the

SWEAKEST composite tilt remains large. An increase
in shear over the SWEAKEST composite and a decrease
in center tilt with height over the SSTRONGEST com-
posite at this time also correspond with the beginning of
the intensification period for the strong members. It
appears that the relatively weak shear and subsequent
reduction in center tilt with height contributes to the
intensification of the 8STRONGEST members, while
the comparatively stronger magnitude of the deep-layer
shear over the SWEAKEST composite may be pre-
venting intensification from occurring.

It has been shown that the magnitude of the tilt of the
vortex increases with increasing shear (Davis et al. 2008)
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and how the vortex responds to this shear plays a sig-
nificant role in whether development occurs or not. In
addition, in this case, the shear may be preventing the
convection from becoming located near the circulation
center and the increase in magnitude of the shear of the
SWEAKEST group may be preventing the convection
from wrapping around the vortices, which makes inten-
sification difficult. It is important to remember, however,
that the initial strength of the convection associated with
the 8STRONGEST group is stronger and also must be
considered as a potential factor that may contribute to the
significant final intensity spread. While the shear and tilt
vectors in the composites in Fig. 10 indicate that a dif-
ference in shear magnitude may contribute to whether an
ensemble member intensifies, a more quantitative ap-
proach must be used to determine whether this potential
relationship exists.

Figure 12b shows the evolution of the area-averaged
deep-layer (850200 hPa) shear averaged according to fi-
nal intensity. Between forecast hours 12 and 15, the deep-
layer shear of the ensemble members that eventually
intensify (STRONG) continues to decrease in magnitude,
while the shear associated with the weak ensemble
members (WEAK) persists. Although throughout the
rest of the simulation an observable difference in shear
can be seen, the difference in magnitude between the
two intensity groups is only a few knots (approximately
11 kt of shear over the WEAK group and approximately
7kt of shear over the STRONG group). Figure 12c
shows an evolution of the correlation between area-
averaged deep-layer shear and final intensity for this
simulation of Tropical Storm Erika. Between forecast
hours 12 and 15, the correlation does begin to increase,
corresponding to the same time when the magnitudes
of the wind shear for the intensity groups begin to di-
verge. The correlation peaks at approximately forecast
hour 24, coincident with the time of intensity divergence,
but only at a weak value of just over 0.3. For the rest of the
simulation, the correlation decreases and is nearly zero by
the end of the simulation. Figure 12d shows a scatter-
plot of final intensity versus area-averaged deep-layer
wind shear at forecast hours 12, 18, and 24 for the
ensemble members that compose SWEAKEST and
8STRONGEST. There is an indication, particularly at
forecast hour 24, that the members of 8STRONGEST
always have values of deep-layer shear that are weak,
while the SWEAKEST members have a much wider
spread of shear values. Therefore, there is evidence that
the stronger values of shear may prevent intensification
from occurring in some of the weaker ensemble mem-
bers; however, a lack of shear does not guarantee in-
tensification. A relationship between deep-layer shear
and final intensity exists, but the results of this correlation
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analysis are not as strong as the results from the corre-
lation analyses of atmospheric moisture and relative
vorticity.

Even though the correlation between deep-layer
shear and final intensity is not as significant as the cor-
relations between intensity and some of the other fac-
tors, based on the location of the convection associated
with the ensemble members, it is clear that the deep-
layer shear has an impact on the evolution of this sim-
ulation. Simply the presence of this moderate shear can
have a large impact on the atmospheric moisture profiles
of the ensemble members, which has been shown to
have a statistical impact on final intensity, by advecting
dry air into the circulation centers and thereby pre-
venting intensification. To more clearly demonstrate the
impact that the deep-layer shear can have on the at-
mospheric moisture profile, vertical cross sections of
relative humidity and winds through the surface center
in the downshear direction are plotted for a weak
member (member 25, Figs. 13a—d) and a strong member
(member 46, Figs. 13i-1) of this ensemble. At forecast
hour 12, dry air can be seen in the mid- to upper levels
(particularly between 5 and 10km) approaching the
vortex of both ensemble members. However, this dry air
appears to have advanced farther toward the center of
the weaker member. The vertical wind profile of each of
the members also reveals that at forecast hour 12, the
vortex of the stronger member 46 appears to be more
vertical, while the vortex of member 25 is tilted with
height. By forecast hour 24, the dry air has impinged upon
the mid to upper levels of the inner-core of the weaker
member 25, while remaining at least 100 km from the
center of the eventually stronger member 46. Since these
vertical cross sections are displayed in the downshear
direction, this is an indication that the deep-layer wind
shear is advecting dry air toward the centers, both tilting
the vortex and causing midlevel dry air intrusions that are
contributing to the lack of intensification of the weaker
members of this ensemble. As the simulation progresses
through the second day, the weaker ensemble member
vortex becomes more tilted with height and all of the
moist air (presumably associated with the convection of
the system) remains downshear of the center (Figs. 13c,d).
The vortex of the stronger member, however, remains
vertical, and the dry air is not able to penetrate the core of
the cyclone (Figs. 13k.1).

To further illustrate the dry air intrusions that appear
to be contributing to the lack of intensification of
member 25, an evolution of the 700-hPa relative hu-
midity and wind field (for a 600-km X 600-km box
around the surface center) has been plotted (Figs. 13e-h).
These figures also depict dry air off to the west of
the storm (upshear) advecting toward the center, and
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FI1G. 13. Radius-height cross sections of relative humidity (%) (contours filled every 10% ) and winds (white lines contoured every 15 kt)
in the downshear direction for member 25 at (a) 1200 UTC 2 Sep, (b) 0000 UTC 3 Sep, (c) 1200 UTC 3 Sep, and (d) 0000 UTC 4 Sep 2009.
Cross sections span a 500-km radius from the surface center. A vertical dashed black line is also included at the surface center. Horizontal
cross-sections of storm-centered (surface center) relative humidity (%) (contoured every 10% ) and winds (vectors) at 700 hPa for member
25 at (e) 1200 UTC2 Sep, (f) 0000 UTC 3 Sep, (g) 1200 UTC 3 Sep, and (h) 0000 UTC 4 Sep 2009. The surface center at each of these times
is indicated by a black dot. (i)—(p) As in (a)—(h), but for member 46. The relative humidity and wind contours in both the vertical and
horizontal cross-sections are smoothed 10 times (using a 1:2:1 smoother in both the x and y directions) to aid in visualization.

particularly at forecast hours 36 and 48, the dry air is
spiraling inwards toward the surface center of the vor-
tex. Figures 13m—p show the 700-hPa relative humidity
and wind field for the stronger member 46. These hori-
zontal cross sections of relative humidity reveal that dry
air is also approaching the storm from the west (up-
shear), however, this air is advected around the surface
center because of the stronger vortex, allowing for in-
tensification to proceed. This process is most clearly
demonstrated at forecast hour 24 (Fig. 13n) and is con-
sistent with the hypothesis concerning the relationship
between the moisture fields and the relative vorticity
discussed above.

Zhang and Tao (2013) have also shown that even in the
presence of weak to moderate vertical wind shear, par-
ticularly during the development stage, nearly identical
initial conditions among ensemble members can produce

a very significant intensity spread. They also showed
that the forecast uncertainty increased with increasing
strength of the shear. Although the simulated storms in
the Zhang and Tao (2013) study are initially weaker than
this ensemble simulation of Tropical Storm Erika, this
phenomenon may be occurring in this simulation, with
the vertical wind shear significantly influencing the other
factors such as atmospheric moisture and vorticity, which
in turn creates a significant spread in intensity. The
presence of weak to moderate vertical wind shear asso-
ciated with the ensemble members in this simulation
limits the predictability of the intensity of Erika.

4. Conclusions

A 60-member ensemble WRF simulation of Tropical
Storm Erika was performed and analyzed to assess the
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predictability of this weak tropical storm that was fore-
cast by operational models to intensify into a hurricane
but failed to actually do so. The predictability of this
poorly forecasted system has been found to be quite
limited given realistic initial and boundary conditions
from the real-time GFS-EnKF. The factors that con-
tribute the most to the significant intensity spread have
been determined through a correlation analysis. In ad-
dition, the use of partial correlations has allowed for
a more robust analysis of the inherent relationships that
exist between the various factors. These factors are
found to be the midlevel atmospheric moisture profile,
the relative vorticity, and the deep-layer wind shear. Dry
air intrusions into the circulation centers of the weak
ensemble members between the 500- and 700-hPa levels
appear to prevent these members from intensifying.
Determining the cause of the dry air intrusions is slightly
more complicated. It appears that these intrusions are
caused by a combination of ambient environmental dry
air and the advection of this dry air into the centers by
moderate deep-layer wind shear. In some of the stronger
ensemble members with stronger initial vortices, these
dry air intrusions are prevented by the advection of dry
air away from the circulation center, because of strong
rotational flow. This combination of thermodynamic
and dynamic processes prevents some ensemble mem-
bers from intensifying while allowing others to intensify.
Identifying which ensemble members will actually ex-
perience dry air intrusions is not straightforward and
there is an inherent randomness involved with these
processes. However, a weaker initial intensity or an in-
crease in magnitude of deep-layer wind shear raises the
probability of a dry air intrusion occurring and in-
tensification failing to occur.

Future work could include further analyzing the en-
semble to determine which members are actually ex-
periencing dry air intrusions that are hindering their
development. Once the dry air intrusions are more
clearly identified, the origins of this dry air can be better
assessed and a more concrete determination of which
process is causing these intrusions can be made. It
should be noted, however, that simply the presence of
weak to moderate vertical wind shear associated with
the ensemble members of this simulation may limit the
predictability of this tropical system.
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