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ABSTRACT

Variable thicknesses in the lowest hglfmodel level (LML) are often used in atmospheric models to jgota surface
diagnostic fields such as surface latent and sensible heatflThe effects of the LML on simulated tropical cyclone JTC
evolution were investigated in this study using the WeaResearch and Forecasting (WRF) model. The results deratetstr
notable influences of the LML on TC evolution when the LML wéaaged below 12 m. The TC intensification rate decreased
progressively with a lowering of the LML, but its ultimatetémsity change was relatively small. The maximum 10-m winds
showed different behavior to minimum sea level pressureamuthally-averaged tangential winds, and thus the wind—
pressure relationship was changed accordingly by varyiad ML. The TC circulation was more contracted in associatio
with a higher LML.

Surface latent heat fluxes were enhanced greatly by elgviten LML, wherein the wind speed at the LML played a
dominant role. The changes in the wind speed at the LML wepemigent not only on their profile differences, but also the
different heights they were taken from. Due to the enhancefdiee heat fluxes, more intense latent heat release odcurre
in the eyewall, which boosted the storm’s intensificationhigher LML tended to produce a stronger storm, and therefore
the surface friction was reinforced, which in turn inducéiisger boundary layer inflow together with increased diaba
heating.
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1. Introduction influence of the LML height on a snowmelt event and sug-

The surface layer (SL), which is defined as the IowegFSted that an LML W'.th a height of less than 10 m is ex-
ected to accurately simulate the snowmelt. On the other

layer of the atmosphere, is conventionally referred to as tﬁand if the LML is placed above the real SL, the surface heat

region at the bottom 10% of the planetary boundary laygr . 0
(PBL: Stull, 1988; Holton, 2004). Its depth ranges from ﬁuxes could be underestimated by as much as 40%. Based

few meters to more than 100 m, depending on the stability??af't':;f&?_nhse?f s tn haalglnreez]:ac;z?irr];ffjae%?:lee(te\ila.n(tzr?e(\)rigzhsehgg:c-
its thermal stratification. Within the SL, meteorologicativ 9 9

) - tion of PBL scheme and that simulations are improved when
ab'?s suc_h as \.de speed, tempergture_ and h_um|d|ty Chapr%eving the LML closer to the surface. Aligo et al. (2009)
rapidly with height and the most S'gn'f'_c"?‘”‘ air-sea enerdy.y demonstrated that lowering the height of the LML is
exchange occurs (Arya, 1988). Thus, itis crucial to repre: cessary for improving quantitative precipitation fasts.

oo : f
sent accurate SL characten_sucs in numerical models. Mq‘%ese aforementioned studies all focused on stable SL con-
of the current SL parameterization schemes compute surf%ce

sensible and latent heat fluxes and friction velocities ngmmons and suggested adopting a low LML height, e.g., be-

variables at the lowest haf-mode level (LWL) on behalf of ot (ST O 88 200 S M S PR
of the SL state, assuming that the LML is within or at the to P

of the real SL.  examine impacts of the LML on PBL structures. They

The impacts of the LML height have been investigated {i‘)und that surface variables are almost insensitive to Mk L

a few studies (Wei et al., 2001 Zangl et al., 2008; Aligo & eight when it is above 12 m in daytime, but are systemati-

al., 2009; Shin et al., 2012). Wei et al. (2001) explored thceally altered as the LML height is lowered below 40 m at

nighttime.
Unlike the aforementioned weather events, a tropical cy-
* Corresponding author: FEI Jianfang clone (TC) obtains its energy via transport of surface heat
Email: feijf@sina.com.cn fluxes from the underlying ocean surface (Emanuel, 1986)
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and exhibits little diurnal variation, which could make thé&m and 5 km, respectively. The authors admit that although
roles of the LML different. The storm boundary layer is typa resolution of 5 km is capable of reproducing a TC’s in-
ically 0.5-1 km deep, rising with the increasing radius negensity evolution and primary structural features (Ma et al
the inner core of a TC (Kepert and Wang, 2001; Smith 013), a much finer resolution would have been superior in
al., 2010). Hence, it seems that an appropriate placementains of resolving more detailed TC structures (Yau et al.,
the LML should not be higher than 50 m given the conver2004; Gentry and Lackmann, 2010; Chen et al., 2011). The
tional definition of the SL. Although the influences of vertiouter domain utilized the Kain—Fritsch scheme (Kain, 2004)
cal model resolution on tropical cyclone modeling have beémparameterize the cumulus processes, while no cumulus pa-
examined in previous works (e.g., Zhang and Wang, 2003meterization was used in the inner mesh. The Lin scheme
Kimball and Dougherty, 2006), systematic investigatiofis ¢Lin et al., 1983) was used to model the microphysical pro-
the impact of the LML have been few, despite its unique rotesses. The Dudhia shortwave (Dudhia, 1989) and Rapid
in numerical models. Zhang and Wang (2003) suggested tRatdiative Transfer Model (RRTM) longwave (Mlawer et al.,
adopting a thicker surface layer would produce stronger si®©97) schemes were used as the radiation schemes, while the
face winds. By diagnosing the impacts of different distribuvonsei University (YSU) scheme (Hong et al., 2006) with
tions of vertical levels, Kimball and Dougherty (2006) stht some modification (which will be discussed in section 3) was
that surface heat fluxes could be overvalued if the LML ishosen as the PBL scheme.
placed “too high”. Nonetheless, in their sensitivity exper  The quiescent and horizontally-uniform environmental
ments, not only was the LML distributed differently, butalsfields were specified according to the mean tropical sounding
the other vertical levels, which may have confused the realtemperature and humidity profiles given by Jordan (1958).
influences of the LML. The underlying model boundary was set uniformly to be the
The aim of this study is to investigate how a simulated T€ea surface with a constant temperature 6£28nd a surface
is influenced by the selection of LML, especially when thpressure of 1010 hPa. An axisymmetric cyclonic vortex simi-
LML is placed within the SL of the real atmosphere. Sectidar to that used by Stern and Nolan (2011) was then implanted
2 describes the model configuration and experimental designthis idealized atmosphere environment, with a maximum
A brief introduction to the SL and PBL parameterization isvind speed of 24 ms at the radius of 125 km and height of
provided in section 3. Section 4 discusses the model results km. The vortex was in hydrostatic and gradient wind bal-
in detail, with a focus on the effect of the LML height on TGance and basically remained stationary during the sinamati
intensification and structural changes. A discussion is pfEhe model was integrated for a total of 132 h.
sented in section 5, and a summary of the main conclusions The model possessed 29 fujlvertical levels, of which
of the study is given in section 6. 28 are distributed as default in WRF, but one additionallleve
was added as the second lowest fyllevel (n2), with its
] ) ) height varying for different runs, thus meaning the height o
2. Model configuration and experimental de- the LML changed accordingly. A total of five experiments
sign with the LML placed at 20m, 12m, 8m, 6mand 4m were con-

. cted and denoted as H20,H12,H08,H06 and HO4, respec-
The Weather Research and Forecasting (WRF mogg . ’ ' .
(version 3.2; Skamarock et al., 2008) was usge(g in thi)s stu yely. Table1shows the detail of these experiments, ticlg

This model utilizes a terrain-following hydrostatic-psese itformation of the LML and the lowest four fulf-levels.

verticaln coordinate, which is defined as
3. The SL and PBL parameterization

n=(P=r/(ps=py). @) Monin—Obukhov similarity theory (Monin and Obukhov,
Wherep is pressureps is the pressure a|ong the model Sur1954) isa W|de|y used framework of current SL schemes. In
face boundary, anqb[ is the pressure a|ong the model toéhe current WRF Version, each SL scheme must be tied to a
boundary, which was set to 50 hPa. specified PBL scheme. The SL scheme uses stability func-
All experiments were performed on drplane centered tions (Paulson, 1970; Dyer and Hicks, 1970; Webb, 1970;
at 20N, using two-way interactive nested meshes with diiménez et al.,, 2012) to compute dimensionless surface ex-
mensions of 22& 220 and 202 202, and resolutions of 15 change coefficients for hegy), moisture(Cy), and momen-

Table 1. List of numerical experiments.

Expt Height of LML (m) Na nm n2 n3 Na

H20 20 0.9975 1.0 0.995 0.99 0.978
H12 12 0.9985 1.0 0.997 0.99 0.978
HO8 08 0.999 1.0 0.998 0.99 0.978
HO6 06 0.99925 1.0 0.9985 0.99 0.978

HO4 04 0.9995 1.0 0.999 0.99 0.978
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tum (Cy10): and 6y is the virtual temperature excess of thermdgs; is
the critical bulk Richardson number, which equals zero un-
Ch= k2 @) der convective boundary layer conditions. The stabilitthef
I (Z_a) — U (é)} {m (é) — (é)} ’ PBL in the YSU scheme is determined by the bulk Richard-
L \%» L » L son numberRig) in the SL:
e ® (- o
Cq = — , . 0z(6va— 6vg
Za)_ Z PeUZa | 3\ (Za Rig = . 10
n(%)-um(®)] [ (=4 3) -un ()] AR 4o
Ca10= K (4 The PBL is judged to be stable fRig > 0, while convec-
In (1_0) — U (@)} 27 tive for Rig < 0. Since theRig is mostly, if not all, negative
» t for all runs (not shown), Eq. (9) can be degraded as:
wherek is the von Karman constanty is the roughness 8,(H) = Bya+ 6r . (11)

length,z, is the height of the LMLL is the Monin—Obukhov

length,p is the air density in the Slc, is specific heatatcon-  This form also serves as the basis for some common ther-

stant pressuray, is the friction velocity ands is the effec- modynamic definitions of the TC boundary layer, wih

tive heat transfer coefficient, which is related to the molec taken as 0.5 K (e.g., Anthes and Chang, 1978, Powell, 1990).

transport (Zhang and Anthes, 1983}, and i, are the sim- To eliminate possible changes in the PBL scheme’s perfor-

ilarity stability functions for momentum and heat. Notetthanance caused directly by varying the LML height, a modi-

z, is used to comput€;, andCq, while 10 m is used to com- fied YSU scheme, which is relatively insensitive to the LML,

puteCq10. Over the water surface the SL scheme calculaté@s used [as proposed by Shin et al. (2012)]. Thaf4ss

surface fluxes directly, which are used by the PBL scherggcluded when the LML is within the real SL, sinég, in-

to provide tendencies of temperature, moisture, and moméreases toward the temperature of the thermals as the LML

tum in the boundary layer. In a bulk formula framework, th@pproaches the surface (Shin et al., 2012). Actually, the-co

surface fluxes are parameterized as follows: monly used LMLs were all well within the real SL in this TC
case because of its convective PBL feature.

HFX = pcpChUa(6y — 6a) , )
QFX = pLyCqUa(dg — Ta) , ©6) 4. Results
T = pu = pCadJ% 7

4.1. TCintensity, sizeand structure
where HFX, QFX and are the fluxes of sensible heat, latent e evolution of TC intensity in terms of the minimum

heat and momentuntj is the horizontal wind speed., is  seq |evel pressure (MSLP) and the maximum 10-m wind
the latent heat of vaporizatiof,is the potential temperature,\yMAX10) is shown in Fig. 1. The simulated storm in each
?nd”q IS trle”m|xmg ratio of water vapor. The subscripts “@"experiment intensified in the first several days and reached
10" and “g” denote the LML, 10 m and bottom surface, rématurity thereafter. Nevertheless, large discrepanoiissesl
spectivelygg denotes the ground saturation specific humidity their intensification processes. From Fig. 1a, H04 pro-
(Zhang and Anthes, 1982), which is outputted directly froyced the slowest intensification rate of about 0.64 hPa h
the WRF modelUs is diagnosed throudha using similarity - qyring the first 84 h, followed by H06 and HO8, giving values

theory: of 0.85 hPa h! and 0.9 hPa hl, respectively, which can be
In (%)) — m (19 ranked according to their LML heights. H20 and H12 both

= a- (8) possessed the most rapid intensification rate of 0.95 hiba h
In (%) —m () At 72 h, the MSLP in H20 deepened to 920 hPa, while at the

Note thatU-q is derived froni. by internolation foz. higher same time HO4 gave a value of 950 hPa, showing a difference
10 a DY b %a Nl of 30 hPa. It seems that when the LML was placed below

than 10 m, but by extrapolation faj lower than 10 m. . . .
The YSU scheme used in this study has performed saﬂsz— m, the storm intensification rate tended to decrease with

factorily in some previous TC simulations (e.g., Nolan et af lowering of the LML'_ Howe_ver,_as th? storms i_n differ-
2009a, 2009Db). It is a nonlocal closure PBL scheme usin truns rgached maturity, their ul'_umate intensity défeses
K-profile approach to represent the mixing within the boun _here rzlat]vellly SL"?}”' The evglutlo?a'vrl)étl_rgng (f)f VMAXI10
ary layer under convective conditions. Therefore, the kﬂep? owed similar behavior to that o elore approx-

of the PBL should be first estimated. In the YSU scheme, t ately 96 h (Fig. 1b), during which time the largest wind
PBL height is defined as (Hong et al., 2006): ifference between H20 and HO4 reached 18t dlonethe-

less, in the later stage HO4 still showed obviously smaller

gH 6/(H) — Ba— B¢ ) VMAX10 than H20 and H12 for a long time, even when its
JU(H)]2 [ Bia } = Ric, (9 MSLP was deeper than H20 and H12, an indication of the

delayed evolutionary trend of MSLP in HO4. The MSLP

whereH is the PBL height 6, is the virtual potential tem- and VMAX10 have a complicated internal relationship in-
perature By, is the virtual potential temperature at the LML fluenced by many factors, such as storm size, intensity and
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(a) Minimum sea level pressure (hPa) (b) Maximum 10-m wind speed (m s™)
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Fig. 1. Time evolution of (a) the minimum sea level pressure (hPd)(ahthe maximum 10-m wind speed (m’3.

70 20 ments.
1 H12 From the Hovmoaller diagrams of the low-level tangen-
60 - - - HO8 tial winds (Fig. 3), we can see that the storm in HO4 in-

| XA tensified more slowly and gave weaker intensity than in H20
' in the early stage. However, it still strengthened after the
storm in H20 reached maturity, and eventually possessed
larger maximum winds after about 114 h. A diagnosis of
tangential winds at other levels also revealed similarltgesu
(not shown). This intensity relationship resembled that ex
pressed by MSLP, but was conflicting to that by VMAX10.
Such an inconsistency between VMAX10 and other intensity
terms such as MSLP and low-level tangential winds was also
found by Bao et al. (2012), who thus recommended tangential
10 -— winds as an additional measure of storm intensity together
1000 980 960 940 920 900 with MSLP and VMAX10. As discussed above, the 10-m
Minimum sea level pressure (hPa) winds were not computed directly by the model, but diag-
nosed fromJ, using a semi-empirical relationship [Eq. (8)].
For varying the LML, theU,o was derived by interpolation

or extrapolation from different heights; therefore, itduea
may have had some bias compared to the true value due to
surface friction (Knaff and Zehr, 2007; Kieu et al., 2010the changes of slope rate in Eq. (8), which could partly ex-
Bao et al., 2012). A comparison of the wind—pressure rgtain why the behavior of VMAX10 was inconsistent to that
lationships from all runs (Fig. 2) indicates that the sinieda of MSLP or the low-level tangential winds. Therefore, for
wind—pressure relationship was also modulated by the-selagmerical experiments with the same LML, taking the maxi-
tion of LML. H20 and H12 again exhibited a similar relamum winds at the LML on behalf of the storm intensity seems
tionship, which was different from HO8, HO6 and HO4. Theo be superior to taking the 10-m winds, if not verifying the
more intense the storm was, the more evident their differodel outputs against 10-m observational data. Accompany-
ence seemed to be. For the same MSLP, the wind differereg the TC intensification, the radius of maximum tangential
between two runs was able to reach 8 nt.sSuch an un- winds (RMW) in each experiment contracted rapidly inigall
certainty in the wind—pressure relationship caused by-vague to the spin-up process and then evolved slowly. Com-
ing the LML suggests that caution is required when exarpared with H20, H04 produced larger RMW after the spin-
ining the performance of a numerical model in reproducing period that contracted continuously after the initigida
the wind—pressure relationship, especially when the LML é&bntraction, and therefore their difference in RMW was re-
placed below 12 m. To facilitate exploring the roles of varyduced gradually. The storm size (indicated by the 25-t s
ing the LML in determining the storm intensity, the follovgn contour) was found to be somewhat correlated to the storm
analysis focuses mainly on the results of H20 and HO4 dueitensity, demonstrating that the storm circulation egdal
their large discrepancies and consistencies with othegréxpwith intensification of the storm. Nonetheless, the storm in

Maximum surface wind speed (m/s)

Fig. 2. The relationship between the maximum surface wind
speed (m's!) and the minimum sea level pressure (hPa).
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HO4 became progressively larger in size compared to that in 1200

J ; . . —— H20 (48-60 h)
H20, even when its intensity was weaker in the early period. 1 ——HO4 (48-60 h)
At 96 h, the radius of 25-m™s wind in H04 was about 50 10004 —— H20 (72-84 h)
km larger than in H20. Although the surface heat fluxes inE ———H04 (72-84 h)

H20 were evidently larger than in HO4 (will be shown later), £
the storm in H20 possessed unexpectedly smaller size. ThI-S 800+
is because the larger (smaller) tangential wind gradient ing,
H20 (HO04) had produced more rapid (slower) filamentation—i
(Wang, 2008a, 2008b). As a result, the inner rainband acu
tivity may have been greatly suppressed in H20, whereas the
inner rainbands were relatively more active in HOA4. There-™ 400
fore, the storm with active spiral rainbands showed a gfearl
larger inner-core size through outward expansion of tangen
tial winds (Xu and Wang, 2010a). o I I ot
The symmetric structures in terms of tangential winds, Radius (km)
secondary circulation and temperature anomalies in H20 and
HO4 were similar to real TC structures after a spinup periodFig. 5. Radial distribution of the temporally- and azimuthally-
of 48 h (Fig. 4). The maximum tangential winds occurred averaged PBL height (m).
approximately at a radius of 40 km for H20 and 65 km for
HO4 (Figs. 4a, d). Figures 4b and e exhibit typical seconddryFig. 6a. By lowering the LML, the surface latent heat
circulation: the radial inflow in the boundary layer, radiat- fluxes were reduced greatly such thatat 87 h the latent heat
flow in the upper troposphere, and slantwise upward motidtuxes in H20 were 200 W ¥ (34%) larger than in HO4. Of
Both H20 and HO4 clearly had a warm-core structure ceierest is that, despite the unanimously larger surface he
tered at about 5 km and a secondary maximum in the ufixes in H20, the storm did not intensify correspondingly.
per troposphere (Figs. 4c, f; Stern and Nolan, 2012), withstead, after about 114 h H20 showed a weaker storm than
the latter being the key to the rapid intensification of a TE04 in terms of MSLP (Figs. 1a and 3), indicating that be-
(zhang and Chen, 2012). The tangential winds, secondaigles the surface heat fluxes, other factors modulating the
circulation, and warm-core structure were more strengttierstorm’s development were changed due to the LML varia-
in H20 than in HO4, consistent with the intensity relatiortion. One possible mechanism, which requires further inves
ships. Equation (11) indicates that the boundary-layettdepigation, could be the surface friction effect, since thergy
is directly related to the virtual potential temperaturg¢ra production rate is a linear function while the frictionassir
LML. From Fig. 5, the boundary-layer depths for both rungation rate is a cubic power of surface wind speed (Wang and
were less than 1 km and rose with the increasing radiusXui, 2010).
the inner core (Kepert and Wang, 2001). For the case with a Accordingto Eq. (6), the surface latent heat fluxes are de-
lower LML, the boundary layer tended to be deeper since tteymined by the air density and wind speed at the LML, the
value of 8,4 was larger near the surface (Shin et al., 2012urface exchange coefficient for moisture, and the mixing ra
The difference of the boundary-layer depth between H20 afid difference between the surface and the LML. All these
HO4 ranged from 100 m to 300 m, which was most signifterms are displayed in Fig. 6 to investigate which factors
cant in the inner-core region. As the storms intensifiedr thelominated in the LML-induced changes of surface latent heat
respective boundary-layer depths in the inner core deedealuxes. The air density appears to have been comparatively
slightly, while in the outer region they increased slighths insensitive to the LML height and exhibited no unified dis-
a consequence, the radial gradient of boundary-layer deptepancy between the two runs (Fig. 6b), an indication of its
increased, which was presumably due to the increased ragiéhor contribution to the changes in surface heat fluxes. The
6,2 gradient accompanying the strengthening of the storm.wind speed was much stronger in H20 (Fig. 6c), presumably
) due to its higher LML in addition to the differences in storm
4.2. Near-surface variables intensity (Fig. 1). The strong wind speeds helped arouse up-
The SL process is primarily characterized by the varnivard heat fluxes and consequently the storm strengthened,
ables at the LML. For this reason, the near-surface vagabighich in turn triggered more upward transport of heat fluxes
are output directly from the model in this section to evatuabased on the wind-induced surface heat-exchange (WISHE)
their dependence on the LML height. A storm’s intensificanechanism (Emanuel, 1986). Therefore, the surface heat
tion is thermodynamically maintained by the upward intefluxes increased with the storm’s intensification (Fig. 6a).
facial heat fluxes from the underlying sea surface (Emanukl,contrast, the surface moisture coefficient in H20 was evi-
1986). Given that the surface latent heat fluxes were sevetantly smaller than in HO4, the reason for which can be spec-
times larger than surface sensible heat fluxes (not showd), allated [from Eq. (3)] a€, tended to decrease asascended.
thus accounted for the majority of the energy supplied frofrhe mixing ratio difference between the surface and the LML
the ocean, the evolution of surface latent heat fluxes was aglacreased with time (Fig. 6e), probably because of the more
lyzed on behalf of the total surface enthalpy fluxes, as showmwistened air flow induced by the enhanced surface winds

6004
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Fig. 6. Time series of (a) the surface latent heat fluxes (V\?)n(b) the air density (kg m3) in the SL, (¢)
the wind speed (m &) at the LML, (d) surface moisture exchange coefficient @)0and (e) the mixing
ratio difference (10° kg kg~1) between the surface and the LML. The averaging is done wéthadius of
150 km from each experiment’s respective storm center.

(Fig. 6c). For the case with a higher LML, the mixing raogous RMW values at that time (Fig. 3). The profiles of air
tio difference was correspondingly larger. These resulis s density in H20 and HO4 were close to each other, both vary-
gest that the wind speed at the LML and the mixing rating little with height in the boundary layer. The difference
difference between the surface and the LML are the two mai-their values at the LML was fairly small, 0.011 kg /)
jor factors regulating the changes in surface latent hest$lu only accounting for 1% of the density in HO4, which fur-
caused by varying the LML height. ther confirmed the negligible contribution of air density to
In an attempt to further investigate the cause of the sentfie changes in surface heat fluxes. The simulated wind fields
tivity of these variables, the vertical profiles of azimuijra (Figs. 7b) showed typical logarithmic features that change
averaged air density, wind speed and vapor mixing ratio rapidly with height in the near-surface layer (Powell et al.
the RMW were examined, and the results are shown in FBD03) and then approached more constant values, suggesting
7. The time was taken at 126 h because both runs had amajood capability of the modified YSU scheme in producing a
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vapor mixing ratio (102 kg kg*l) at the radius of maximum surface winds at 126 h. The solid reguand
circles indicate the heights of the actual model levels f2@ldnd HO4, respectively.

logarithmic surface layer. The wind speed at the LML in H2@rafts. For moving TCs, the contribution of mixing ratio-dif
was larger than in HO4, which was shown to be caused rfetence is expected to be larger and the results may be some-
only by their differences in profiles but also by their difat what different. The surface moisture coefficient would de-
heights. The water vapor mixing ratio also exhibited a sinecrease as the LML rises, and thus offset the contributions of
ilar logarithmic characteristic near the surface (Hobbalget wind speed and humidity. Because of the logarithmic charac-
2002) and then decreased slowly with height for the two ruteristics of wind speed and other meteorological varialiies
(Fig. 7¢). H20 yielded lower humidity than HO4 at the LML the SL, the LML-induced changes in surface heat fluxes are
and thus(qg — da) should have been amplified [Eq. (6)]. Atexpected to be more significant as the LML height decreases,
126 h,qq was approximately 24 x 10-3kg kg~* for the two  but less significant as the LML ascends.
runs (not shown); their simulated profiles appeared siilar . ]
indicating the difference ofgy — ga) was caused mainly by 4-3- Physical mechanisms
the difference of the LML height. To further understand how the variation of LML affects
These results imply that the surface heat fluxes were cdr evolution, the thermodynamic and dynamic features of
siderably sensitive to the LML height. The wind speed wasmulated TCs were investigated. Figure 8 compares the
the leading ingredient manipulating the changes in surfadevmaller diagram of equivalent potential temperature. at
latent heat fluxes, wherein the differences of the wind speddn in altitude for H20 and HO4. Since the increase of equiv-
at the LML were caused not only by their simulated profilalent potential temperature following the air parcel 1=lie
differences but also by their different heights. Anotheparr  largely on the upward surface latent and sensible heat fluxes
tant contributor was the humidity, which depended mainly dmarming through sensible heat fluxes, moistening through
the height it was taken from. Nonetheless, the mixing ratiatent heat fluxes, and isothermal expansion) from the ocean
difference between the surface and the LML became smal{®otunno and Emanuel, 1987; Liu et al., 1999), the equiva-
with time. This may have been because the TCs basically tent potential temperature increased radially inward t@aa-m
mained stationary during the simulation so thagot close imum in the eye region as a result of flow converging into
to the saturated value gradually due to the presence of dowhe TC center. Despite its weaker intensity in the laterestag
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Fig. 9. Hovmoller diagram of azimuthally-averaged diabatic ea(10-2 K s~1) output di-
rectly from WRF for (a) H20 and (b) HO4 at model levgt0.507 (about 5.3 km in altitude).

the storm in H20 possessed higher equivalent potential teA20 and HO4, which was outputted directly from the WRF
perature throughout the simulation, arising from its erdeah model. Due to the tilt of the eyewall (Figs. 4b and e), the dia-
surface heat fluxes (Fig. 6a). Therefore, the air flow engeribatic heating rate was located outside the RMW (Fig. 3). Ev-
the inner-core region tended to be more energetic and thdently, the diabatic heating was substantially strong&t20
helped yield more energy for eyewall convection. due to the presence of enhanced surface heat fluxes, and was
Figure 9 displays the time evolution of the azimuthallytherefore conducive to inducing stronger primary and sec-
averaged diabatic heating rate at about 5.3 km in altitude fandary circulations (Shapiro and Willoughby, 1982; Bui et
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al., 2009; Fudeyasu and Wang, 2011). The diabatic heating 33
in H20 primarily concentrated in the eyewall region, while
outside the eyewall it was fairly weak—a reflection of the in- __3.07
hibited inner rainband activity by strong filamentationsidé e
the eyewall (Wang, 2008a, 2008b). In contrast, the diabatic§ 277
heating in HO4 seemed to be relatively active outside the eye
wall, though its value was small, which led to a larger storm
in HO4 than in H20 (Xu and Wang, 2010a). The stronger di-
abatic heating in H20 also led to more strengthened inwardg 217
contraction of the RMW (Fig. 3) and therefore the decreaseg
in the eye size (Shapiro and Willoughby, 1982; Wang, 2008b; ']
Xu and Wang, 2010b). ‘
The above analysis demonstrates that a higher LML in- "5 705 24 36 48 60 72 84 96 108 130 132
duced significant changes in TC thermodynamic features, Simulation time (h)
including enhanced surface moisture fluxes and low-level
equivalent potential temperature, and more intense d@abat Fig. 10.(a) Time series of 10-m surface momentum exchange
heating in the eyewall region. However, the storm did notcoefficient (10°3). The averaging is QOne within a radius of 150
consequently possess unanimously stronger intensitypbut kM from each experiment's respective storm center.
stead became weaker in terms of MSLP after about 114 h.
Such an inconsistency between the storm intensity and sur-
face enthalpy fluxes implies that another mechanism mang)_- Discussion
ulating the storm evolution could have been influenced by ) ) S ]
changing the LML height, namely the surface friction efeect ~ One typical feature of the SL is the logarithmic profiles of
(Shapiro and Willoughby, 1982), which play dual roles in Teteorological variables. In Fh|s case, chang(_es of these va
intensification. Firstly, the frictional stress disruptetgra- ables become more dramatic when their height gets closer
dient wind balance in the boundary layer and induces radi@|the surface. Therefore, the sensitivity of TC intensity t
convergence of the air flow, which brings larger absolute afh€ Selection of LMLs seems to be greater for lower LMLs,
gular momentum inward and spins up the inner-core primaf§ereas weaker for higher LMLs (Fig. 1). The convective
circulation (Smith et al., 2009). Secondly, the frictionais boundary layer characteristics of TCs render the commonly
sink of kinetic energy of TCs and acts to restrict the storf€d LMLs well within the real SL. The results of H20 and
from intensifying (Zhang et al., 2006; Wu et al., 2009; Wan 04 exemplified the remarkable influences of the LML on
and Xu, 2010; Liu et al., 2011; Yang et al., 2011). C intensity and internal structures, even when the LML was
Figure 10 shows the time series@j;o for H20 and HO4 placed properly in the real SL. According to the sensitivity
to denote the surface friction effects. H20 showed mué¥Periments in this study, the LML height is expected to not
larger values than HO4, suggesting the surface friction wag shallower than 12 m, so that the performance of the SL
stronger in H20. Even in the later stage when H04 produced@'eme will not be quite sensitive to the LML height. Mean-
stronger storm in terms of MSLP (Fig. 1a), its friction effec while, a thin modeled SL is expected to fully represent the SL
were still weaker than H20. Figure 11 shows the Hovmoligharacteristics and help improve the vertical resolutiéios
diagrams of low-level radial winds. Because of more intend@stance, Zhang and Wang (2003) suggested a thin SL (20 m)
diabatic heating in the eyewall and surface dissipatioa, tiP P& used after their sensitivity simulations. Based on the
boundary radial flow in H20 tended to be stronger than in H@P0ve analysis, an LML with its height ranging from 12-20
(Shapiro and Willoughby, 1982; Bui et al., 2009; Fudeyadll S€emSs to be appropriate for TC modeling.
and Wang, 2011). Yang et al. (2011) verified that the tan- One interesting finding was that, although the surface la-
gential flow is weakened but the low-level radial inflow i$€nt heat fluxes were enhanced by elevating the LML, the
reinforced due to increased surface friction during TC fandltimate TC intensity in terms of MSLP did not deepen
fall. Elevating the LML seemed to produce similar effect®S @ result. This is different from the results of Kimball
that is, as the surface friction increased progressivety wand Dougherty (2006), who found an over-intensified storm
the storm’s strengthening, the primary circulation appaarcaused by an LML that was “too high”. A possible reason for
to be more weakened in the later stage in H20 (Figs. 3 a}l{@ dlfferenqe between .thelr concl_usmn and this study lies
12), while its boundary radial flow remained stronger (Figd? the experimental designs. For instance, one of their ex-
11 and 12). The outflow that appeared in the low-level eyeriments adopted an LML placed at 348 m, which should
wall (Fig. 12) helped maintain the supergradient wind in tHePrrespond to a PBL height of at least 3480 m, far above the
boundary layer, which is a ubiquitous characteristic of a TPical height scales of the TC boundary layer (Kepert and
(e.g., Kepert and Wang, 2001; Kepert, 2006; Nolan et a¥¥ang, 2001; Smith et al., 2010; Zhang et al., 2011). Be-
2009b). H20 produced stronger outflow relative to H04 in tifédes, such an LML is close to the region where maximum

weaker. heat fluxes could be greatly exaggerated.

—H20
HO4
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Fig. 11.Hovmobller diagram of the azimuthally-averaged radialaeitfm s'1) for (a) H20 and (b)
HO4 at 0.1 km in altitude.

Nolan et al. (2007) diagnosed the TC intensification iseat fluxes and surface friction effects, a proper placemient
sue using balanced vortices without considering the én@l  the LML should be specified in air-sea—wave coupling mod-
boundary layer and showed that the TC intensification rategls to avoid over- or under-evaluating ocean feedback. The
proportional to the intensity itself. However, in this syudouter rainbands of the simulated storms were not active in
H20 produced a much greater intensification rate but sintitis study. For storms with active outer spiral rainbants, e
lar deepest intensity compared to HO4 (Fig. 1a), indicatingting the LML may lead to a different storm size evolution
that besides convectional heating, the surface frictiforae (Wang, 2009; Xu and Wang, 2010a), which needs further in-
played a crucial role in modulating the TC intensificatiomestigation.
process. Nevertheless, the conventional Charnock rafatio As indicated in Fig. 1, during the later stage the inten-
ship may overemphasize the surface friction associatdd wsity relationship between H20 and HO4 in terms of VMAX10
the surface roughness under high wind regimes. We canhibited opposite behavior from that in terms of MSLP, a re-
ducted an additional series of experiments by assigning titection of the changed wind—pressure relationships by-vary
roughness length to be homogenously 0.0002 m, a typi@ad the LML. During this time period the trend of tangential
value over smooth water, so that the surface friction effesinds was consistent with that of MSLP (Fig 3), while the
was greatly reduced and the friction difference between Hg@nd of radial winds was consistent with that of VMAX10
and HO4 could be alleviated considerably. In that case, bdffig. 11). A possible reason for the shallower MSLP but
runs simulated storms that were more strengthened than steenger VMAX10 in H20 than in HO4 could be that, al-
fore, and the storm in H20 was evidently stronger than in H@dough H20 did not produce evidently stronger tangential
throughout the simulation (not shown), further identifythe winds in the later stage, its radial winds were still strange
weakening effects of surface friction on storm developmemtue to the enhanced surface friction, therefore producing
Although the time evolutions of MSLP between H20 and H12rger total surface winds in H20 than in HO4. This suggests
were similar in the early stage, some discrepancy appearethiat radial wind is a crucial factor for the wind—pressuta+e
the last 30 h. This was because the weakening of H12 was tienships, as recently suggested by Kieu et al. (2010).
layed compared with H20 due to their difference in the simu-
lated SL characteristics. )

Surface heat fluxes and surface friction are the most ifd.- Conclusion

portant exchange components for TC-ocean coupling and g effects of the LML height on simulated TCs were ex-

TC-wave coupling models, respectively (e.g., Zhu et alnineq through comparing a series of idealized experiments

2004; Zhang et al., 2006; Liu et al,, 2011). Considering, itterent LMLs. The results identified notable influesc
the notable influences of the LML height on both surfacgf the LML on TC evolution.
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Fig. 12. Height—radius cross sections of the azimuthally-averagdihl winds (contour; mst) and tangential
winds (shaded; m) for (a) H20 and (b) HO4 at 126 h.

When the LML was above 12 m, the sensitivity of thenly their profile differences, but also the different hdgh
simulated TC to the selection of LML seemed to be weathey were taken from. For the mixing ratio difference, the
However, when the LML was placed below 12 m, the storsimulated profile discrepancies were small, and thus the dif
intensification rate decreased evidently with the LML dderent heights that the water vapor mixing ratio was taken
scending that during the intensification process an MSLP difom could have played a dominant role.
ference of 30 hPa could be attained by changing the LML The enhanced surface heat fluxes by elevating the LML
height. Nevertheless, the eventual intensity changesdauked to greater low-level equivalent potential temperaturd
by different LML heights were relatively small. Inconsismore intense eyewall convection. As a consequence, the dia-
tent with the trend of MSLP, VMAX10 was generally largebatic heating was increased, which contributed to morelrapi
for a higher LML, and thus the wind—pressure relationshigsorm intensification, as well as stronger secondary @rcul
were consequently changed. The tangential winds were mtos. Since the diabatic heating mainly concentrated in the
strengthened in the early stage but weakened slightly in tegewall region, it contributed mainly to the eyewall contra
later stage for the experiment with a higher LML, similation but little to the expansion of outer circulation. Stgen
to the behavior of MSLP. VMAX10 seemed to be not asurface friction was also produced by a higher LML, which
revealing as MSLP and the structural metrics in terms ofsulted in weakened tangential flow but strengthenedIradia
azimuthally-averaged tangential winds, as argued in tecanflow in the later stage.
studies. Elevating the LML also led to a more contracted Despite the fact that the roles of LML in TC modeling
storm circulation. have received little attention before, the present study ha

The LML produces effects on storms through directlgonfirmed that the LML has significant impacts on TC evo-
changing near-surface variables. In the present studigcur lution when it is below a certain height. For studies on TC
latent heat fluxes were greatly enhanced throughout the simedeling issues including TC intensification, wind—preesu
ulation by elevating the LML, although this did not result imelationships, TC—ocean interaction and TC—wave interac-
an eventually stronger storm in terms of MSLP. By evaluatirigpn, cautions is recommended when deciding upon the place-
each term comprising the computation of surface latent hea¢nt of the LML. It should be noted that stationary TCs were
fluxes, the wind speed at the LML was identified to domadopted in this study, in which case the mixing ratio of wa-
nate the changes of surface latent heat fluxes, followedéy ter vapor at the LML was able to become gradually saturated
mixing ratio difference between the surface and the LMlwith storm intensification. However, if the TC is allowed to
The contribution of changes in air density caused by vargrove, the results may be somewhat different. Additionally,
ing the LML was negligible. The surface moisture exchandbe underlying model surface in this study was set to a uni-
coefficient played an offsetting role since it decreasedh wiform ocean. Over the land surface, where the surface fluxes
height. A diagnosis of vertical profiles of these variableg-s are computed by a land-surface model, the roles of the LML
gested that changes in wind speeds were dependent onstititneed further investigation.
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