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Abstract Understanding physical processes leading to rapid intensification (RI) of tropical cyclones
(TCs) under environmental vertical wind shear is key to improving TC intensity forecasts. This study
analyzes the thermodynamic processes that help saturate the TC inner core before RI onset using a
column-integrated moist static energy (MSE) framework. Results indicate that the nearly saturated inner
core in the lower-middle troposphere is achieved by an increase in the column-integrated MSE, as
column water vapor accumulates while the mean column temperature cools. The sign of the
column-integrated MSE tendency depends on the competition between surface enthalpy fluxes, radiation,
and vertical wind shear-induced ventilation effect. The reduction of ventilation above the boundary layer
due to vertical alignment is crucial to accumulate the energy within the inner core region. A comparison
of the RI simulation with a null simulation further highlights the impact of vortex structure on the
thermodynamic state adjustment and TC intensification.

Plain Language Summary A dry environment is unfavorable for tropical cyclones’ development
and intensification. Enhanced evaporative cooling from convective downdrafts in the dry environment
reduces the temperature and humidity in the low-level region of tropical cyclones, which in turn reduces
the number and strength of the buoyant convective updrafts in the inner core of the storm. Under
environmental vertical wind shear (i.e., wind speed and/or direction varying with height), the core of a
tropical cyclone is tilted, allowing dry air intrusion into tropical cyclone circulation at lower levels.
Understanding how the tropical cyclones can overcome the negative impacts of downdraft cooling is
crucial to improve the intensity forecast using numerical weather prediction models, particularly the
timing of rapid intensification onset. This study presents a potentially important thermodynamic

pathway leading to the formation of a nearly saturated inner core of a tropical cyclone preceding rapid
intensification, which is in connection with vertical alignment of the storm center at different vertical levels.

1. Introduction

Rapid intensification (RI) forecast of tropical cyclones (TCs) under moderate environmental vertical wind
shear (VWS) remains a challenge for the forecasting community (Bhatia & Nolan, 2013). One of the error
sources comes from the uncertainties in RI onset timing (e.g., Chen, Xue, & Fang, 2018; Judt & Chen,
2016; Munsell et al., 2017). This uncertainty exacerbates the threat to the population and property in the
coastal areas, particularly when RI occurs prior to TC landfall (e.g., Hurricane Harvey [2017] and Michael
[2018]). Understanding the key physical processes leading to TC RI is critical for improving the prediction
of RI and minimizing the potential damage and loss of life.

Earlier theoretical work found that TCs in a normal tropical maritime environment characterized by a
moist-neutral state tend to weaken, as an unsaturated lower-middle troposphere promotes strong convective
downdrafts that cool and dry the boundary layer (Emanuel, 1989; Rotunno & Emanuel, 1987). This suggests
that the development of a TC requires a favorable thermodynamic state (i.e., more humid) that differs from
the typical tropical environment.

Precipitation mode can help us gain insight into the background environment. For example, stratiform
precipitation is preferred in an environment with high saturation fraction, as suggested by Lopez Carrillo
and Raymond (2005). In recent years, statistical analyses of satellite data sets noted significant increase in
the azimuthal coverage of stratiform precipitation in the TC inner core region in all shear-relative quadrants,
particularly upshear left, prior to RI onset (e.g., Jiang et al., 2018; Tao et al., 2017). A similar phenomenon is

CHEN ET AL.

9241


https://orcid.org/0000-0002-9731-6989
https://orcid.org/0000-0003-0371-5514
http://dx.doi.org/10.1029/2019GL083667
http://dx.doi.org/10.1029/2019GL083667
http://dx.doi.org/10.1029/2019GL083667
http://dx.doi.org/10.1029/2019GL083667
http://dx.doi.org/10.1029/2019GL083667
mailto:xiaomin.chen@noaa.gov
https://doi.org/10.1029/2019GL083667
https://doi.org/10.1029/2019GL083667
http://publications.agu.org/journals/

nnnnnnnnnnnnnn
'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2019GL083667

also mentioned in the numerical simulations of Typhoon Mujigae (2015) under different sea surface
temperatures (Chen, Xue, & Fang, 2018): They found that TCs starting RI earlier have much higher
stratiform precipitation symmetry in the inner core region than late-RI TCs. The increased symmetry of
stratiform precipitation in the inner core region suggests that the free troposphere in the TC core is
sufficiently humid prior to RI onset. Consistently, results in idealized simulations (e.g., Kilroy et al., 2017;
Nguyen et al., 2008; Rappin & Nolan, 2012) also point toward a nearly saturated TC inner core as a prerequi-
site for TC intensification.

Complicating this interpretation is the presence of VWS, which tilts the TC vortex and induces mesoscale
subsidence, drying the column above the surface circulation (e.g., Jones, 1995; Reasor et al., 2004).
Additionally, dry air advected into the TC inner core, either at upper (Frank & Ritchie, 2001), middle
(Simpson et al., 1958; Tang & Emanuel, 2010), or low levels (Gu et al., 2015; Riemer et al., 2010; Zhang
et al., 2013) can ventilate the TC by diluting the warm core, reducing the buoyancy of updrafts, or inducing
downdrafts into the boundary layer. The thermodynamic or dynamic processes that resist the ventilation
and contribute to the formation of a nearly saturated core in the sheared environment remain to be
thoroughly examined.

This study investigates these processes through analysis of the triple-nested (18/6/2 km), cloud-permitting
simulation datasets of Typhoon Vicente (2012) with the Weather Research Forecast model (CTL experiment;
see details in Chen et al., 2017). Chen, Wang, et al. (2018) revealed that Typhoon Vicente underwent down-
shear reformation under moderate VWS (8-10 m/s), a rarely documented, but effective dynamic pathway for
realignment of the vortex and may lead to TC intensification (see also in Molinari et al., 2006). The interaction
between surface enthalpy fluxes and the TC circulation is found to play a prominent role in strengthening
and vertically aligning of the reformed inner vortex. However, the associated/accompanying thermodynamic
processes that trigger RI are yet to be analyzed or understood clearly. Toward this end, this study focuses on
the adjustment of the thermodynamic state of the inner core environment prior to RI onset and investigates
various thermodynamic processes (including surface enthalpy fluxes) that modulate this adjustment in a
framework of column-integrated moist static energy (MSE). Our aim is to understand the thermodynamic
pathway leading to RI onset, clarifying a potentially important RI onset mechanism in shear.

2. Methods

MSE is a useful thermodynamic variable for studying convective process due to its approximate conservation
under adiabatic motions (i.e., unchanged column integral). Column-integrated MSE budget is widely used to
study various tropical systems, including tropical convergence zone (e.g., Needlin & Held 1987), Madden-
Julian oscillation (e.g., Sobel et al., 2014), and TCs (e.g., Frank 1977; Emanuel 2018). This study adopts
the column-integrated MSE budget to evaluate the various thermodynamic processes that govern the adjust-
ment of the thermodynamic state in the TC core region. The goal is to understand how the nearly saturated
inner core is achieved before RI onset. The budget equation is (Sobel et al., 2014)

<‘9(CPT647;LM)> = —(wV (e, T+ qu)>—<wg—z> + SFX + <cp (%f)R>, ¢y

where h denotes MSE (h = ¢,T+gz+L,q), T is the temperature, g is specific humidity, c, is the dry air heat
capacity at constant pressure (1,004 J-K*-kg™), L, is the latent heat of condensation (treated as constant
at 2.5 x 10° J/kg), u is the horizontal velocity, and w is the vertical velocity. The angle bracket denotes the
mass-weighted vertical integration from surface to 100 hPa. SFX denotes the surface enthalpy fluxes
including latent and sensible heat fluxes. (%) r represents radiative heating/cooling from longwave and
shortwave radiation. Here c,T+L,q instead of h is used in the time derivative and horizontal advection
terms, as we found this form of equation (1) leading to a better closure of the MSE budget, which is
consistent with Neelin (2007). The first two terms on the right-hand side (rhs hereafter) of equation (1)
are horizontal advection of enthalpy and vertical advection of MSE (i.e., HADV and VADV), respectively.

The third and fourth terms are source terms.

The TC center at a given pressure level is defined as the geopotential height centroid following Chen, Wang,
et al. (2018). This method of identifying the TC center is best when the circulation is weak and loosely
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organized (e.g., Nguyen et al., 2014). Vortex tilt is calculated as the distance between the centers at different
pressure levels.

3. Results

The simulated Typhoon Vicente (2012) initiates its RI when the 200- to 850-hPa VWS is 8-10 m/s (Figure 1a).
The VWS is calculated within 300- to 800-km radii of the surface TC center. The increase in maximum 10-m
wind speed (VMAX) during RI (i.e., 0200 UTC 23 July to 1900 UTC 23 July) is greater than 20 m/s, exceeding
the RI criteria for TCs in the South China Sea (i.e., VMAX increases by 15 m/s within a day, Chen et al.,
2015). The simulated Vicente undergoes substantial structural change prior to RI onset (i.e., t = —14-0 hr
relative to RI onset). The number of convective bursts (CBs) in the inner core region steadily increases
and reaches its peak at 1800 UTC 22 July (i.e., t = —8 hr, Figure 1b). One hour later, the reformed inner vor-
tex becomes dominant in the inner core region (see Figure S2 in the supporting information). As in Chen,
Wang, et al. (2018), a CB is defined when the maximum vertical velocity at a grid point in the column is
greater than 3 m/s. The 300- to 900-hPa vortex tilt reduces with time due to downshear reformation, accom-
panied by a substantial contraction of the radius of maximum wind (Figure 1b).

Figure 1c shows the evolution of the mean thermodynamic state in the inner core region, measured by the
column-integrated MSE, prior to and after RI onset. The area for averaging is selected as a 300 X 300-km
box around of the surface TC center. The size of the box is chosen to encompass the inner core region (i.e.,
radius of maximum wind scale) prior to RI onset (see Figure 1b). The mean column-integrated MSE
declines with time until ¢t = —5 hr relative to RI onset, followed by a steady increase through the early
RI period. This suggests that the increase in the column-integrated MSE is potentially an important ther-
modynamic precursor to RI. The mean precipitable water (vapor) evolves with time in a similar manner
as the column-integrated MSE: It decreases during ¢ = -10 to —5 hr, followed by a subsequent increase.
This suggests that the variations in the column-integrated MSE are closely related to that in the latent heat
energy (L,q, see equation (1)) in this column, consistent with the findings of Sobel et al. (2014) and Wing
et al. (2016). Note that the column-integrated MSE after t = —5 hr is lower than that during t = —14 to —8
hr. This is mainly attributed to the opposite tendency of internal energy (c,T) after t = —5 hr to the ten-
dency of L,q after t = —5 hr (Figure 1d), and the steady decrease in c,T partially counteracts the increase
in L,q. The variation in column-integrated potential energy (gz) is small either prior to RI or through the RI
period, suggesting that the steady state presumption for the equation (1) is approximately satisfied within
the 300 x 300-km box.

Figure 2 shows the mean MSE and saturated MSE profiles averaged in the same box during t = —14 to —12 hr
relative to the RI onset (referred to as period 1), t = —6 to —4 hr (referred to as period 2), and ¢t = —2-0 hr
(referred to as period 3). While the column-integrated MSE decreases from period 1 to period 2 (i.e., first
stage), the variation in the vertical structure of MSE with time is complex. Both the saturated and unsatu-
rated MSE decreases with time below 400 hPa, while they both increase above 400 hPa. While the relative
humidity (RH) below 700 hPa remains the same, it increases by 5-10% within the 700- to 250-hPa layer.
This increase in RH is in part due to the increase in specific humidity (Figure 2c). The cooling in the 400-
700 hPa also plays a role (Figure 1d, see also the decrease in the saturated MSE). The variations in tempera-
ture, specific humidity, and the MSE profile suggest enhanced convective mixing within the column during
this period, which is consistent with increase in CB number as shown in Figure 1b.

The evolution of the MSE profile from period 2 to period 3 (i.e., second stage) indicates that the MSE gener-
ally increases above ~800 hPa, leading to a net amplification of the column-integrated MSE during this stage
(Figure 1c). The whole column is humidified more prominently during this stage: The RH above 900 hPa
increases by ~15% and, importantly, the lower-middle troposphere in the inner core region becomes nearly
saturated with the RH reaching a mean value of ~90% right before the RI onset. As in the first stage, the
increase in RH is attributed to the accumulation of water vapor above 800 hPa (Figure 2c) and the cooling
below 400 hPa (Figure 2d). The cooling is mainly attributed to convective mixing and the reduction of sub-
sidence warming as vortex aligns.

Figures 1 and 2 overall suggest that a nearly saturated TC inner core in the lower-middle troposphere is
achieved via two stages of moistening, and the moistening is much more effective in the second stage
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Figure 1. (a) Evolution of the simulated minimum sea level pressure (dashed black with circle, hPa), maximum 10-m wind speed (solid black, m/s), and
the magnitude of 200- to 850-hPa vertical wind shear (gray, m/s) from 1200 UTC 22 July to 0000 UTC 24 July. (b) As in (a) but for radius of maximum
wind at 10-m height (km) and 300-900 hPa vortex tilt magnitude (km), and number of CBs within a 300 X 300-km box centered on the surface TC center. (c)
Column-integrated moist static energy (x10” I /m?) and precipitable water (mm) averaged within the same box for convective burst number. (d) Evolution of
the differences in c,T (black), gz (blue), L,q (green), and L,qs (red; g, saturated mixing ratio) relative to their initial state at 1200 UTC 22 July. The vertical
dashed line denotes the time of RI onset (i.e., t = 0 hr) and the RI-onset-relative time is shown on the top axis of (a). The thick black arrow in (c) denotes the
timing when MSE and precipitable water start to steadily increase. CB = convective burst; MSE = moist static energy; RI = rapid intensification.
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Figure 2. Mean vertical profile of (a) MSE (h, solid, kJ/kg) and saturated MSE (ks, dashed, kJ/kg), and (b) RH (%) averaged
within the 300 x 300-km box centered at the surface tropical cyclone center during 1200-1400 UTC 22 July (period 1, gray),
2000-2200 UTC 22 July (period 2, black), and 0000-0200 UTC 23 July (period 3, red). Variations in the vertical profile of (c)
latent heat (kJ/kg), and (d) internal energy (kJ/kg) from period 1 to (black) period 2 and (red) period 3. MSE = moist static
energy; RH = relative humidity.

when the column-integrated MSE steadily amplifies. The more notable increase in specific humidity during
the second stage (Figure 2c) is seemingly inconsistent with halved CBs number compared to that during the
first stage (Figure 1b). We demonstrate later that the differences in moistening and column-integrated MSE
tendency between the two stages are also impacted by the variations in inner core structure.

Figure 3 shows the time series of column-integrated MSE budget terms from 1200 UTC 22 July to 1800
UTC 23 July. For simplicity, the budget terms are not shown following landfall. To be consistent with the
evolution of the MSE vertical profile, each budget term is averaged in the same box as in Figure 2.
Particular attention is paid to the period prior to RI onset (i.e., t = — 14-0 hr). Budget results indicate
that the true column-integrated MSE tendency (lhs of equation (1)) is generally consistent with the
sum of the budget terms on the rhs of equation (1). Note that equation (1) neglects the kinetic energy
generation term, which may partially account for the residual between lhs and rhs of equation (1).
The budget calculation using the 10-min model output is another potential contributor to this residual,
especially when the TC tilt is large and middle-upper tropospheric winds crossing the boundary of bud-
get box are strong (see later discussion).

Surface enthalpy fluxes contribute positively to the increase in the column-integrated MSE, with their mag-
nitude amplifying with time (Figure 3a). In contrast, the column-integrated radiative heating term is
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Figure 3. Column-integrated moist static energy budget terms averaged within the 300 X 300-km box centered of the sur-
face tropical cyclone center. (a) Source terms: surface enthalpy fluxes (blue), column-integrated radiative flux (green), and
their sum (red); (b) advective terms: HADV, VADV, and their sum; (c) sum of source (blue) and advective terms (green)
and their sum (red). The black line in each panel denotes the time derivative of moist static energy. The units are watts per
square meter. The RI-onset-relative time is shown on the top of (a). HADV = horizontal advection of enthalpy; RI = rapid
intensification; VADV = vertical advection of enthalpy.

negative at nighttime (i.e., t = — 14 to —4 hr), which is due to the longwave radiative cooling (Figures 4a

and 4b). Notably, the radiative cooling below 250 hPa diminishes as the cloud coverage increases

significantly (Figure 4d). After sunrise (i.e., approximately t = — 4 hr), the solar shortwave radiation

effectively warms the troposphere, particularly above 600 hPa (Figure 4c), and the column-integrated

net radiative heating becomes positive after t = — 2 hr (Figure 3a).
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Figure 4. Time series of moist static energy budget terms and cloud fraction prior to rapid intensification onset (t = — 14—
0 hr). Areal-averaged (a) total radiative forcing, (b) longwave and (c) short radiative forcing, (d) cloud fraction (%), and (e)
horizontal and (f) vertical advection of moist static energy. The unit for budget terms is Joules per kilogram per second.

Figure 3b shows that the column-integrated advective terms are generally negative both prior to RI onset
and throughout the RI period. The VADV term is negligible prior to RI onset because the positive
contribution below ~600 hPa is compensated by the negative contribution above (Figure 4f). This struc-
ture of VADV is largely accounted for by the vertical advection of mean MSE, which has a local mini-
mum near 600 hPa (Figure 2a), by the mean ascending motion (not shown). The sum of the advective
terms in this case can then be approximated by the HADV term. The evolution of HADV is approximately
in phase with the tendency of the column-integrated MSE (Figure 3b), as the reduction in MSE during
stage 1 and the subsequent increase in stage 2 are primarily attributed to variations in the HADV term.
The budget volume cannot accumulate energy from the source terms until HADV is >—400 W/m? at
t = — 6 hr (Figures 3b and 3c), highlighting the important role of the HADV term in determining the
tendency of the column-integrated MSE.

To understand the processes leading to variations in the HADV term, Figure 4e shows the evolution of its
vertical structure prior to RI onset. The negative column-integrated HADV arises mainly from strongly
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motion at 2-km height (white contour, 0.5 m" "), and storm-relative 10-m winds (vector, m/s)at t = — 11 hr, t= — 6 hr, and t = — 2 hr. (d-f) As in (a—c) but for 300-
hPa moist static energy/c, and storm-relative winds. (g-i) As in (d-f) but for 300-hPa radar reflectivity (shading, dBz) and storm-relative winds. The red square is the
300 X 300 budget box. The vector in each panel represents the 200- to 850-hPa vertical wind shear. The black hurricane and cross symbols denote the surface tropical
cyclone center and the 300-hPa tropical cyclone center, respectively.

negative contributions from lower levels (<700 hPa), as the inflow in the lower troposphere advects the low-
MSE air parcels downstream of regions of organized convective rainband (denoted as updraft region at 2-km
height in Figures 5a-5c) toward the inner core. The low-MSE air parcels at the lowest model level are mostly
collocated with the downdraft at 1-km height (e.g., Figures 5a and 5b), suggesting that the low-MSE air
parcels originate from the layer above the boundary layer. This low-level ventilation pathway is consistent
with that proposed by Riemer et al. (2010). Variations in the magnitude of the HADV term at lower levels
are closely connected to the convective activity. The increasing number of CBs during t = — 14 to —8 hr
(Figure 1b) leads to stronger low-level ventilation and thereby more negative HADV in that layer.
Similarly, the reduction of the negative HADV at lower levels during t = — 8 to —4 hr is due to a
temporary decrease in convective activity. This decrease is responsible in part for the reduction in
magnitude of the negative column-integrated HADV during this period. The development of persistently
positive HADV above 700 hPa, with a maximum within the 300- to 250-hPa layer, also contributes to this

CHEN ET AL.

9248



'AND SPACE SCiENCE

Geophysical Research Letters 10.1029/2019GL083667

reduction of the negative column-integrated HADV before RI onset. The following analysis will demonstrate
how this transition is achieved via vertical alignment of the tilted TC vortex.

Figures 5d-5i clearly show that the upper-level vortex gradually intensifies with time, precesses from the
downshear left to upshear flank, and undergoes vertical alignment. The convective updrafts transport
high-MSE parcels in the boundary layer upward, inferred from the overlapped convective region and
high-MSE area. At t = — 11 hr, the high-MSE region, residing near the left-bottom corner of the budget area
due to large vortex tilt, is advected outward by the storm-relative northerly winds at 300 hPa (Figure 5d;
termed as upper-level ventilation), leading to negative HADV at this level. As the upper-level vortex
moves into the upshear flank after t = — 2 hr and realigns with the lower-level vortex, the more organized
TC circulation and northeasterly upper-tropospheric mean winds advect the high-MSE parcels into the box
and the lower-MSE ones out of the box, causing a net increase in the HADV term. In this way, vertical
alignment plays an important role in storing the energy within the column of the inner core region.
Meanwhile, as the vortex vertically aligns, the tilt-related precipitation rainband moves closer to the TC
center (e.g., Figures 5g-5i) and the areal cloud coverage within the inner core region increases
(Figure 4d). This increase in cloud coverage reduces the outgoing longwave radiation from the column,
another contributor to the increase of column-integrated MSE.

The MSE budget results can help elucidate the moistening process in the lower-middle troposphere. During
the first stage, when vortex tilt is relatively large, a warm and dry layer induced by mesoscale subsidence caps
over the lower-level circulation of the reformed inner vortex (Figure S3a), consistent with the observational
results in Zawislak et al. (2016) and Nguyen et al. (2017). Mesoscale subsidence weakens over the low-level
vortex as the vortex tilt reduces and so does the related drying and warming effect (Figure S3b). Meanwhile,
the tilt-related convective rainband becomes located closer to the center during the vertical alignment. While
the MSE decreases below 400 hPa, the increasing convective mixing cools and moistens the 400- to 700-hPa
layer. The lower troposphere (<700 hPa) is one exception, as RH maintains its value during this stage. The
moistening effect of convective mixing (or vertical advection) is partially countered by low-level ventilation,
leading to net drying and cooling in this layer. During the second stage, the more notable vertical alignment
and more humid lower-middle levels reduce the ventilation effect in the 900- to 700-hPa layer. The increase
in the column-integrated MSE benefits the formation of a nearly saturated inner core in the lower-middle
troposphere at RI onset.

4. Discussion and Conclusions

This study examines the adjustment of the thermodynamic state prior to the RI onset of Typhoon Vicente
(2012). We found that most of the free troposphere in the vortex core becomes sufficiently humid prior to
RI onset. Insight into the mechanisms leading to moistening is presented based on the column-integrated
MSE budget.

Results indicate that the nearly saturated lower-middle troposphere within the TC inner core region at RI
onset is achieved via a complex competition between surface enthalpy fluxes, cloud-radiation feedbacks,
and ventilation effects. The sign of the column-integrated MSE tendency is largely determined by the venti-
lation effects. Initially, when the vortex tilt is large, the ventilation is strong, and the column-integrated MSE
decreases due to water vapor loss and net column cooling. The moistening of the inner core region is slow.

As TC vortex becomes vertically aligned before RI onset, the column-integrated MSE steadily increases as
the ventilation effect above the boundary layer weakens. Meanwhile, the increasing surface enthalpy fluxes
support more convection in the tilt-related convective rainband (see Figure S4), which is located closer to the
surface TC center as TC vortex aligns. Their aggregate effect is to increase the water vapor in the column and
further cool the column, leading to a more efficient moistening of the inner core region. The lower-middle
troposphere becomes nearly saturated at RI onset.

A comparison with a slow intensification (non-RI) simulation of the same storm (see Text S1) indicates that
the increase in the column-integrated MSE in a necessary, but not sufficient, condition for the RI occurrence,
as the column-integrated MSE for the non-RI TC also increases before its slow intensification. This finding is
in line with the results in Juraci¢ and Raymond (2016), as they found that the column integral of moist
entropy increases for intensifying TCs. However, in the RI simulation, the mean column temperature
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within the inner core region is cooler (Figures S5d and S6d) and the RH in the 250- to 700-hPa layer is higher
before RI onset (Figure S6b). The cooler column in the RI simulation is primarily attributed to the smaller
vortex tilt and the resulting weaker subsidence warming and more convective mixing compared to those
in the non-RI simulation (Figure S5b).

The merit of this study is relating the thermodynamic processes to dynamical processes (i.e., vertical
alignment) before RI onset under moderate vertical wind shear, in a box-average sense. In nature, the
vertical alignment and inner core moistening are three-dimensional formulations. Further examination of
the inner core moistening and precipitation evolution before RI onset in a shear-relative framework is of
priority in the future work.
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