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Dynamics and Predictability of Tropical Cyclone Rapid
Intensification in Ensemble Simulations of Hurricane Patricia
(2015)

Dandan Tao! 2, Peter Jan van Leeuwen! (2, Michael Bell' (/, and Yue Ying?

'Department of Atmospheric Science, Colorado State University, Fort Collins, CO, USA, *Advanced Study Program,
National Center for Atmospheric Research, Boulder, CO, USA

Abstract Hurricane Patricia (2015) over the eastern Pacific was a record-breaking tropical cyclone (TC)
under a very favorable environment during its rapid intensification (RI) period, which makes it an optimal
real case for studying RI dynamics and predictability. In this study, we performed ensemble Kalman filter
analyses at Patricia's early development stage using both traditional observations and the Office of Naval
Research Tropical Cyclone Intensity (TCI) field campaign data. It is shown that assimilating the inner-core
TCI observations produces a stronger initial vortex and significantly improves the prediction of RI. Analysis
of observation sensitivity experiments shows that the deep-layer dropsonde observations have high impact on
both the primary and secondary circulations for the entire troposphere while the radar observations have the
most impact on the primary circulations near aircraft flight level. A wide range of intensification scenarios
are obtained through two sets of ensemble forecasts initialized with and without assimilating the TCI data
prior to the RI onset. Verification of the ensemble forecasts against the TCI observations during the RI period
shows that forecast errors toward later stages can originate from two different error sources at early stages of
the vortex structure: One is a timing error from a delayed vortex development such that the TC evolution is the
same but shifted in time; the other is due to a totally different storm such that there is no moment in time the
simulated storm can obtain a correct TC structure.

1. Introduction

Coastal areas are endangered by rapidly intensifying tropical cyclones (TCs) near landfall, such as the recent
Hurricane Michael (2018), Hurricane Delta (2020) and Hurricane Ida (2021). More accurate forecasts of TC
rapid intensification (RI) are needed. However, the TC RI problem has long been a challenge in weather forecast-
ing and remains one of the most difficult prediction problems. Forecasting the correct timing of RI onset is espe-
cially challenging (Elsberry et al., 2007; Zhang et al., 2014). Studies have found that the rate of TC intensification
is only weakly dependent on environmental factors (Hendricks et al., 2010), suggesting favorable environmental
conditions are necessary but not sufficient for the occurrences of RI which depends strongly on a TC's internal
processes and conditions.

Recently there has been significant advancement in the understanding of the internal factors influencing TC RI.
Statistical analyses (Carrasco et al., 2014; Xu & Wang, 2015) found a significant correlation between the storm
size/structure on RI rate. Idealized simulations (Xu & Wang, 2018) also showed that the larger the storm, the
lower the intensification rate, which is attributed to the convergence of outer-core angular momentum. All these
studies confirm the importance of the radial structure of primary circulation on RI. At the same time, understand-
ing TC dynamics and evolution from the perspective of the vertical structure has received relatively less attention.
For TCs that undergo RI, the influence from hostile environmental conditions (e.g., vertical wind shear) on inner-
core structure is relatively small (Tao & Zhang, 2019). Hence, axisymmetric approximation is often applied on
TCs to reduce the dimensionality and allows the analysis of TC vertical structure evolution in a radius-height
coordinate. A recent study on Hurricane Michael (2018) found that its RI was accompanied by the steepening of
the inner-core absolute angular momentum surfaces (DesRosiers et al., 2022). Stern and Nolan (2009) examined
the vertical slope of the radius of the maximum wind (RMW) and found that the slope is proportional to the
RMW itself while not correlating well with maximum low-level wind intensity. Their results indicate that there
could be different vertical structures even with the same intensity. Therefore, additional structural parameters
beyond the current prevailing track and intensity metrics are required to avoid the situation with a good analysis
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Figure 1. The timeline of the model setup is drawn relative to the time evolution of maximum 10-m wind from the best track
data (black line with triangles indicating 6-hr interval). The gray shaded periods denote the airborne mission II and mission
1L

intensity but a poor TC structure. The accuracy of TC structures in forecasts is also very important for risk
management of assessing the potential damage including storm surge and rainfall.

In the past decade, TC forecasts have been improved greatly by combining dynamical models with observa-
tions using data assimilation (DA) methods, although the forecasts for the RI onset timing and the intensifica-
tion rate remain challenging. Many studies documented the positive impact from inner-core observations on the
TC structures and the consequent better RI forecasts (Feng & Wang, 2019; Nystrom & Zhang, 2019; Weng &
Zhang, 2016; Zawislak et al., 2022; Zhang et al., 2011). However, these studies mostly use either intensity and
track as forecast metrics or composite and correlation analysis. More detailed structural analyses (e.g., member-
wise radial and vertical structural differences) are still needed to explore how the structural difference influ-
ences the subsequent intensification. We hypothesize that improving the structure will yield better forecasts than
improving the maximum intensity alone. In order to explore this structural influence in real cases, we choose
Hurricane Patricia (2015) as the test case for its uninterrupted extremely rapid intensification period and the
availability of special campaign data from the Office of Naval Research Tropical Cyclone Intensity experiment
(TCI-15). There were four missions that collected TCI dropsondes for Patricia, but only the third one around
1800 UTC 22 October was during its explosive intensification (Figure 1). We will use this mission to validate the
impact, while assimilating the TCI observations from the mission II at the early stage of Patricia's development
(1800-2100 UTC 21 October).

In 2015, Hurricane Patricia experienced a record-breaking intensification in a favorable environment (Fox &
Judt, 2018; Martinez et al., 2019; Rogers et al., 2017). Though the environment was favorable for TC devel-
opment, operational models and the National Hurricane Center's official forecast all failed to predict Patricia's
exceptional intensification. With a lifetime of just 4.5 days, Patricia explosively intensified from a tropical storm
to a category-5 hurricane in only 36 hr, achieving a remarkable peak intensity of 95 m/s with a small RMW and
hollow tower of high potential vorticity (Martinez et al., 2019). The maximum sustained wind and rate of RI both
broke historical records for TCs (Rogers et al., 2017). Following the peak intensity, Patricia rapidly weakened
over the ocean just before its landfall due to an increased environmental vertical wind shear, a developing second-
ary eyewall, and barotropic instability (Martinez et al., 2019). More details concerning the observed evolution of
Patricia can be found in Rogers et al. (2017) and Martinez et al. (2019).

There have been several modeling studies specifically focusing on Patricia (Feng & Wang, 2019; Fox & Judt, 2018;
Lu & Wang, 2019, 2020; Nystrom & Zhang, 2019; Qin & Zhang, 2018). Qin and Zhang (2018) and Fox and
Judt (2018) show that an adequate model resolution both vertically and horizontally is necessary to achieve
Patricia's strong and compact inner core. Patricia's intensity predictability was found to be potentially limited
by both initial conditions (Feng & Wang, 2019; Nystrom & Zhang, 2019) and model errors (Lu & Wang, 2019;
Nystrom & Zhang, 2019). Assimilating airborne Doppler radar radial velocity observations is shown to notably
improve intensity forecast compared to assimilating conventional observations alone (Nystrom & Zhang, 2019).
Assimilating TCI upper-level dropsonde observations leads to a more upright eyewall structure and hence more
rapid RI (Feng & Wang, 2019). Tuning of model parameterization schemes, either the exchange coefficients in
the air-sea interaction (Nystrom & Zhang, 2019) or the horizontal turbulent mixing lengths (Lu & Wang, 2019),
also can have a significant impact on Patricia's peak intensity as well as its RI. In this study, however, we want
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to explore whether the model can capture Patricia's extreme intensification by simply correcting its early-stage
structure through DA using extra inner core observations, without the help from dynamical initialization methods
(Qin & Zhang, 2018), vortex relocation methods (Fox & Judt, 2018), or tuning of the model parameters (Lu &
Wang, 2019; Nystrom & Zhang, 2019). A particular focus will be on the dynamic structures of the ensemble
vortices, which leads to different evolution pathways in an ensemble forecast.

The paper is organized as follows. Section 2 describes the methodology for the ensemble initialization and valida-
tion as well as the observation sensitivity analysis. Section 3 shows the ensemble evolution and the impact from
the TCI observations. Conclusion and discussion are presented in the last section.

2. Methodology
2.1. Data Assimilation System and Model Set Up

In this study, we utilize the Pennsylvania State University (PSU) ensemble Kalman filter (EnKF) system for hurri-
cane analysis and prediction (Weng & Zhang, 2016; Zhang & Weng, 2015) and the Weather Research and Fore-
casting (WRF) model version 3.9 (Skamarock et al., 2008) to investigate the impact from inner-core observations
on both intensity and structure forecasts of Hurricane Patricia (2015). The model is configured with two-way
nested domains with horizontal grid spacings of 9, 3 and 1 km, whose dimensions are 501 x 402, 361 x 361
and 361 x 361 grid points, respectively. We follow Nystrom and Zhang (2019) closely with their configuration
of model parameterization schemes except for the surface flux scheme for the air—sea enthalpy and momentum
exchanges, where we used the out-of-box Revised MMS5 surface layer scheme (Jiménez et al., 2012).

The model initial and boundary conditions are interpolated from the Global Forecast System (GFS) operational
final reanalysis at 0.25° resolution at 0000 UTC 21 October. The SST obtained from GFS reanalysis is fixed
at 0000 UTC 21 October throughout the test period in this study. An ensemble of 60 members is generated by
adding random perturbations to the initial condition. The perturbations are sampled from a climatological back-
ground error covariance (the CV3 option) by the WRFDA software package (Barker et al., 2004). The ensemble
is first spun up for 12 hr to develop the flow-dependent error covariances, and the first cycle starts at 1200 UTC
21 October. Cycling DA assimilation is performed for the first 2 model domains, while the successive ensem-
ble forecasts from DA analyses are run using all 3 domains. Hourly DA analysis cycles (10 cycles in total) are
performed until the end of the airborne mission II (2100 UTC 21 October), and ensemble forecasts are run toward
0000 UTC 23 October while the airborne mission III data at 1800 UTC 22 October are utilized for verification.
The detailed timeline is shown in Figure 1.

Two EnKF analysis experiments are performed in this study. The first, “CNTL”, assimilates hurricane position
and intensity (HPI) observations and all conventional observations in the Global Telecommunication System
(GTS) data stream (available from the Research Data Archive of National Center for Atmospheric Research,
NCAR RDA). The second, “With-TCI” assimilates airborne radial velocity super observations (available from
Hurricane Research Division) and deep layer dropsonde data (Bell et al., 2016) collected during the TCI airborne
mission II in addition to the observations in CNTL. The TCI observations mainly consist of radar observations
and deep layer sounding data. The locations of the assimilated TCI observations are shown in Figure 2, where the
dropsonde wind, T and Q data points can be slightly different due to quality control processes. Super observations
are created in real time at the National Oceanic and Atmospheric Administration (NOAA) Hurricane Research
Division based on the methodology described in Weng and Zhang (2012), (2016) to prepare the radar observa-
tions for assimilation. The horizontal localization radii of influence are set to 300 and 600 km for surface and
sounding observations, respectively. The successive covariance localization (SCL; Zhang et al., 2009) is applied
for radar observations in the PSU EnKF system (the 15 km horizontal localization radius is applied to most of the
radar radial velocity data points, but 1/3 of them use 45 km and 1/9 of them use 135 km as horizontal localization
radii), which helps propagate innovations farther using a small portion of the data and prevent overfitting by using
tighter localization for most of the data. The vertical localization distance is set to the whole model column (42
layers) for the surface and radar observations, and 5 model layers for the sounding observations. To avoid filter
divergence, covariance inflation is performed through relaxation to prior perturbation (Zhang et al., 2004) with
relaxation coefficient of 0.7 (70% of the analysis ensemble perturbation comes from the prior ensemble).
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Figure 2. Assimilated Tropical Cyclone Intensity observation locations for (a and e) radar radial velocity, (b and f) wind from dropsondes, (c and g) temperature from
dropsondes, and (d and h) mixing ratio from dropsondes. The horizontal location of Patricia's center (red cross), radius of maximum wind (small red dash circle) and
radius of 17-m/s wind (large red dash circle) at 2100 UTC 21 October 2015 interpolated from best track data are shown in the first row. The vertical observation counts
in 1-km by 1-km bin relative to Patricia's center are shown in the second row.

Table 1

List of Observation Sensitivity Experiments in the Data Assimilation Cycles

2.2. Validation Using Spline Analysis at Mesoscale Utilizing Radar and Aircraft Instrumentation
(SAMURALI)

The SAMURAI (Bell et al., 2012; Foerster & Bell, 2017; Foerster et al., 2014) technique is used to yield the
maximum likelihood estimate of the tropical cyclones through a minimization of a variational cost function with
a set of observations and associated error estimates. Using the observations collected between 1715 and 1915
UTC 22 October during the mission III, the SAMURAI reconstructs Patricia's structure in both Cartesian and
axisymmetric radius-height coordinates at 1800 UTC 22 October 2015. These SAMURALI analyses are then
used to validate the ensemble simulations in Section 3.4. Analyzed results enable a better visual and quantitative
comparison with the simulation results than direct numerical comparison with the raw observations. More details
on the SAMURAI methodology can be found in Martinez et al. (2019).

2.3. Observation Impact on the Initial Conditions

The impact of assimilating different TCI observation types on the initial conditions are evaluated in four obser-
vation sensitivity experiments. The list of the sensitivity experiments is shown in Table 1. All experiments
assimilate the conventional data and differ only in which type of the TCI data was used. The experiment only
assimilating the TCI dropsonde (Dropsonde_only) shows the effect of a deep-layer sounding data on the initial
conditions. In contrast, an experiment with only assimilating the airborne
Doppler radar radial velocity (RadarRV_only) is also conducted to show the
improvement to the vortex structure from radar observations from the P-3
aircraft flying at the 700 hPa flight level. To further separate the impacts

Experiments

Olbsaratons stz of the dynamic and thermodynamic observations, additional experiments

Dropsonde_only
RadarRV_only
Dynamic_only

Thermal_only

UL V. . Q from TCI dropsonde assimilating the wind related variable (Dynamic_only) or temperature (T)

T and mixing ratio (Q) (Thermal_only) are performed. In Dynamic_only,
both the zonal (U) and meridional (V) winds from TCI dropsonde and the
radial velocity from airborne Doppler radar are assimilated. The results are

presented in Section 3.2.

radial velocity from radar
U, V from TCI dropsonde and radial velocity from radar

T, Q from TCI dropsonde

Note. These observations are assimilated in addition to the conventional

observations.
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3. Results

All the analyses in this section are calculated according to the member-wise minimum sea level pressure center
instead of using the center from the ensemble mean. Averaging the ensemble members using a common center
will smooth the vortex structure due to position differences among the ensemble members, which is not good for
detecting changes in the vortex structures. Since we are interested in the details in TC structural evolution, we
therefore employ a storm-relative framework to reveal the structural differences of the TCs among the ensemble
members.

3.1. Sensitivity of the Initial Conditions to the Assimilation of TCI Observations

The ensemble mean of the azimuthally averaged tangential and radial winds as well as the potential temperature
differences from the vertical profiles at 200 km radius, are calculated from the DA analysis at 2100 UTC 21
October 2015 (Figure 3). The tangential winds are stronger in With-TCI throughout the troposphere than those
in CNTL. The outflow and boundary-layer inflow in CNTL barely reach inward to the 60 km radius, while in
With-TCI the radial inflow reaches 20 km radius and radial outflow extends to the center. The overall secondary
circulation in With-TCI is much stronger than that in CNTL. From a thermodynamic viewpoint, the vortices in
CNTL are so weak that the warm core in the center is very weak. As a contrast, the center warming in With-TCI
is deep, extending from 5 km up to 15 km. The cooling above the warming core is also enhanced in With-TCI,
with the temperature in the upper core above 15 km being more than 5° lower than the environment at the tropo-
pause. The existence of this cooling above the tropopause within the TC inner core is realistic and has been well
documented in the literature (Biondi et al., 2013; Koteswaram, 1967; Rivoire et al., 2016). Figure 3 shows that
with the extra TCI observations, the inner-core intensity and structure of the TCs can be significantly improved
(compared to Figure 2a in Nystrom & Zhang, 2019).

For member-to-member comparison, the vertical profiles of the circulations inside the 100 km radius are plot-
ted (Figure 4a). The With-TCI members have much stronger circulations compared to the members in CNTL.
The member-wise increment is calculated by taking the difference between the member in CNTL and the same
member in With-TCI with only the addition of TCI observations. The increments are significant in all vertical
layers with larger increments in the lower levels below 3 km height and the upper levels between 10 and 15 km
(Figure 4b). At the same time, the radial wind profiles at the 50 km radius show corresponding enhancement in
the With-TCI set at the inflow and outflow heights (Figures 4c and 4d).

3.2. Sensitivity of the Initial Conditions to the Different Observation Types From TCI

As shown in Figure 2e, the radar data are mainly distributed between the surface and the height of 15 km and
covering the area from 220 km radius to the TC center. The dropsonde data of wind and temperature exist
throughout the whole troposphere from the surface up to ~20 km altitude and have a horizontal distribution from
320 km radius to the center. Meanwhile, the dropsonde data of mixing ratio only cover the area from the surface
up to ~11 km altitude. Compared to CNTL, With-TCI has extra information from radar radial velocity as well as
dynamic (wind) and thermodynamic (temperature and mixing ratio) data from the deep-layer dropsondes.

To test the impact of assimilating different TCI observation types in the initial conditions, observation sensitiv-
ity experiments are carried out in the DA cycles as described in Section 2.3. Since the observations during this
mission span 3 DA cycles one hour apart, the TC structure from the DA analysis at 2100 UTC 21 October 2015
is influenced by the increment from assimilating these observations and the evolution of the 1 hr model runs
between the 3 DA cycles. Nevertheless, the differences among sensitivity experiments will be mostly from assim-
ilating different observations given the short evolving time of only 2 hr. The EnKF is a linear operator in which
the update depends on the covariance between the observed and modeled variables. The linearity assumption
allows us to expect the update to be in the areas with large variations.

The Dropsonde_only results are similar to the With-TCI results. The enhanced primary and secondary circula-
tions as well as the enhanced upper-level warming anomaly are clearly seen from the first column in Figure 5.
RadarRV_only experiment shows the increment mainly in the tangential wind below 14 km height, while the
secondary circulation and warm core have no significant improvement (second column in Figure 5). Though the
radar data are dense below 15 km height (Figure 2e), the outflow region (mainly above 15 km height) was not
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Figure 3. Vertical cross-sections of the azimuthally averaged values (shading) at 2100 UTC 21 October 2015 for (a and b)
mean tangential winds (unit: m/s), (c and d) mean radial winds (unit: m/s), and (e and f) mean potential temperature anomaly
(unit: K). The first column is for CNTL and the second column is for With-TCI. The deviations from CNTL are shown as the
black contours in the second column (solid lines for positive values, dash lines for negative values).

well sampled due to the lack of scatterers and limited sensitivity of the radar to small ice aloft. The radar data
are also unable to resolve the strongest inflow near the surface due to quality control procedures that remove sea
clutter contamination below ~500 m altitude. The vertical wind is a diagnostic variable in the WRF simulations
and the information of vertical wind component observed by radar is not directly assimilated. At steep elevation
angles, the projection of the radial wind on to the Doppler velocity also decreases, such that the combined effect
means that the radar data do not have as much impact on the secondary circulation as the high-altitude dropsondes
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18! 18! in this case. The Dynamic_only experiment (third column in Figure 5) has
slightly stronger increment in the tangential wind compared to Dropsonde_
15 15] only, while the outflow is much weaker with a significantly enhanced inflow
g 12 g 12 at the low levels. At the same time the upper-level warming anomaly is much
E E 9 weaker between 10 and 15 km height. Without the thermal observations, the
2 2 upper-level structure is not corrected well. On the contrary, Thermal_only
L T 6] results (last column in Figure 5) show almost no sign of change in tangen-
3 tial wind fields while the outflow and warming anomaly in the upper levels
are highly improved. The increments can be explained by considering the
0 a 8 i2 16 0 2 0 2 a4 covariance structure between the thermal variables and dynamic variables
Circulation dCirSCUI?tSi-?;] together with the localization effect. Though the dropsonde data covers
(10°m

almost all depth of troposphere, the mixing ratio is not sensitive to intensity

Height [km]

(108 m? s°")

at the lower levels. At the same time, the upper-level temperature is most
sensitive to the intensity of the TC that a more intense storm has a warmer
anomaly and stronger outflow at the upper levels. This upper-level informa-
tion, however, cannot pass down to the lower levels because of localization,
where we emphasize that this is not a short coming of localization because

Height [km]

localization is introduced to keep the physical part of the covariances, but
dampen artificial correlations.

To further compare the impact of different TCI observations on the primary
circulation and secondary circulation of individual members, we also plotted
the vertical profiles of the circulation inside 100 km radius (Figure 6) and

Vr[m/s]
the radial wind at 50 km radius (Figure 7). The result is consistent with the
Figure 4. Vertical profiles of (a) circulation (defined as the summation ensemble mean increment shown in Figure 5. Among the four sensitivity
of tangential wind times radius) inside 100-km radius and (c) azimuthally sets, Dropsonde_only behaves the best in improving both the primary and

averaged radial wind at 50-km radius for the initial time at 2100 UTC 21
October 2015. Pink lines are for CNTL members while blue lines are for
With-TCI members. The member-wise difference (With-TCI minus CNTL) are

shown in (b and d).

secondary circulations (Figures 6e and 7¢). RadarRV_only has enhanced
primary circulation below 12 km height (Figure 6f) but does not impact the
secondary circulation much (Figure 7f). Because the winds from both drop-
sonde and radar are included in Dynamic_only, the primary circulation incre-
ment is significant throughout the troposphere (Figure 6g). In contrast, the
secondary circulation has a significant increment only in the boundary layer
inflow (Figure 7g). Though the impact from thermodynamic variables on the primary circulation is negligible
(Figures 6d and 6h), the impact on the secondary circulation is systematically significant in the outflow region
between 13 and 18 km heights (Figures 7d and 7h).

While the radar radial velocity contains additional information in the primary circulation, which has been empha-
sized in the literature as the improvement of the inner-core primary circulation structures (Weng & Zhang, 2016;
Zhang & Weng, 2015), the deep-layer sounding contains even more information to update both the primary
and secondary circulations in this case. Not like those in the prior studies which show higher impact from radar
data aloft, part of the discrepancy in this Patricia case may be due to the very high tropopause, resulting in the
outflow being primarily above the radar observations (Figure 2e). Upper-level dropsondes from typical aircraft
reconnaissance (e.g., NOAA Gulfstream-IV aircraft) are released from ~12 km and are often below the primary
outflow while the radar data can measure above that in many cases. In the current Patricia case, the dropsondes
were released from above the tropopause and therefore observed the outflow (Figure 2f) while the radar could not
see clearly, but this situation may be reversed in other storms with a lower outflow.

Deep-layer dropsondes in the inner core are not routinely available, but their impact further suggests the impor-
tance and necessity of assimilating the deep-layer observations to obtain a more balanced initial condition. In
the data assimilation process, the updates only in either primary or secondary circulation will lead to unbalanced
circulation to the other. The more balanced circulations can reduce the adjustment time in rebalancing the primary
and secondary circulations and will spin up the TC vortex faster. The high impact of deep-layer dropsondes over
the inner core suggests that ways to continue to obtain these measurements should be pursued, whether through
crewed aircraft at high-altitude such as TCI campaign and recent Japanese aircraft reconnaissance (Yamada
et al., 2021) or future uncrewed aircraft deployments (Christophersen et al., 2018; Kren et al., 2018; Wick
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Figure 5. Similar to Figure 3 but for the observation sensitivity experiments. First column is for Dropsonde_only, second column is for Radar_only, third column is for
Dynamic_only and the last column is for Thermal_only.

et al., 2020). Additional advancements in radar technology, such as a recent improvement of 14-dB in sensitivity
in the NOAA P-3 tail Doppler radar (Aircraft Operations Center, 2016; DesRosiers et al., 2022), will also enable
better observations of the upper-level outflow for improved data assimilation. Improvements to the assimilation
methodology, such as the cycling frequency, to optimize the impact of each observation type can also have addi-
tional positive impact (Aksoy et al., 2022).

3.3. Performance of the Ensemble Forecast in CNTL and With-TCI

In Section 3.1, the significant differences between the initial conditions from CNTL and With-TCI have been
shown. These differences can be attributed to the with and without assimilating the TCI observations, which
further evolve with simulation time in the forecast. The general performance of the two ensemble forecasts is
shown in Figure 8. By assimilating the additional TCI observations, the initial maximum 10 m wind (V10,_,.)
and minimum sea level pressure (minSLP) values of the members at 2100 UTC 21 October are slightly stronger
in With-TCI than those in CNTL. During the 27 hr forecast, almost all the members in CNTL are weaker than
the best-track intensity especially in terms of minSLP, while some members in With-TCI are able to capture both
best-track V10_, and minSLP or even exceed the best-track V10,,,.. The track forecasts of the CNTL members
are slightly biased to the right side of the best track while the track forecasts of the With-TCI members are
centered on the best track. At the same time, the differences in the large-scale environment in terms of vertical
wind shear and environmental moisture among members are small (not shown). Given the similar friendly large-
scale environment, the improvement of the ensemble forecast in With-TCI mainly comes from reducing the initial
condition errors of the inner-core vortex, which is impacted by the data assimilation system and availability of
observations. It is confirmed again that by providing additional inner-core observations, Patricia's intensification
can be better captured in the regime of the practical predictability as shown in Nystrom and Zhang (2019).
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Figure 6. Vertical profiles of the circulation (defined as the summation of tangential wind times radius) inside 100-km
radius for (a) Dropsonde_only, (b) RadarRV_only, (c) Dynamic_only and (d) Thermal_only for the initial time at 2100 UTC
21 October 2015. Pink lines are for CNTL members while blue lines are for the sensitivity members. The mean values of the
sensitivity ensemble and CNTL are shown in solid black line and dash black line respectively. The deviation of the members
in the sensitivity set from the members in the CNTL set are shown in (e-h), in which the thick black line is the mean
difference, the thick orange line is the reference of the mean difference (with-tropical cyclone intensity minus CNTL). The
thin dash line is the zero line.

Given the large numbers of ensemble members, in order to better compare the performance of the two sets as
well as display the member-wise differences, the average absolute minSLP errors (¢,,,) from the last 6 hr of the
forecast (1800 UTC 22-0000 UTC 23 October 2015) are calculated (Figure 9a). We used the 6 hr forecast time
after the validation time (1800 UTC 22 October 2015) to calculate the ¢, value for the purpose of comparing
the structures of the vortices at the validation time according to the following rapid intensification during 1800
UTC 22-0000 UTC 23 October 2015. Members 1-60 (plus signs) are from CNTL, members 61-120 (dot sign)
are from With-TCL. Figure 9a shows that most of the members in With-TCI have ¢,;, smaller than 30 hPa, while
most of the members in CNTL have ¢, larger than 30 hPa. The mean ¢, for the CNTL set is 40 hPa, while the
mean &, for the With-TCI set is only 18 hPa. By sorting the members according to the values of ¢, in the two
sets together, the members are ranked and color coded accordingly: blue for members with smaller minSLP errors
and higher ranks, and red for members with larger minSLP errors and lower ranks (Figure 9a). Similar to €
the average absolute V10

slp?
nax €1TOTS Of the last 6 hr forecast (e,,,) are also calculated (Figure 9b, color coded by

the ranking of ¢, shown in Figure 9a). The mean ¢, for CNTL set is 25 m/s, while the mean &, for With-TCI
set is only 7 m/s. The correlation between the rankings according to &,,, and &, respectively is only 0.5735,
which confirms the existence of the discrepancy in using V10_, and minSLP as evaluation metrics. Klotzbach
et al. (2020) found that though there is strong positive relationship between the maximum wind and minSLP,
minimum sea level pressure as an integrated variable contains more information about the storm structure and
serves better in damage estimation than the point value of maximum 10 m wind. So we select the ranking from
&, to be the color codes used in Figure 8 and some following figures. It will also be shown in Section 3.4 that
minSLP performs better in selecting the structure more consistent to the observed Patricia than V10_,..
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Figure 7. Similar to Figure 6, but for the azimuthally averaged radial wind at a 50-km radius.

3.4. Validation of the Simulated TC Structures Using SAMURAI Results at 1800 UTC 22 October 2015

At the validation time, the horizontal and vertical cross-sections of the wind fields from the SAMURALI results
are shown in Figure 10. The small eye of Patricia can be seen from the horizontal wind plot (Figure 10a). The
compact inner core is even more obvious in the azimuthally averaged tangential wind field with a rapid decay
of wind magnitude outside RMW as shown in Figure 10b. The SAMURAI result has a relatively small value
(0.78 x 10° m?s~!) of the absolute angular momentum (M, ) that passes the RMW at z = 1.6 km which is just
above the boundary layer. The wavy structure of M in the outflow region outside 40 km radius might be caused
by lack of observation data in that region.

To demonstrate the detailed horizontal wind structures in each ensemble, the three best members and three worst
members (Figure 11) are picked out from each ensemble set respectively according to the minSLP error ranking
shown in Figure 9a. Generally speaking, the good members have much stronger wind fields than the bad members
in each ensemble set, while the selected members in With-TCI are much stronger than their counterparts in CNTL
in the member-wise comparison. The good members from CNTL have relatively larger eye sizes compared to the
good members from With-TCI, which indicates that the weaker intensity in these members from CNTL could
be the result of delayed RMW contraction. At the same time, the bad members from CNTL barely have closing
circles of winds >30 m/s, while the bad members from With-TCI have a wind structure similar to the good
members from CNTL. The horizontal wind structures of the good members from With-TCI are the members
closest to the observation results (Figure 10a), which is consistent with the error ranking (Figure 9a).

Figures 12a—121 shows the vertical cross-sections of the azimuthally averaged tangential wind and absolute angu-
lar momentum for the same members as in Figure 11. The absolute angular momentum surface that passes RMW
at z = 1.6 km for each member (M, ) is shown as a solid magenta line. These M, surfaces generally pass the
RMWs at each level below the outflow region especially for the intense members such that the slopes of these
M,, surfaces contain the vertical structure information of the tangential winds. At the same time, a TC eyewall is
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Figure 8. Time evolution of (a and b) maximum 10-m wind, (¢ and d) minimum slp, (e and f) track forecast. Left column for CNTL, right column for with-tropical
cyclone intensity. Black lines with triangles are from the best track data. All simulations are color coded by the rank of errors in Figure 9a. The gray dash lines indicate
the validation time.

approximately under the slantwise convective neutrality condition (congruent absolute angular momentum and
saturation entropy surfaces) during RI (Emanuel, 2012), which makes the M surface a good indicator for the
saturation entropy surface as well. The vertical tangential wind structures of these selected members are consist-
ent with the horizontal structures shown in Figure 11. The shallow and weak circulations of the bad members
in CNTL are accompanied by the radially tilted angular momentum surfaces. The good members in With-TCI
exhibit not only stronger tangential winds but also more straight-up M, surfaces. One interesting point is that
the M, surface in the best member (M109) in With-TCI set does not fit M as well as the second and third best
members (M70 and M119). The best 3 members (M107, M65 and M102) according to the ranking of &, are also
shown in Figures 12m—12o0. It can be clearly seen that these three members have M, with much larger deviation
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Figure 9. (a) The averaged minimum slp errors of the last 6-hr forecast (1800 UTC 22-0000 UTC 23 October 2015) in two
sets. Members 1-60 (plus signs) are from CNTL, members 61-120 (dot sign) are from With-TCI. The members are sorted by
error magnitudes (colorbar shows the ranking, blue for small errors/high ranks, red for large errors/low ranks). (b) Similar to
(a) but for the averaged V10, errors which are color coded by the ranking in (a).

from M, than those selected according to the ranking of ¢,,. It indicates that minimum sea level pressure as an
integral measure involving both the intensity and the size would be a more skillful evaluation metrics than the
maximum wind. But even using minimum sea level pressure, it is possible to obtain a similar center pressure drop
with a mismatch of intensity and size. All in all, we need to pay attention not only to these point metrics but also
to other structural metrics in evaluation in order to get a correct intensity forecast as well as a correct structure
forecast.

By plotting all the M surfaces together (Figure 13a), the wide range of the M, surface structures shows up. As
shown in DesRosiers et al. (2022) that the slope of the inner-core absolute angular momentum surface is closely
related to the TC development stages, this wide range of M surfaces in Figure 13a could exhibit various devel-
opment stages of the ensemble members. The radial spread of the M, surfaces at the mid-to upper-levels is much
larger than that at lower levels. The stronger members have M, surfaces closer to the center and are more vertical.
Among the 120 M, surfaces, two stand out for their good fit with M, _up to 15 km height. These two members are
M70 and M119 (two solid magenta lines in Figure 13) shown in Figures 11h—11i and Figures 12h—12i. To better
visualize the radial structure of the members, we also plotted the corresponding radial profiles of the azimuthally
averaged tangential wind and absolute angular momentum at z = 1.6 km (Figures 13b and 13c). It can be seen
from Figure 13b that the tangential wind outside the RMW from the SAMURAI analysis is within the range of the
members. However, the tangential wind inside the RMW from the SAMURALI analysis is stronger than almost all
the members. The same is observed in the radial structure of the absolute angular momentum (Figure 13c). The
expected consequence is that the majority of the members will be below the observed intensity due to the radial
structures shown in Figure 13c given that the intensification of the inner-core tangential wind is associated with
the horizontal advection of larger angular momentum inward according to the axisymmetric absolute angular
momentum equation in the boundary layer. The two best members (M70 and M119) turn out to be the ones with
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Figure 10. Spline analysis at mesoscale utilizing radar and aircraft instrumentation analysis results at 1800 UTC 22 October
2015. Shown are (a) horizontal wind magnitude at 1-km height (missing values are in white) and (b) azimuthally averaged
tangential wind (black contours) and absolute angular momentum (shading, M, denoted by dash magenta line).
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Figure 11. Forecast results at 1800 UTC 22 October 2015. Shown are the horizontal wind magnitudes at 1-km height from (a—c) 3 best members and (d—f) 3 worst
members from CNTL set; (g—i) 3 best members and (j—1) 3 worst members from with-tropical cyclone intensity set. The member number is on the upper-left corner of

each panel.

all three profiles closest to the SAMURALI analysis, and also have some of the lowest errors compared to best

track pressure.

To further analyze the member-wise vertical structure, we also calculated the mean M, heights between RMW
and 75 km radius, and plot them against the maximum tangential winds (Figure 14a) and RMWs (Figure 14b)
calculated at z = 1.6 km which is above the boundary layer. A radius of 75 km is selected in order to compare
the simulation results to the SAMURAI result (Figure 10b) which extends to 75-km radius. The mean M height
has a wide distribution from ~4 km (M25) up to ~14 km (M70 and M119). The CNTL members generally have
smaller mean M height values than the With-TCI members, which can be attributed to the more slantwise M,
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18! surfaces in CNTL members. The correlation between mean M, heights and

V .ax 18 0.704, which indicates that the more intense TCs have more vertical

15 . . . .
M, surfaces that reach a higher altitude. The negative correlation between

mean M heights and RMW has a higher value (—=0.8031), which indicates
that the members with larger radius tend to have more slantwise M, surfaces
(consistent with Stern & Nolan, 2009). The mean M, height from the SAMU-

12+

Height [km]
O

6 RALI analysis is slightly lower than the values of the best two members (M70
3 and M119) due to the wavy structure in the outflow region (Figure 10b).
The best two members (M70 and M119) are always around the SAMURAI
06 ] 40 60 80 100 analysis, while M109 has a larger V,, together with a larger RMW leading
Radius [km] to a much larger M, .
60

In Figure Figures 11 and 12a-12l, the bad members show larger RMWs
and weaker wind fields while the good members have smaller RMWs and
stronger wind fields in general. This indicates that the delayed development
(contraction of the RMW) would be one of the forecast error sources. If
the only variability in the ensemble was related to the timing of evolution,
one would expect the correlation between RMW and intensity to be quite
high since TCs start intensification with RMW contractions. However, the
relatively low correlation between RMW and minimum sea level pressure

(less than 0.6 all the time, not shown) suggests there are other error sources
0 20 40 60 80 100 besides the delayed development. From Figures 13b and 14, intense members

Radius [km] with large RMWs (hence large M ) and weak members with small RMWs
(hence small M) in the ensemble are observed. Tao et al. (2020) showed that
the M, value has a long memory of structure such that TCs with larger M,

tends to keep larger M during the development stage. This indicates another
error source associated with the storm size, which could be identified from
the M, evolution.

To illustrate the member evolutions in a phase diagram, the time series of

M [10® m? s2]

the maximum tangential winds and RMWs are plotted in the context of M |
isolines (Figure 15). Assume that M70 and M119 are the two members clos-
est to the true evolution, and use them as references (magenta lines) for the

0 20 40 60 80 100

Radius [km] comparisons. It is seen that there are some members with evolution pathways

distributed near the reference lines of M70 and M119 in both CNTL and

Figure 13. Forecast results from both CNTL and with-tropical cyclone With-TCI but the evolutions of these members are lagged in time with weaker
intensity at 1800 UTC 22 October 2015. (a) Azimuthally average angular intensity at the validation time (circles in Figure 15a). These members are the

momentum surfaces that intersect the radius of maximum wind at 1.6-km
height; (b) radial profiles of tangential wind at 1.6-km height; (c) radial

profiles of absolute angular momentum at 1.6 km height. All profiles are color We can observe that the members in CNTL (Figure 15a) spread mostly
coded by the ranking in Figure 9a. The dash magenta lines are the reference

profiles from SAMURAI analysis. The solid magenta lines are M70 and below the reference lines of M70 and M119 with smaller M, and none of
MI119. the members are of the same intensity as the two reference members at the
validation time (circles in Figure 15a). In the set of With-TCI (Figure 15b),
the members tend to be about the same magnitude or larger than the M of

ones having delayed development stages.

the reference M70 and M119 and several members reach or exceed the inten-
sity of M70 and M119 at the validation time (circles in Figure 15b). One important point to mention here is that
some of the members reaching the reference intensity (darker blue color lines with smaller £, M109 is among
them) are away from the refence members, which means although these members have a good agreement with
the best track in intensity, their RMWSs and hence structures are not correct. This again shows that a single metric,
even using minimum sea level pressure, may not capture the correct structural information. These members with
smaller or larger M, do not track the same evolution path in the phase space as M70 and M119 as they keep
evolving on smaller M path or larger M path after the initial adjustment period. This finding implies that storms
with different M, are most likely different storms with different evolution pathways, which means it is impossible
to obtain the same structure as the reference TC no matter how it subsequently develops. This storm size error in
terms of M has not been well discussed in previous studies.
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From Figure 15, we find that the evolution pathways of the members are
significantly different in CNTL and With-TCI. Assimilating the additional
inner-core observations from TCI in DA cycles generally increase the vortex
strengths of the initial conditions. This improvement in the wind strength and
structure corrects the timing of the entire TC evolution, such that the vortices
(@) are more advanced in With-TCI compared to the ones in CNTL.

40 50 60

4. Conclusions and Discussion

In this study, we investigate the forecasted Patricia structure difference
according to the minSLP error magnitudes in the peak RI stage. A wide range
of intensification scenarios are obtained through two sets of ensemble fore-
casts initialized with and without assimilating the TCI data prior to the RI
onset. Though the environment is favorable for intensification, the practical

20 25 30 35 40 45 50 55 60

predictability of RI is directly related to the initial horizontal and vertical

RMW [km] structure of the TC. The findings have practical implications as Hurricane

Patricia (2015) is an extreme case under a nearly ideal development environ-
ment. Its close-to-ideal environment and vortex development act as a transi-
tion from pure ideal simulations to complicated real cases. The analysis and

analysis. The two best members (M70 and M119) are denoted by hollow diagnostics in this study provide a valuable addition to the research of the

triangles while M109 is denoted by a hollow circle. The mean M, height is relationship between a TC's structure and its subsequent evolution.
calculated between radius of the maximum wind at z = 1.6 and 75 km radius.

The analysis in Section 3.4 shows that through correcting the initial vortex

structure only and without modifying model physics, the WRF model is
capable of capturing the extreme development of Patricia (M70 and M119). We find significant differences
in the angular momentum surfaces that intersect the radius of maximum wind among the members. For all
the parameters analyzed, the two best members (M70 and M119) are the ones closest to the observed analysis,
which confirms the importance of the TC's vertical and radial structures in the subsequent development. This
importance of accurately specifying the radial structure is demonstrated to determine the intensification potential
since the inner-core intensification is the result of the radial inward advection of the larger angular momentum.
This intensification goes hand in hand with the vertical structure evolution. Through detailed comparison of the
structure-related parameters, we discussed two intensification error sources: one is due to shifted development in
the time, and the other is from a totally different storm such that no matter how the vortex develops, it is impos-
sible to get the correct structure. For the error coming from the delayed contraction, one would expect the storm
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Figure 15. The evolution of V. and radius of the maximum wind at z = 1.6 km for (a) M1-M60 from CNTL and (b)
M61-M120 from with-tropical cyclone intensity from 2100 UTC 21 October 2015 to 0000 UTC 23 October 2015. The
magenta lines are for the two best members (M70 and M119). The green line in each panel indicates the ensemble mean of
the set. The black cross is for the spline analysis at mesoscale utilizing radar and aircraft instrumentation analysis at 1800
UTC 22 October 2015. Gray lines are contours of absolute angular momentum (0.2 X 10® m?/s interval) calculated using the
mean Coriolis parameter of all the members. The triangles indicate 0000 UTC 22 October 2015 while the circles indicate
1800 UTC 22 October 2015 for each member.
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to have the same intensity and RMW as the observations if it were allowed to develop for more time, which is
the same evolution path but shifted in time. The other error is that no matter how the storm develops, there is no
point in time that the structure can be the same as the observations. The comparison of the selected best members
according to minimum sea level pressure and maximum wind respectively shows that minimum sea level pressure
acts better than maximum wind in evaluating the overall model performance which includes predicting the TC
structure. However, there is still a false selection (M109) due to the possibility of getting a similar pressure drop
at the TC center from different tangential wind profiles. This result indicates that traditional evaluation metrics
using a point metric like intensity may not be sufficient to fully evaluate the performance of a TC forecast. A
more holistic evaluation metric with the radial (e.g., RMW together with R17) and vertical (e.g., vertical RMW
or M slope) structures of the vortex in addition to the intensity should be considered if the data are available.

The differences between the two ensemble sets mainly evolve from the initial vortex structures such that a deeper
and stronger vortex intensifies earlier, and the evolution is closer to the observed evolution. Through the compar-
ison between the initial conditions, we conclude that the assimilation of the TCI observations can correct the
vertical structure of vortex in both primary and secondary circulations. Additional sensitivity experiments of
assimilating different types of observations are also performed to evaluate the effect of different observation
types/sources. The radar radial velocity mainly has an impact on the primary circulation in this Patricia case,
while the wind data from the deep-layer dropsondes can improve the primary circulation at all levels as well
as the secondary circulation in the inflow region. On the contrary, the temperature and mixing ratio data from
the deep-layer dropsondes mostly affect the upper-level thermodynamic structures and outflow strength. These
findings from this study can provide suggestions for the future field campaign design as well as data-assimilation
strategies for operational forecasts.

Data Availability Statement

The conventional observations are available on NCAR RDA: https://doi.org/10.5065/9235-WJ24. The TCI
dropsonde data can be downloaded at https://data.eol.ucar.edu/dataset/488.004. The TCI radar data can be
downloaded at https://www.aoml.noaa.gov/hrd/Storm_pages/patricia2015/radar.html. The PSU EnKF code
can be downloaded at http://adapt.psu.edu/index.php?loc=outreach. The tangential and radial winds from the
two ensemble sets as well as the SAMURALI analysis used in this paper are available on Zenodo: https://doi.
org/10.5281/zenodo.6366545.
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