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ABSTRACT

Accurate forecasting of the intensity changes of hurricanes is an important yet challenging problem in numerical weather
prediction. The rapid intensification of Hurricane Katrina (2005) before its landfall in the southern US is studied with the
Advanced Research version of the WRF (Weather Research and Forecasting) model. The sensitivity of numerical simula-
tions to two popular planetary boundary layer (PBL) schemes, the Mellor–Yamada–Janjic (MYJ) and the Yonsei University
(YSU) schemes, is investigated. It is found that, compared with the YSU simulation, the simulation with the MYJ scheme
produces better track and intensity evolution, better vortex structure, and more accurate landfall time and location. Large
discrepancies (e.g., over 10 hPa in simulated minimum sea level pressure) are found between the two simulations during the
rapid intensification period. Further diagnosis indicates that stronger surface fluxes and vertical mixing in the PBL from the
simulation with the MYJ scheme lead to enhanced air–sea interaction, which helps generate more realistic simulations of the
rapid intensification process. Overall, the results from this study suggest that improved representation of surface fluxes and
vertical mixing in the PBL is essential for accurate prediction of hurricane intensity changes.
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1. Introduction
A hurricane can cause severe loss of life and property

damage, especially when it approaches coastal regions or
makes landfall. Accurate prediction of the track and intensity
of a hurricane before and near its landfall is essential (Land-
sea, 1993; Pielke and Pielke, 1997; Elsberry, 2005).

Over the past two decades, hurricane track forecasts have
improved substantially through better understanding of over-
all storm dynamics, improved numerical models, and ob-
servation technologies. However, the accurate prediction of
intensity change, especially rapid intensification (RI), still
presents a challenge in research and operational commu-
nities (e.g., Marks and Shay, 1998; Rogers et al., 2006,
2013; Gall et al., 2013). This is mainly because of insuffi-
cient understanding regarding the physical processes asso-
ciated with hurricane intensity changes (Davis and Bosart,
2002), but also because of uncertainties related to physical
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parameterizations in numerical models (Karyampudi et al.,
1998; Houze et al., 2006).

Hurricane RI is usually defined as an increase of 30 kt (1
kt = 0.5144 m s−1) in the maximum sustained surface wind or
a decrease of 24 hPa in the minimum central pressure over 24
h (Kaplan and DeMaria, 2003; Kaplan et al., 2010). So far,
physical processes associated with RI are not well understood
(Kieper and Jiang, 2012). Previous studies have shown that
warm sea surface temperature (SST), high low- to mid-level
moisture, enhanced heat and moisture flux, and low vertical
wind shear, are the large-scale environmental condition nec-
essary for RI (Gray, 1968; Bosart et al., 2000; Jiang et al.,
2011). Mesoscale phenomena, such as convective bursts near
the eyewall, vertical hot towers, a precipitation ring pattern,
and lightning activity, are also closely related to the hurricane
RI process. For instance, the intensification of a tropical cy-
clone (TC) is closely related to the existence of hot towers
in the eyewall (Kelley et al., 2004, 2005), and the probabil-
ity of RI increases when hot towers exist in the inner core
(Jiang, 2012). Hendricks et al. (2004) and Montgomery et al.
(2006a) proposed that intense “vertical hot towers” might be
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a missing link in initiating TC genesis and RI. Results from
Cecil and Zipser (1999) and Guimond et al. (2010) further
emphasized the importance of net heating from both strati-
form and convective heating to TC intensification. Recent
studies (e.g., Fierro et al., 2011; DeMaria et al., 2012) have
also found that electrical activity is closely related to hurri-
cane intensity and is helpful for the short-term prediction of
RI.

Among the difficulties in accurate prediction of hurricane
intensity changes, hurricane RI prior to landfall is even more
challenging for warning decisions, but also critical, as the
damage from a landfalling hurricane is highly related to its
intensity (Landsea, 1993). Many landfalling hurricanes ex-
perience an intensification prior to their landfall (e.g., Lin et
al., 2009), and the problem has not yet received much atten-
tion in previous studies, many of which have emphasized RI
right after the genesis of a TC over the open ocean.

To improve forecasts of hurricane intensity changes,
physical processes associated with hurricane intensifications
have been investigated in numerous previous studies (e.g.,
Malkus, 1958; Frank, 1977; Willoughby, 1988; Frank and
Ritchie, 1999; Montgomery et al., 2006b; Elsberry et al.,
2013). It has been recognized that physical parameterization
schemes have a significant impact on the accuracy of fore-
casts of hurricane intensity and structure changes. Among
all these physical processes, planetary boundary layer (PBL)
processes play an important role in hurricane evolution. Re-
cent field programs, such as CBLAST (Coupled Boundary
Layer Air–Sea Transfer; Black et al., 2007), have proven
that PBL processes play a significant role in air–sea inter-
actions during hurricane evolution. Numerical studies have
also pointed out that numerical simulations and forecasts of
hurricanes are very sensitive to the specification of PBL pa-
rameterization schemes. For instance, Braun and Tao (2000)
conducted experiments to determine the sensitivity of hur-
ricane simulations to different PBL schemes in the Fifth-
generation Pennsylvania State University-National Center for
Atmospheric Research Mesoscale Model (MM5), showing
that hurricane intensity is closely related to the strength of
the vertical mixing in each PBL scheme. Li and Pu (2008)
simulated the early RI of Hurricane Emily (2005) with dif-
ferent PBL schemes in the Advanced Research version of
the Weather Research and Forecasting (WRF; Skamarock et
al., 2008) model (WRF-ARW). They found that the early RI
of Hurricane Emily (2005) was very sensitive to the choice
of PBL scheme and that there were differences up to 19
hPa in the simulated mean sea level pressure between the
Yonsei University (YSU) and Mellor–Yamada–Janjic (MYJ)
schemes during the 30-h forecast period. Nolan et al. (2009)
evaluated the YSU and MYJ schemes in the WRF model us-
ing in situ data obtained from aircraft. Results showed that
both schemes reproduced certain unique features of the hurri-
cane boundary layer. However, the MYJ scheme consistently
produced larger frictional tendencies in the boundary layer
than the YSU scheme, leading to a stronger low-level inflow
and a stronger azimuthal wind speed. Smith and Thomsen
(2010) compared hurricane simulations with different PBL

schemes in an idealized model and found significant varia-
tion in storm structure, intensity, and rate of intensification.
Zhu et al. (2014) showed that the vertical turbulent mixing
scheme not only substantially affects the subgrid-scale ver-
tical transport of heat and moisture but also has an impor-
tant bearing on the storm’s axisymmetric structure, eyewall
mesovortices, and other resolved asymmetric features in the
vicinity of the hurricane eyewall. The budget analysis by Ro-
tunno and Bryan (2012) suggested that, apart from vertical
diffusion in the PBL, horizontal diffusion also plays an im-
portant role in hurricane intensity changes. Kepert (2012) re-
viewed and evaluated PBL parameterizations with a diagnos-
tic TC model. Results indicated that the Louis scheme and
a higher-order closure scheme, such as the MYJ scheme, are
suitable and recommended for hurricane simulation.

In light of the above, in this study we examine the role
of PBL processes in predicting the RI of Hurricane Katrina
(2005) prior to its landfall. Specifically, we perform nu-
merical simulation experiments to evaluate the sensitivity of
numerical simulations of Hurricane Katrina (2005) to PBL
schemes in the WRF model. Two popular PBL schemes,
the YSU (Troen and Mahrt, 1986; Noh et al., 2003; Hong
et al., 2006) and MYJ (Mellor and Yamada, 1982; Janjić,
2002) schemes, are examined. These two schemes have been
widely used in TC simulations with the WRF model in recent
years (Kepert, 2012). The evolution of the hurricane’s inten-
sity and structure during its RI prior to landfall, the sensitivity
of the simulation to different PBL schemes, and the effect of
boundary layer processes on RI, are investigated.

The paper is organized as follows. Section 2 gives a brief
overview of Hurricane Katrina (2005). Section 3 introduces
the configuration of the numerical simulations and the dif-
ferences between the two popular PBL schemes. Section 4
illustrates the overall simulation results. Section 5 demon-
strates the influence of the PBL schemes on the numerical
simulations. Concluding remarks are provided in section 6.

2. Brief overview of Hurricane Katrina (2005)

Hurricane Katrina (2005) caused catastrophic damage
and a large loss of life. It was one of the five deadliest hurri-
canes ever to strike the United States. The National Hurricane
Center (NHC) designated it as a tropical depression (TD) at
1800 UTC 23 August 2005 over the southeastern Bahamas,
and then a tropical storm (TS) at 1200 UTC 24 August. Dur-
ing its life cycle, Katrina (2005) made two landfalls. The first
was in southern Florida shortly before 0000 UTC 26 August,
when it was a category-1 hurricane. After the first landfall,
Katrina (2005) moved over the warm ocean of the Gulf of
Mexico, where it underwent two periods of RI and became a
category-5 hurricane between 26 August and 28 August. It
then made its second landfall at 1100 UTC 29 August in New
Orleans, Louisiana, USA.

In this study, we choose to focus on the period before
Katrina (2005)’s second landfall to demonstrate the effects
of atmospheric boundary layer processes on Katrina (2005)’s
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RI and structure changes. The simulation period covers 1800
UTC 27 August to 0000 UTC 30 August 2005, including the
RI period prior to its landfall from 1800 UTC 27 August to
1800 UTC 28 August, with a rapid decrease of 46 hPa in
minimum sea level pressure and a rapid increase of 50 kt in
maximum surface wind speed. Figure 1a shows the track of
Katrina (2005) from the NHC best track during the simula-
tion period and the SST at 0000 UTC 27 August 2015.

3. Description of numerical simulations and
PBL schemes

3.1. WRF model and simulation configuration

WRF-ARW (Skamarock et al., 2008) is employed for nu-
merical simulation. WRF-ARW is a nonhydrostatic model
and uses a mass (hydrostatic pressure) vertical coordinate.
WRF-ARW also carries multiple physical options for cu-
mulus, microphysics, PBL, and radiation physical processes.
Details of the model are provided in Skamarock et al. (2008).

A total of 60 vertical σ-levels are set, with the top of the
model at 50 hPa. A two-way interaction, three-level nested
domain technique is used with horizontal grid spacing of 27,
9, and 3 km for Domain 1, Domain 2 and Domain 3, respec-
tively (Fig. 1b). Physical parameterization options include
WSM6 (WRF single-moment 6-class microphysics scheme;
Hong and Lim, 2006), the Kain–Fritsch cumulus parameter-
ization scheme (Kain and Fritsch, 1993), the Noah land sur-
face model (Chen and Dudhia, 2001), the RRTM (Rapid Ra-
diative Transfer Model; Mlawer et al., 1997) for longwave
radiation, and the Dudhia shortwave radiation scheme (Dud-
hia, 1989). The cumulus scheme is used in the 27- and 9-km
grid spacing domains only (Domain 1 and Domain 2). As
mentioned, two popular, widely used PBL schemes, the MYJ
and YSU schemes, are applied for two sets of simulations,
respectively.

The initial and boundary conditions are derived from the
NCEP’s GFS (Global Forecast System) FNL (final analy-
sis) at a resolution of 1◦ × 1◦. The WRF model is initiated
at 0000 UTC 27 August to spin up the vortices. Then, the
available conventional observations are assimilated using the
WRF three-dimensional variational data assimilation system
at 1200 UTC and 1800 UTC 27 August in the WRF model
domains, followed by WRF simulations until 0000 UTC 30
August, shortly after Katrina (2005)’s landfall.

3.2. The MYJ and YSU boundary layer schemes
In PBL parameterization, the relationship between prog-

nostic mean variables (c) such as zonal wind (u), merid-
ian wind (v), potential temperature (θ) and water vapor (q)
(c : u,v, θ,q) and subgrid-scale turbulent fluxes (second mo-
mentum terms, w′c′) can be simply expressed as

∂c
∂t
= − ∂
∂z

w′c′ , (1)

where w′ is the perturbation of vertical velocity.
The subgrid-scale turbulent fluxes (w′c′) can be further

defined as
−w′c′ = Kc

∂c
∂z
, (2)

where Kc is the eddy diffusivity for variable c, and we denote
Km as the momentum eddy diffusivity for u and v, and Kh as
the thermal eddy diffusivity for θ and q.

The MYJ scheme is classified as a 1.5-order turbulent lo-
cal closure scheme, since the subgrid-scale turbulent fluxes
are parameterized with other prognostic equations such as
the turbulent kinetic energy (TKE) equation (Mellor and Ya-
mada, 1982). The YSU scheme is a typical first-order nonlo-
cal closure scheme, since the subgrid-scale turbulent fluxes
are explicitly parameterized with K-theory approximation
and do not require any additional prognostic equations (Troen
and Mahrt, 1986). Therefore, the eddy diffusivity defined in
Eq. (2) is fundamentally different in the two schemes.

Fig. 1. (a) Best-track position of Hurricane Katrina during 27–31 August 2005. Color-shaded contours denote SST
(units: ◦C) at 0000 UTC 27 August 2005. The small black box indicates the rapid intensification period. The numbers
and “TS” denotes the intensity of Katrina (2005). (b) Locations of the model domains for the WRF simulations, d01,
d02, and d03 represent the outer domain, the middle domain and the inner domain, respectively.
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The eddy diffusivity for momentum (Km) in the YSU
scheme is defined as

Km = kwsz
(
1− z

h

)
p , (3)

where ws represents the mixed layer velocity scale (Hong et
al., 2006); p is the profile shape exponent, taken to be 2; k
is the Von Kármán constant (= 0.4); z is the height from the
surface; and h is the height of the PBL. The thermal eddy dif-
fusivity (Kh) is proportional to Km according to the Prandtl
number.

The eddy diffusivity in the MYJ scheme is defined as

Kc = l
√

eS c , (4)

where l is the mixing length, and S c is the proportional coef-
ficient for momentum and thermal diffusivity, which is deter-
mined by TKE [denoted by e in Eq. (4)].

Clearly, eddy diffusivity is determined by the TKE budget
in the MYJ scheme, but not in the YSU scheme. In addition,
in the YSU scheme, the turbulent flux of each grid involves
the influence of the flux from its neighboring grids at mul-
tiple vertical levels. This is different from the treatment in
MYJ, in which the turbulent flux depends on the local TKE
and only those vertical levels that are directly adjacent to a
given point affect variables at that point (Cohen et al., 2015).
Overall, the different approach for parameterizing turbulence
exchange in the PBL leads to a fundamental difference in the
vertical mixing effects in the two PBL schemes.

Moreover, the PBL height (PBLH) in the MYJ scheme is
defined as the lowest model level above the surface at which
TKE approaches its prescribed lower bound (Janjić, 2002);
whereas, it is explicitly defined with the bulk Richardson
number in the YSU scheme (Hong et al., 2006):

h = Ric
θvgu2(h)

g[θv(h)− θs] , (5)

where Ric is the critical Richardson number; θvg and θv(h)
are the virtual potential temperature at the surface and PBL
top, respectively; θs is the appropriate potential temperature
near the surface, which relates to surface heat fluxes; u2(h) is
the wind speed at the PBL top; and g is the acceleration of
gravity.

Although the utility of local schemes can be improved
by invoking higher orders of closure in some circumstances
(e.g., Mellor and Yamada, 1982; Nakanishi and Niino, 2004;
Coniglio et al., 2013), the essential differences in the vertical
mixing between different PBL schemes still have a substan-
tial influence on weather processes (Hu et al., 2010; Xie et al.,
2012; Cohen et al., 2015), especially for hurricane prediction
(Kepert, 2012).

The role of surface-layer schemes is to provide surface
exchange coefficients (Ce) to calculate surface fluxes for en-
thalpy and momentum, and these fluxes are provided as lower
boundary conditions for PBL schemes. Under a neutral con-
dition, the surface exchange coefficient can be simplified as

Ce =
k2

[
ln
(

z1
z0

)]2 , (6)

where k is Von Kármán constant, z1 denotes the height of the
lowest model level and z0 is the surface roughness, which can
be further defined using the Charnock (1955) formula in the
case of the ocean surface:

z0 =
αu2∗

g
, (7)

where α is a constant, and u∗ is the friction velocity. Consid-
ering Eqs. (6) and (7), the surface exchange coefficient (Ce)
increases with wind speed (Zhu and Furst, 2013).

In the WRF model, each PBL parameterization is tied to
a particular surface-layer scheme. For instance, the MM5
surface-layer similarity (Zhang and Anthes, 1982) is applied
along with the YSU PBL, and the Eta surface-layer similarity
(Janjić, 1990) is used with the MYJ PBL.

4. Simulation results
4.1. Track and intensity

Figure 2a compares the simulated tracks with the NHC
best-track data. The simulations with both PBL schemes re-
produce tracks that are similar to the best track, while the
simulation with the MYJ scheme (simply referred to as MYJ
hereafter) performs better than the simulation with the YSU
scheme (simply referred to as YSU hereafter) in most cases.
Over the ocean in the first 30-h simulation, the simulated
track errors are similar in MYJ and YSU (and less than 60
km; Fig. 2b) but become significant after the 30-h simulation.
In particular, YSU produces errors that lead to a simulated
landfall location about 100 km to the east of the best-track
landfall site and a simulated landfall time (around 1400 UTC
29 August 2005) that lags about three hours behind the best-
track landfall time (about 1110 UTC 29 August 2005). After
landfall, the error enlarges and reaches 100 km. Meanwhile,
MYJ reproduces a landfall time and location that are most
similar to the best track (about 1110 UTC 29 August 2005),
with a track error of only about 30 km when the simulated
hurricane makes landfall.

The time series of minimum sea level pressure and max-
imum surface wind speed (Figs. 2c and d) also indicate that
MYJ better predicts the intensity and intensity changes dur-
ing the simulation period. Specifically, MYJ predicts Kat-
rina (2005)’s RI, especially the minimum sea level pressure
drop from 1800 UTC 27 to 1800 UTC 28 August, quite well.
The weakening before Katrina (2005)’s landfall (0000 UTC
to 1100 UTC 29 August) and the continuous weakening after
landfall are also well captured. YSU does predict the RI and
also captures the deepening trend, but it produces a shorter
period of RI and overall weaker intensity during the simu-
lation period. After landfall, the intensity changes show no
obvious differences between the two simulations.

4.2. Convective structure
The structure and intensity of precipitation are key factors

that characterize hurricane damage, especially for landfalling
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Fig. 2. (a) Comparison of the simulated tracks with the NHC best track with 6-h intervals (the initial time for the black
dot is 1800 UTC 27 August). (b) Time series of track errors (units: km) in numerical simulations against the best-track
data. (c, d) Time series of (c) minimum sea level pressure (units: hPa) and (d) maximum surface wind (units:kt; 1
kt = 0.5144 m s−1) from the numerical simulations, compared with the NHC best-track data. The time period of the
simulations is from 1800 UTC 27 to 0000 UTC 30 August 2005. The vertical gray line in (c) and (d) indicates the
landfall time.

hurricanes. Figure 3 compares the simulated radar reflectiv-
ity of Katrina (2005) from MYJ and YSU with the convec-
tive structure as revealed by composite radar reflectivity from
the airborne Doppler radar operated by the NOAA Hurricane
Research Division (HRD) near 2000 UTC 27 and a ground-
based NEXRAD radar site at New Orleans, LA, at 1352 UTC
29 August 2005. Both simulations produce intense inner and
outer rainbands. Specifically, compared with YSU, MYJ pro-
duces more organized rainbands. The detailed outer rainband
structures from MYJ also more closely resemble the convec-
tive structures revealed by radar reflectivity. For instance, at
2000 UTC 27 (Figs. 3a, c and e), MYJ produces a better con-
vective structure near the inner core, which agrees better with
the observed inner-core structure, especially in the southeast
quadrant of the storm center. YSU, however, produces a
weaker storm with more loose structures at this time. At 1400
UTC 29 (Figs. 3b, d and f), YSU reproduces stronger convec-
tive intensity in a relatively larger area, compared with obser-
vations. These overestimations are ably rectified in MYJ, es-
pecially from the south and north to the storm center, where
the simulations are quite consistent with the observations.

4.3. Near-surface winds
Hurricane damage increases exponentially with low-level

wind speed (Elsberry, 2005). Accurate representation of low-
level wind structure is an important factor in analyses and
forecasts. Figure 4 shows the simulated wind speeds at a
height of 10 m, compared with NOAA HRD’s surface wind
analyses (Powell et al., 2010) (http://www.aoml.noaa.gov/
hrd/Storm pages). At 1200 UTC 28 August, the HRD wind
analysis shows a relatively symmetric wind structure around
Katrina (2005), with a maximum wind speed in the northeast
quadrant of about 130 kt, which is reproduced by MYJ. Al-
though YSU captures the strong wind in the northeast quad-
rant, the overall wind speed around the vortex is still rel-
atively weaker than the HRD wind analysis and that from
MYJ. At 1500 UTC 29 August, shortly after Katrina (2005)’s
landfall, the HRD wind analysis illustrates an asymmetric
wind structure of Katrina, with a maximum wind speed of
100 kt to the east, which is predicted by both YSU and MYJ.
At the same time, compared with the HRD wind analysis,
YSU produces wind speeds that are too strong in all quad-
rants, while MYJ produces wind speeds that are stronger only
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Fig. 3. Composite radar reflectivity from (a) airborne Doppler radar (operated by NOAA/HRD) at 2000 UTC 27 and
(b) the ground-based NEXRAD site at New Orleans, LA, at 1352 UTC 29 August 2005. (c, d) and (e, f) illustrate
simulated composite radar reflectivity (units: dBZ) at (c, e) 2000 UTC 27 and (d, f) 1400 UTC 29 August 2005 from
MYJ and YSU, respectively.



488 SENSITIVITY OF HURRICANE RAPID INTENSIFICATION TO PBL VOLUME 34

Fig. 4. Near-surface (10 m) wind speeds (shaded contours; units: kt) and wind direction (vectors) at (a, c, e) 1200 UTC
28 and (b, d, f) 1500 UTC 29 August 2005: (a, b) HRD surface wind analysis; (c, d) simulations from MYJ; (e, f)
simulations from YSU.
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in the south quadrant. Although the inaccurate simulation of
wind distribution can be partly attributed to the track errors
of the simulations, MYJ outperforms YSU in terms of near-
surface wind forecasts overall.

5. Effect of the PBL on RI and evolution
From the simulation results above, it is clear that the

use of different PBL schemes has significant effects on the
simulation of Katrina (2005)’s track, intensity, and structure.
Specifically, significant differences in the intensity between
the two simulations appear from 0000 UTC 28 August to
1200 UTC 29 August 2005, with a difference of over 10
hPa in simulated minimum sea level pressure between the
two simulations. The simulated hurricane in MYJ intensi-
fies more rapidly than that in YSU and its intensity is also
closer to the best-track data, while the simulation with YSU
produces a weaker intensity for Katrina (2005) during this RI
period. This is similar to results from previous studies (e.g.,
Li and Pu, 2008; Kepert, 2012), in which higher-order closure
schemes, such as the MYJ scheme, lead to better simulations
of the hurricane RI process.

To understand the effects of PBL processes on RI, SSTs
and surface conditions are examined. Figure 1a shows the
SST during Katrina (2005)’s RI before landfall. It is clear
that Katrina (2005) passes over a warm SST before its land-
fall. The SST is relatively higher over the regions where Ka-
trina (2005) moves from and when the RI occurs (Figs. 2c
and d), indicating that the pre-existing warm ocean anomaly
is crucial to the hurricane’s RI process due to the signifi-
cant increase of air-sea enthalpy fluxes, as revealed by Lin
et al. (2009). Moreover, the intensification rate slows down
substantially after 1800 UTC 28 August in both simulations
(Figs. 2c and d), showing the considerable impact of the land
surface on hurricane decay. A similar situation has been re-
vealed by previous studies (Miller, 1964; Rosenthal, 1971;
Kimball, 2006), in which the low surface heat and moisture
fluxes over land are conducive to hurricane decay during its
evolution from ocean to land.

Fundamentally, the PBL scheme transports surface en-
thalpy (sensible heat and latent heat) and momentum (i.e.,
friction velocity) fluxes to the boundary layer and free at-
mosphere, thus providing atmospheric tendencies of temper-
ature, moisture (including clouds), and horizontal momen-
tum in the entire atmospheric column. As mentioned above,
the YSU and MYJ PBL schemes, as well as the associated
surface-layer scheme, differ in their methodology for calcu-
lating the surface fluxes and the vertical mixing in the PBL.
Therefore, in order to understand the RI process and also in-
vestigate the effects of the PBL schemes on predicting RI, it is
necessary to diagnose details regarding the surface enthalpy
and momentum fluxes as well as the vertical mixing during
the simulation period.

5.1. Surface enthalpy and momentum fluxes
Figures 5a and b show the time series of averaged/

maximum surface sensible and latent heat fluxes over the vor-

tex core and eyewall regions during the simulation period.
The results show that the main discrepancy between the two
schemes indeed happens during the RI period. Figure 5a in-
dicates that, although there are only marginal differences in
averaged sensible heating between the two simulations over
the vortex core region, discrepancies in the maximum values
of the surface sensible heat are visible. The simulated sur-
face latent heat fluxes, however, have obvious differences be-
tween MYJ and YSU, as shown in Fig. 5b. Specifically, the
averaged latent heat flux with MYJ is larger than that with
YSU over the vortex core region, especially before Katrina
(2005)’s landfall during the RI period. Meanwhile, the maxi-
mum value of latent heat in MYJ is also much larger than that
in YSU. This is clearly revealed from the horizontal distribu-
tion of the moisture fluxes in Fig. 6, which also shows that the
surface moisture flux is larger in MYJ than in YSU during the
RI period (Figs. 6b and f, and 6c and g, respectively).

Compared with YSU, the larger surface sensible latent
heat and moisture fluxes simulated by MYJ during the RI pe-
riod indicate that the MYJ PBL scheme is more efficient in
representing the air–sea interaction as Katrina (2005) passes
over the warmer SSTs during the RI period. Meanwhile, the
larger surface sensible latent heat and moisture fluxes in MYJ
should lead to a high potential for enthalpy transport from
the surface to the PBL and free atmosphere, which in turn
contributes to the stronger convection (Fig. 3) and stronger
hurricane intensity (Figs. 2c and d and Fig. 4) during the RI
period. This will be discussed further in the next subsection.

After hurricane landfall, the mean surface sensible heat
fluxes become negative (Fig. 5a). The mean surface latent
heat fluxes are also close to zero (Fig. 5b). Both of these
result in the hurricane’s rapid decay due to the great loss
of enthalpy energy. Specifically, the surface enthalpy fluxes
simulated by the two schemes decrease rapidly and become
very similar after hurricane landfall, implying that the MYJ
scheme is more sensitive to changes in ocean or land condi-
tions than the YSU scheme, because of its ability to quickly
adjust.

Friction velocity is also an important variable in repre-
senting the turbulent speeds of the boundary layer and is re-
lated to ground stress or vertical momentum flux. The larger
the friction velocity, the stronger the mechanical turbulence
will be. Moss and Rosenthal (1975) suggested that friction
velocity is a key fundamental variable for hurricane develop-
ment. Figure 5c shows that, on average, the friction velocity
simulated with MYJ and YSU is almost the same over the
vortex region. Results show that the maximum friction ve-
locity simulated by MYJ is larger than that by YSU during
the RI period, resulting in stronger vertical momentum trans-
port in MYJ than in YSU during this period. Accordingly,
the maximum wind generated by Katrina (2005) when sim-
ulated with MYJ is stronger than that with YSU during the
RI period between 0000 UTC 28 August and 1200 UTC 29
August 2005 (see Figs. 2c and d).

Overall, the above results show that the surface enthalpy
and momentum fluxes during Katrina (2005)’s RI period pro-
duced by MYJ are larger than those by YSU. As a result,
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Fig. 5. Time series of (a) surface sensible heat flux (units: 103 W m−2), (b) latent heat flux (units: 103 W m−2), (c) surface
friction velocity speed (units: m s−1), and (d) boundary layer height (units: km), averaged over an area within a radius of 150
km from the storm center.

90W    88W    86W

Fig. 6. Surface moisture flux (units: 10−5 kg m−2 s−1) at (a, e) 2000 UTC 27, (b, f) 1200 UTC 28, (c, g) 1500 UTC 29, and (d,
h) 0000 UTC 30 August 2005, from (a–d) MYJ and (e–h) YSU.
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MYJ produces an improved hurricane RI process, compared
to the weaker hurricane intensity in YSU. Similar results are
demonstrated in Braun and Tao (2000).

5.2. Vertical mixing in the PBL and its effects
As discussed in the previous section, the larger surface

fluxes in MYJ should lead to a high potential for enthalpy
transport from the surface to the PBL and free atmosphere.
In fact, as mentioned in section 3, the MYJ scheme and the
YSU scheme differ in their treatments of vertical diffusion,
and this could create discrepancies in the vertical structure
of the hurricane in the PBL. Therefore, the interactions be-
tween surface fluxes and vertical mixing in the PBL, as well
as the evolution of hurricane vortices and their boundary layer
structures, are examined in this subsection.

Figure 5d shows the time series of the maximum value
and averaged PBLH over the simulated hurricane core and
eyewall regions during the whole simulation period. Appar-
ently, MYJ produces a higher PBLH than YSU. The maxi-
mum PBLH produced by MYJ can be extended higher than
5 km vertically, while the maximum PBLH generated by
YSU remains below 3 km in height. The higher PBLH in
MYJ implies stronger vertical mixing in the simulation with
the MYJ PBL scheme (shown in Fig. 7), and this is consis-
tent with the results of Zhang et al. (2015), who found that

strong vertical mixing corresponds to a high PBLH. Specif-
ically, the simulated mean and maximum PBLH in MYJ are
much higher than in YSU during the RI period, indicating
that there is much stronger vertical mixing in MYJ during
this period. This stronger vertical mixing should enable the
efficient transport of a large amount of surface momentum
and enthalpy flux to the hurricane boundary layer, thereby
enhancing hurricane development.

Figure 7 examines the vertical mixing in the two schemes
during the hurricane RI period by comparing the vertical ex-
change coefficients in YSU and MYJ. It clearly shows that
the vertical mixing in MYJ is stronger than that in YSU, as
the vertical exchange coefficients in MYJ are stronger and
extend to over 800 hPa, approximately, at both 1200 UTC 28
and 0000 UTC 29 August 2005, corresponding to the higher
PBLH (Fig. 5d) at those times. At the same time, the vertical
mixing in YSU remains mostly in the vertical levels below
the 850 hPa pressure level.

Figures 8 and 9 illustrate the azimuthally averaged tem-
perature anomalies and tangential and radial winds from the
simulated hurricane center to a radius of 300 km, clearly re-
vealing that the simulated hurricane in MYJ is stronger and
has stronger tangential winds, inflow/outflow, and warm-core
center than that in YSU. It seems that the stronger verti-
cal mixing in MYJ yields stronger hurricane intensity and

Fig. 7. Azimuthally averaged vertical exchange coefficients with a radius of 300 km from the storm center in
the (a, c) YSU and (b, d) MYJ schemes, at (a, b) 1200 UTC 28 August 2005 and (c, d) 0000 UTC 29 August
2005.
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Fig. 8. Azimuthally averaged temperature anomalies (contours) and tangential wind speed (color-shaded) from 1000 hPa to 200
hPa, in the (a, b) YSU and (d, e) MYJ schemes, at (a, d) 1200 UTC 28 August 2005 and (b, e) 0000 UTC 29 August 2005. The
surface enthalpy fluxes (units: W m−2) at (c) 1200 UTC 28 August 2005 and (f) 0000 UTC 29 August 2005 in the two schemes
are also provided.

higher wind speeds, indicating more efficient air–sea inter-
actions as Hurricane Katrina (2005) passes the warm SST
regions. According to Eqs. (6) and (7), the surface fluxes
depend on the wind speed, and the surface exchange coeffi-
cient also increases with the wind speed. At the same time,
the larger amount of surface fluxes (Figs. 5 and 6) from MYJ
is also conducive to hurricane development. Thus, the pos-
itive feedback between vertical mixing and surface fluxes in
MYJ eventually results in a stronger hurricane vortex than
that in YSU. In other words, the stronger surface enthalpy
and momentum fluxes, as well as the stronger vertical mix-
ing produced by the MYJ scheme during the hurricane RI
period, are the main reasons for a stronger warm core and

tangential winds (Fig. 8). This is consistent with the results
of Miyamoto and Takemi (2013), who found that the efficient
transport of enthalpy from the underlying ocean to a hurri-
cane is an essential triggering mechanism of hurricane RI.

5.3. Divergence and eyewall contraction
To further examine the corresponding changes in the hur-

ricane vortices in the two PBL schemes, Fig. 10a illustrates
the vertical profiles of averaged convergence/divergence over
the simulated hurricane core and eyewall regions from 0000
UTC 28 to 1200 UTC 29 August 2005. It shows that MYJ
predicts a hurricane vortex with stronger convergence at 3–
6 km and divergence at 10–15 km. Specifically, the low-
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Fig. 9. As in Fig. 7 but for the radial wind speed from 1000 hPa to 200 hPa.

level vortex convergence in MYJ extends to about 7 km,
while at the same time the magnitude of the low-level con-
vergence in YSU is much weaker, extending to only about 6
km. The stronger convergence and divergence in MYJ should
correspond to more intense inflow and outflow, resulting in a
stronger hurricane during this period, and this is also consis-
tent with the more reasonable surface wind and pressure, as
shown in Figs. 2c and d.

The radius of maximum wind usually contracts as a
hurricane intensifies (Willoughby, 1990). Based on 900 ra-
dial profiles from aircraft observations of 19 Atlantic TCs,
Willoughby (1990) found that the contraction of the storm
eyewall could be the primary symptom of hurricane inten-
sification. Eyewall contraction, accompanied by higher tan-
gential winds, could cause more moisture and energy to be
extracted from the ocean surface and transported into the
hurricane eyewall. In order to compare the eyewall contrac-
tion during the RI period in numerical simulations of Katrina
(2005) , Fig. 10b shows the wind speed at 850 hPa along the
longitude through the hurricane centers averaged over 0000
UTC 28 to 1200 UTC 29 August 2005 (the RI period). It
indicates that Katrina (2005) experiences more intense eye-
wall contraction in MYJ than in YSU during the RI period,
confirming that RI is stronger in MYJ.

In addition, using an idealized simulation, Stern et al.
(2015) proved that heating and friction both contribute sub-
stantially to boundary layer inflow; thus they also both con-

tribute to the contraction of the radius of maximum wind
(eyewall contraction). Therefore, the different characteristics
of divergence and eyewall contractions related to the hurri-
cane RI period in the two simulations in this study can be
attributed to the differences in surface enthalpy (sensible and
latent heating) and momentum (frictional velocity) fluxes and
vertical mixing (i.e., PBLH) generated by the two simulations
with different PBL schemes.

6. Summary and concluding remarks
In this study, numerical simulations of an RI period be-

fore Katrina Katrina (2005)’s second landfall in Louisiana,
USA, are performed. The sensitivity of numerical simula-
tions to two widely used PBL schemes, MYJ and YSU, is
examined. The effects of surface momentum and enthalpy
fluxes, as well as vertical mixing in the PBL, on hurricane
RI processes before landfall are discussed. We find that the
different surface momentum, enthalpy, and vertical mixing in
the PBL resulting from the use of the YSU and MYJ schemes
can have fundamental effects on hurricane track and intensity
changes. The major findings can be summarized as follows:

(1) Compared with the NHC best-track data, the simula-
tion with the MYJ scheme reproduces better track forecasts
with a more accurate landfall time and location, as well as
a better intensity forecast in terms of the temporal variation
of minimum sea level pressure and maximum wind, than the
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Fig. 10. (a) Composite mean divergence profiles over an area of
150 km radius around the simulated hurricane center at differ-
ent times. The horizontal axis represents the magnitude of the
divergence (units: 10−4 s−1). (b) Composite mean wind speed
at 850 hPa along the longitude through the hurricane centers.
In both panels the composite represents the period from 0000
UTC 28 to 1200 UTC 29 August 2005 (the RI period).

simulation with the YSU scheme. In addition, compared with
airborne Doppler radar observations and HRD wind analyses,
the simulation with the MYJ scheme also reproduces more
reasonable precipitation and near-surface wind structure for
Katrina (2005) than the simulation with YSU.

(2) Large discrepancies in intensity forecasts (e.g., about
10 hPa differences in minimum sea level pressure) are found
in the two simulations during the RI period.

(3) Further diagnoses indicate that, compared to the sim-
ulation with the YSU PBL scheme, the simulation with the
MYJ scheme generates stronger surface enthalpy and mo-
mentum fluxes, reflecting more efficient air–sea interaction
when Hurricane Katrina (2005) passes over regions with
warm SSTs. Meanwhile, the MYJ scheme also leads to

stronger vertical mixing, which causes a higher PBLH and
a stronger hurricane warm core and radial/tangential winds
during the hurricane RI period, resulting in a stronger vortex
and a more intense (and comparable to observation) simula-
tion of Hurricane Katrina (2005).

(4) The divergence and eyewall contraction during the
RI period further indicate that the simulation with the MYJ
scheme produces more intense convergence in the lower to
middle atmosphere and more intense divergence in the up-
per level, as well as more intense eyewall contraction. These
characteristics, however, are not obvious in the YSU scheme.

Although the two PBL schemes lead to different predic-
tions of Hurricane Katrina (2005) before its landfall, it should
be noted that the results of this study should not be used as
a commentary on which scheme is better, since this is only
a case study. However, previous studies (Li and Pu, 2008;
Nolan et al., 2009) have also shown that simulations with the
MYJ PBL scheme are better at portraying hurricane RI than
those with the YSU PBL scheme. Moreover, based on an
idealized diagnostic TC model, Kepert (2012) recommended
that higher-order closure schemes, such as the MYJ scheme,
are more suitable for hurricane simulation.

Overall, outcomes from this study demonstrate the impor-
tance of the PBL scheme in numerical predictions of hurri-
cane RI. Specifically, this study suggests that better represen-
tation of surface fluxes and vertical mixing in the PBL is es-
sential for accurate prediction of hurricane intensity changes.
In addition, a recent study by Rotunno and Bryan (2012)
highlighted the importance of horizontal diffusion for max-
imum simulated hurricane intensity. Future work should em-
phasize more case studies with an atmosphere–ocean coupled
model, as well as horizontal diffusion parameterization, to
obtain deeper understanding of hurricane RI processes before
landfall.
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