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ABSTRACT
An investigation of Tropical Cyclone (TC) Kelvin in February 2018 over northeast Australia was conducted
to understand the mechanisms of the brown ocean effect (BOE) and to develop a comprehensive analysis
framework for landfalling TCs in the process. NASA’s Land Information System (LIS) coupled to the NASA
Unified WRF (NU-WRF) system was employed as the numerical model framework for 12 land/soil moisture
perturbation experiments. Impacts of soil moisture and surface enthalpy flux conditions on TC Kelvin were
investigated by closely evaluating simulated track and intensity, midlevel atmospheric thermodynamic
properties, vertical wind shear, total precipitable water (TPW), and surface moisture flux. The results suggest
that there were recognized differentiations among the sensitivity simulations as a result of land surface (e.g.,
soil moisture and texture) conditions. However, the intensification of TC Kelvin over land was more strongly
related to atmospheric moisture advection and the diurnal cycle of solar radiation (i.e., radiative cooling) than
to overall soil moisture conditions or surface fluxes. The analysis framework employed here for TC Kelvin can
serve as a foundation to specifically quantify the factors governing the BOE. It also demonstrates that the
BOE is not a binary influence (i.e., all or nothing), but instead operates in a continuum from largely to
minimally influential such that it could be utilized to help improve prediction of inland effects for all
landfalling TCs.

1. Introduction
There has been an increase in attention from the scientific community, as well as the public and media, to
what is referred to as the brown ocean effect (BOE) on
landfalling tropical cyclones (TCs) (e.g., Kinghorn 2018;
Emanuel et al. 2008). The BOE describes the ability of
land surface characteristics (e.g., soil moisture and texture) to contribute to TC intensification over land, in
contrast to the usual rapid decay that occurs in the majority of landfalling storms due to friction and lack of
evaporative fuel from warm ocean bodies. Previous
studies have highlighted the potential factors, thresholds, and conditions necessary for a BOE to be possible
(e.g., Arndt et al. 2009; Evans et al. 2011; Andersen
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and Shepherd 2014), but much of the discussion surrounding the BOE to date remains anecdotal, ad hoc,
or speculative, and there remains a lack of a robust
and comprehensive analysis approach to evaluating,
or quantifying, the role of the land surface in landfalling TCs. Although the definition of the BOE seems
somewhat clear and the general public has started to
use the term ‘‘brown ocean effect’’ in nonscientific
conversations, the physical aspects of the characterization remain undetermined among the TC research
community. Therefore, identifying and quantifying
the factors and thresholds that define a brown ocean
event will not only benefit public and scientific communications, but will also allow for the development
of predictive capabilities for the BOE via proper
simulation in coupled modeling systems.
In regard to the general environmental conditions
favorable for genesis (i.e., Gray 1968, 1998), it is commonly accepted that TCs develop with three ingredients:
1) ample enthalpy in the atmospheric boundary layer
created by surface latent heat fluxes from the ocean,
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2) higher relative humidity in the middle troposphere,
and 3) low tropospheric stability with low vertical wind
shear above the warm ocean, permitting deep convections for an extended period of time beyond the general
span of disturbances over the ocean (Yoo et al. 2016). In
contrast, it is also well known that the presence of
midlevel dry air and strong vertical wind shear exert a
negative influence on the development of a TC (e.g.,
Braun et al. 2012; Ge et al. 2013).
Once developed, TCs grow into their maximum intensity and horizontal size, typically 200–2000 km, over
the open ocean. In general, intensity decreases as TCs
approach land due to a number of adverse environmental conditions raised by the shift of regime from
ocean to land surface boundary (Kaplan and DeMaria
1995; Emanuel 2000; Niyogi et al. 2016). Reductions in
surface latent and sensible heat flux supply to the core of
the storm may result in a dramatic decrease in storm’s
intensity. Inland heterogeneities of soil type, land use
land cover, vegetation type, and topography can also
play a significant role in changing the boundary layer
characteristics and mesoscale processes. In most cases,
these land characteristics speed up the storm’s lysis
process, but in some cases, they may intensify further or
maintain a TC’s strength inland after the storm’s
landfall, increasing the risk of inland inundation over
the path of the TC steeply (Niyogi et al. 2016). For this
reason, landfalling TCs and their interactions with land
surface processes have gained considerable societal
and scientific interest in recent years, especially from
those in the local land–atmosphere coupling (LoCo)
research community (Andersen and Shepherd 2014;
Santanello et al. 2018).
When TCs intensify or maintain their strength after
landfall for an extended period of time with their
warm-core characteristics, this phenomenon is called a
tropical cyclone maintenance or intensification event
(TCMI) (see Andersen and Shepherd 2014, and references therein). By definition, TCMIs are distinct from
extratropical transition (ET) in that they retain warmcore structures similar to the TCs before landfall.
TCMIs are most common over Australia despite more
overall TCs originating in the western North Pacific
(Andersen and Shepherd 2014). For TCMIs in northern Australia, Emanuel et al. (2008) argued that fresh
rains over the hot sandy soils of northern Australia
with a fairly high thermal diffusivity in wet condition
may be responsible for the rapid surface enthalpy fluxes
that can support postlandfall storms up to marginal
hurricane intensity. This preliminary work and plausible hypothesis warrant a three-dimensional, full-physics
modeling study, in which heterogeneous soil temperature, moisture, and texture, can be evaluated for their
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contributions to the land surface fluxes of enthalpy, in an
effort to further our understandings of the TCMI events.
A recent TC that exhibited TCMI and generated
discussion of potential BOE influence made landfall in
northern Australia in February 2018. On 17 February, a
tropical low drifting southwestward intensified into an
Australian category 1 TC as confirmed by the Australian
Bureau of Meteorology (BoM) offshore near the Eighty
Mile Beach in northwestern Australia. Known as TC
Kelvin, the storm moved eastward very slowly, then
intensified quickly reaching an Australian TC category 2
strength with the maximum sustained wind speed (wind
gust) at 30 m s21 (43 m s21) before its landfall at Eighty Mile
Beach at 2100 UTC 17 February (BoM; http://www.bom.
gov.au/announcements/sevwx/wa/watc20180211.shtml).
Kelvin maintained its TC intensity ($18 m s21) after its
landfall and weakened slowly over the next few days
until it became a tropical low on 19 February. Before its
final weakening below TC strength, multiple satellite
observations suggested that Kelvin went through a secondary intensification period while inland on 19 February.
Due to these distinctive features of the TCMIs exhibited
by this storm, the authors selected TC Kelvin as an initial
case study for investigation into the BOE. The goals of this
study are thus twofold: 1) to establish a modeling framework with the ultimate goal of understanding and quantifying the BOE scientifically and 2) to investigate Kelvin
as a case study to understand the dominant factors leading
to its TCMI using state-of-the-art coupled models. It is
hypothesized that the enthalpy fluxes from the land surface
are the primary determinant for the postlandfall intensification of TC Kelvin, by the definition of the BOE as hypothesized by Andersen and Shepherd (2014). The impact
of the land surface conditions on the TCMI of Kelvin,
which occurred over a climatological hotspot of TCMIs
and sandy soils in Northwest Australia, will be tested and
quantified using an integrated modeling and analysis approach. We will also analyze the diurnal cycles of surface
energy budgets (i.e., surface fluxes) as the storm made
landfall and address the relationship between the TC intensity and the diurnal cycle over land, which has not been
studied to date.
In section 2, the modeling framework and experiment
design are described. In section 3, modeling results and
analyses are presented. In section 4, results are discussed
within the context of the BOE, and conclusions follow in
section 5.

2. Data and methods
a. Characterization of TC Kelvin track and intensity
TC Kelvin’s track dataset was obtained from the
Australian BoM that covers 10 days of the life cycle of
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TC Kelvin from 0000 UTC 11 February to 2100 UTC
21 February 2018. The data went through a harmonization process to eliminate the extratemporal observation
records, yielding a 6-hourly dataset for the storm period
of interest from 0000 UTC 16 February to 0000 UTC
20 February (see the online supplemental material for
multiple track observation dataset comparison).
The NOAA/National Centers for Environmental
Information (NCEI) optimum interpolation (OI) sea
surface temperature (SST) dataset (https://www.ncdc.noaa.
gov/oisst/data-access; Fig. 1a) suggests that warm SST favorable for TC development (.268C or 299 K) was prevalent off the northern coast of Australia as well as along the
intertropical convergence zone (ITCZ) near the equator.
This implies that high ocean heat energy stored along the
coast of northwestern Australia satisfied one of the key requirements for a preexisting vortex to intensify.
The NASA Moderate Resolution Imaging Spectroradiometer (MODIS) image on 19 February (Fig. 1b)
clearly depicts the zonal placement of the ITCZ to the
north of Australia and the postlandfall of Kelvin in the
northwestern Australia maintaining its TC structure as
well as eyewall inland, approximately 32 h after landfall.
The inner radius of the eyewall was estimated to be
about 20 km at that time and the center of the storm was
about 340 km away from the nearest coast. Rainbands
are clearly visible both south and north of the eye, which
suggests that the storm was not yet affected by midlatitude systems at that time.

b. Coupled modeling framework
The integrated modeling approach using the threedimensional, full-physics model is beneficial for TCMI
investigations because the land–atmosphere coupled
model can provide realistic environmental conditions in
the soil layers, troposphere, and ocean surface at high
resolution. In this way, a concerted view of thermodynamic conditions from the land and the ocean surface
to the upper-level troposphere can be retained throughout the simulation to properly account for the influence of
the land surface fluxes on the TC intensity changes after
landfall.
We implement the NASA Unified-WRF (NU-WRF;
Peters-Lidard et al. 2015) coupled with NASA’s Land
Information System (LIS; Kumar et al. 2006; PetersLidard et al. 2007). NU-WRF was developed using the
community WRF model (Skamarock et al. 2005) to test
several physical process parameterizations intended to
improve cloud aerosol, precipitation, and land surface
processes associated with convective systems on satellite
resolvable scales (;1-km horizontal grid resolution).
The latest improved version of the Goddard Microphysics
scheme (Goddard 4ICE) can simulate physical processes

for cloud ice, snow, graupel, and frozen drops/hail within
both intense and moderate convection (Lang et al. 2014;
Tao et al. 2016). These multifaceted capabilities of the
Goddard 4ICE microphysics scheme are considered as
critical for the TCMI modeling experiments in this study
(refer to supplemental material for details).
At the same time, physical conditions of the land
surface (e.g., soil moisture, soil texture, energy balance
between the land and atmosphere) can play a critical
role in enthalpy supply to landfalling TCs (Andersen
et al. 2013). To characterize land surface states and
fluxes under the landfalling TC accurately, NASA’s LIS
is coupled with the NU-WRF in our modeling experiments. Noah LSM version 3.6 (Mitchell 2005) is employed in LIS to spinup the land surface for five years
(i.e., from 0000 UTC 1 January 2013 to 0000 UTC
16 February 2018) before the coupled NU-WRF simulations of Kelvin are initialized. The LIS spinup is driven
by the Global Data Assimilation System (GDAS) data
by the National Centers for Environmental Prediction
(NCEP) Global Forecast System (GFS) model as meteorological forcing. The GFS final analysis (FNL) is used
as the model initial and boundary conditions (IC/BCs)
for WRF-LIS coupled simulations (Table 1).

c. Experimental design
To answer the key research questions of the TCMI
mechanisms of Kelvin, a framework of modeling experiments is established to facilitate intensive numerical
model simulations of the target storm. In this study, two
suites of physics schemes are used for comparison purposes in the TC experiments: NU-WRF and WRF
tropical. They represent the recommended package of
physics options for TC or hurricane simulations within
the NU-WRF and the WRF model community (NCAR
2012), respectively.
In the NU-WRF physics suite, cloud microphysics are
computed using the Goddard 4ICE (Tao et al. 2016), and
the longwave/shortwave radiation is calculated using the
Goddard 2017 radiation scheme (Matsui et al. 2018).
Turbulent closure is computed using level 2 of the Mellor–
Yamada–Nakanishi–Niino (MYNN) model (Nakanishi
and Niino 2004, 2006, 2009) in which vertical mixing is
parameterized to interact with both planetary boundary
layer (PBL) and free atmosphere (Noda et al. 2010; Ohno
et al. 2016). For the WRF tropical suite, on the other hand,
cloud microphysics are computed using the WSM6 scheme
which solves for six categories of hydrometeor: water
vapor, cloud water, cloud ice, rain, snow, and graupel
(Hong and Lim 2006). The longwave/shortwave radiation scheme is RRTMG (Iacono et al. 2008; Mlawer
et al. 1997; Iacono et al. 2000; Clough et al. 2005),
and the bulk surface flux is computed using the MM5
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FIG. 1. (a) NCEI OISST at 1200 UTC 16 Feb 2018. (b) Corrected reflectance true color image of MODIS on
board the Aqua satellite overpassing the TC Kelvin inland Australia between 0520 and 0525 UTC 19 Feb 2018.
(Image obtained from the NASA Worldview; https://worldview.earthdata.nasa.gov/).

similarity based on Monin–Obukhov similarity functions (Monin and Obukhov 1954). The PBL physics are
calculated by Yonsei University PBL scheme (Hong
et al. 2006).
The following common modeling settings apply to
all the simulation cases in this study. The atmospheric

model has 61 vertical levels with 50 hPa at the model top.
A quasi-uniform horizontal grid spacing of 1 km is used
for a 1200 km (latitude) 3 1200 km (longitude) single
domain over the northwestern Australia (Fig. 2).
The configured domain size is large enough to understand the land–atmosphere interactions, but may
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Control
SMwet
SMdry
SMsat

SMaqua
LHzero
SHFzero
LSHFzero

Clay
ISRIC

SMwettropic
SMdrytropic

5
6
7
8

9
10

11
12

Simulation ID

1
2
3
4

No.

NUWRF(GDAS)-LIS(GDAS)
NUWRF(GDAS)-LIS(GDAS)-WET
NUWRF(GDAS)-LIS(GDAS)-DRY
NUWRF(GDAS)-LIS(GDAS)Saturated
NUWRF(GDAS)-LIS(GDAS)-aqua
NUWRF(GDAS)-LIS(GDAS)-NoLHF
NUWRF(GDAS)-LIS(GDAS)-NoSHF
NUWRF(GDAS)-LIS(GDAS)NoLHF-NoSHF
NUWRF(GDAS)-LIS(GDAS)-All_Clay
NUWRF(GDAS)-LIS(GDAS)ISRIC_Soil_Texture
WRF(GDAS)-LIS(GDAS)-WET
WRF(GDAS)-LIS(GDAS)-DRY

Soil moisture sensitivity simulation
composition name
LIS(GDAS)
Max_Climatology
Min_Climatology
LIS(GDAS)
LIS(GDAS)
LIS(GDAS)
LIS(GDAS)
LIS(GDAS)
LIS(GDAS)
LIS(GDAS)
Max_Climatology
Min_Climatology

GDAS
GDAS
GDAS
GDAS
GDAS
GDAS
GDAS
GDAS

Spinup (forcing)

GDAS
GDAS
GDAS
GDAS

IC/BC

WRF-Tropical
WRF-Tropical

NUWRF
NUWRF

NUWRF
NUWRF
NUWRF
NUWRF

NUWRF
NUWRF
NUWRF
NUWRF

Physics

WSM6
WSM6

Goddard 4ICE
Goddard 4ICE

Goddard 4ICE
Goddard 4ICE
Goddard 4ICE
Goddard 4ICE

Goddard 4ICE
Goddard 4ICE
Goddard 4ICE
Goddard 4ICE

MP

RRTMG
RRTMG

Goddard 2017
Goddard 2017

Goddard 2017
Goddard 2017
Goddard 2017
Goddard 2017

Goddard 2017
Goddard 2017
Goddard 2017
Goddard 2017

Radiation

YSU
YSU

MYNN2
MYNN2

MYNN2
MYNN2
MYNN2
MYNN2

MYNN2
MYNN2
MYNN2
MYNN2

PBL

MM5 Simil.
MM5 Simil.

MYNN2
MYNN2

MYNN2
MYNN2
MYNN2
MYNN2

MYNN2
MYNN2
MYNN2
MYNN2

Sfclay

Noah3.6
Noah3.6

Noah3.6
Noah3.6

Noah3.6
Noah3.6
Noah3.6
Noah3.6

Noah3.6
Noah3.6
Noah3.6
Noah3.6

Surface

TABLE 1. NU-WRF model experiment configurations for the land/soil moisture perturbation experiments. Storm sensitivity to land surface fluxes by soil moisture, soil texture, surface
flux settings.
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FIG. 2. Soil texture options that are employed in this study:
(a) STATSGO 1 FAO, (b) ISRIC, and (c) constant soil texture of
clay exclusively over land.
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not be sufficient to capture the large-scale (larger than
synoptic scale) TC features as addressed later in
this paper. Both model boundary conditions and
sea surface temperature are updated every 6 h. The
model integration is computed at the time step of 6 s
for the 4-day simulation from 0000 UTC 16 February
to 0000 UTC 20 February 2018, producing hourly
model output. Table 1 supplies a summary of the NUWRF/WRF modeling experiments designed for the
study. Simulation IDs were assigned to each simulation to facilitate as concise distinctions among the various
experiments as possible.
Two sets of preliminary experiments were conducted
to select a best-performing combination of 1) forcing
data from multiple IC/BCs [i.e., the GDAS data,
Modern-Era Retrospective Analysis for Research and
Applications, version 2 (MERRA-2; Gelaro et al.
2017), and the European Centre for Medium-Range
Weather Forecasts (ECMWF) ERA-Interim (ERAI;
Dee et al. 2011; Berrisford et al. 2011)] and 2) model
physics (i.e., NU-WRF versus WRF tropical) for the
Kelvin case among many permutations (see Table S1
and physics and BC ensemble experiments parts I and
II in the supplemental material). The IC/BC performance and the impacts of the Goddard versus WRF
physics options on TC track and intensity were examined in advance of this study, descriptions of which are
provided in the supplemental material.
Then, the best performing model configuration of
IC/BCs and physics is used to explore the storm sensitivity to variation components relevant to the BOE
such as soil moisture, soil texture, model physics, and
surface latent/heat flux to quantify the role of land and
atmospheric processes in landfalling TC intensification
(Table 1, land/soil moisture perturbation experiments).
Three different soil texture configurations are compared using the NCEP/FAO soil texture in 30-arc-s
resolution (Control), which is the default soil texture
setting in the WRF and the LIS models, the ISRIC soil
texture at 250 m resolution (ISRIC; see Hengl et al.
2015, 2017 for details) and a constant soil texture of
clay over land in the 30-arc-s resolution (Clay) (Fig. 2).
Variations in soil moisture conditions range from extreme [i.e., no latent heat flux (LHzero), no sensible
heat flux (SHFzero), and no latent and sensible heat
flux (LSHFzero)], through pseudoclimatological dry
and wet (SMdry and SMwet), then fully saturated at
soil type maximum (SMsat), to a quasi-aquaplanet
condition (SMaqua). The WRF tropical physics options
are also applied to the SMdry and SMwet soil moisture
conditions, which are SMdrytropic and SMwettropic,
respectively (See Table 2). These permutations of surface
moisture, moisture fluxes, and soil type are designed to
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isolate and control for the specific impacts of the land
surface moisture on TC Kelvin’s track and intensity. The
specific motivating questions and simulations details for
all the experiments conducted are available in the supplemental material.

3. Results
a. Influence of land surface and soil moisture
conditions
Simulated storm tracks from the cases using the NUWRF physics (NU-WRF cases, hereafter), that made
landfall in the low-level plain valley of Kimberley and
Pilbara regions in the northwest Australia, show a good
consensus (Fig. 3a) despite differences in their intensities, which begin to diverge near intensification on
17 February before landfall (Fig. 3b). The mean track
errors of the NU-WRF cases were comparable to that of
Control with 43.2 km (see Table 2). In contrast, the errors of the WRF tropical suite cases were larger by a
factor of about 2. Figure 3b shows that all the other NUWRF cases produced their intensity trend relatively
close to the Control except LSHFzero, SMwettropic,
and SMdrytropic. In particular, they all reproduced the
main intensification on 17 February as supported by the
IBTrACS and SATCON observational records (see
Fig. S1). In contrast the LSHFzero, the SMwettropic,
and SMdrytropic intensified on 17 February but their
magnitudes were even less than the Best track record by
the Australian BoM (Fig. 3b). Note also that the landfall
times of SMwettropic and SMdrytropic were much
earlier than the others.
Regardless of the model physics employed, each
simulation reproduced the secondary intensification inland on 19 February except for LHzero and LSHFzero.
This analysis suggests that despite rather extreme permutations of the land surface moisture and energy
fluxes, the simulated track and intensity were predominantly regulated by other (atmospheric) factors while
the spectrum of the land surface moisture and energy
fluxes exerted secondary influence on the simulated
storm intensity postlandfall.

b. Radar reflectivity assessment of TC Kelvin
Understanding the impacts of the modified land surface
conditions on the simulated storm can be leveraged by
comparing the horizontal distribution of convective activities within the TC environment itself. Figure 4 shows
simulated composite radar reflectivity on 19 February at
1200 UTC when Kelvin went into the second intensification inland more than 300 km away from the coast.
The storms in the cases of the LHzero and the LSHFzero
were weakened or disorganized compared to the other
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88.3

82.9
NCEP/FAO

41.5

43.2
44.9
40.6
59
59
49.3
52.6
56.6
42.5

NCEP/FAO
NCEP/FAO
NCEP/FAO
NCEP/FAO
NCEP/FAO
NCEP/FAO
NCEP/FAO
NCEP/FAO
A constant soil texture of clay
implemented over land
ISRIC_Soil_Texture
implemented
NCEP/FAO
Default
Default
Default
Default
Default
No latent heat flux transferred to atmosphere
No sensible heat flux transferred to atmosphere
No latent/sensible heat flux transferred to atmosphere
Default

NU-WRF physics cases, while the storms in the cases of
Control, ISRIC, Clay, SHFzero, SMaqua, SMsat, SMdry,
and SMwet still maintained eyewall structures and rainbands at that time. Close comparisons also provide subtle
differences in convective activities around the core and
the surrounding environment. The storm in the Control
run was intensifying (noted with red dot in the eye in
Fig. 4) and the storm structure was clearly maintained.
The ISRIC and the SMdry show a similar reflectivity
pattern as in Control but their intensity was not changing
(noted with gray dot in the eye). The storm in the Clay,
the SMaqua, the SMsat, and the SMwet case was intensifying but storm structure was slightly degraded
compared to the Control. The storm in the SHFzero was
weakening (noted with blue dot in the eye) while its
intensity was comparable to the Control.

Default

Default

ISRIC

SMwettropic

SMdrytropic

10

11

12

Initialized with pseudoclimatologically
wettest value
Initialized with pseudoclimatologically
driest value

Control
SMwet
SMdry
SMsat
SMaqua
LHzero
SHFzero
LSHFzero
Clay

Default as forced by GDAS

Default

c. Diurnal cycle of surface energy budget

1
2
3
4
5
6
7
8
9

Default as forced by GDAS
Initialized with pseudoclimatologically driest value
Initialized with pseudoclimatologically driest value
Set as saturated at soil type’s maximum
Set as 1 for quasi-aquaplanet condition
Default as forced by GDAS
Default as forced by GDAS
Default as forced by GDAS
Default as forced by GDAS

Soil texture condition
Surface flux control
Soil moisture condition
No. Simulation ID

TABLE 2. Experimental land/soil moisture perturbation settings and mean track error results.
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Mean track
error (km)
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It is well known that the atmospheric radiative forcing
processes of differential warming (i.e., in the core region) and cooling (i.e., in the outer region) within the TC
environment are closely related to nighttime intensifications of convective activities in TCs over the ocean
(see Tang and Zhang 2016, and references therein;
Dunion et al. 2019). However, none of the previous
BOE studies has related the diurnal cycle of surface
fluxes to TCMIs. In this section, we address the relationship between them by showing the diurnal cycles of
surface energy budgets and TC intensity changes.
Figure 5 shows the time series of the areal sums of the
surface fluxes and radiation [i.e., latent heat (LH), sensible
heat (HFX), ground flux (GRDFLX), downward longwave (SLWDN), upward longwave (SLWUP), downward
shortwave (SSWDN) and upward shortwave (SSWUP)]
within the radii of 1) 200 km and 2) 600 km from the
center of the simulated storm along with the time series
of the maximum wind speed. Due to thick clouds in the
core region within the 200-km radius, longwave radiation dominated in all the NU-WRF cases, which was
fairly compensated by the outgoing longwave radiation
(Fig. 5a). When the storm was over the ocean, latent
heat flux was the second largest among the surface fluxes
within the NU-WRF cases, which changed rapidly as the
storm moved onto land on 18 February. The LH flux
dropped significantly during the nighttime on 18 February.
Even at its peak on 19 February, LH flux barely reached
50% of its average over the ocean during 16–17 February.
Incoming solar radiation was consistent and exhibited a
diurnal cycle clearly even in the core region within the
200-km radius. Ground flux and outgoing solar radiation were relatively small and not significant to the
surface energy budget in the TC case. From these results, since not only the main intensification of Kelvin
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FIG. 3. (a) Six-hourly track analysis composite of TC Kelvin simulations superimposed over
the model terrain height in the land/soil moisture perturbation study and (b) time series of
hourly maximum wind speed. Labels in legend are consistent with simulation IDs in Table 1.
Black line represents the observed track of Kelvin by the BoM (here, labeled as ‘‘best track’’).
Storm’s 6-hourly center locations of the best track were plotted with filled circles only for the
simulation period (16–20 Feb 2018). The initial (final) locations of the simulated storm centers
are marked with stars (squares) along with their annotations for the times. Red dots in
(b) represent the time when the storm moved from ocean to land (i.e., landfall). See Fig. 11 for
one-to-one wind speed comparisons between the Control and each case.

on 17 February but also the secondary inland intensification on 19 February occurred with the onset of local
nighttime, it seems that diurnal cycle of convective
activity is highly associated with Kelvin’s intensity
changes. For the cases where intensification did not
occur (e.g., the WRF tropical suite cases for the main
intensification or LHzero and LSHFzero for the

secondary inland intensification), reasons for their failures should not be directly attributed to the diurnal cycle.
The analysis at 600-km radius (Fig. 5b) shows similar
patterns as in the 200-km radius with the exception of
incoming solar radiation increasing significantly with the
outer region, as expected. The larger solar radiation in
the outer region with more cloud-free area can energize
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the lower atmosphere during the daytime as long as the
atmosphere does not become too dry over the land so as
to exert an adverse effect to the secondary circulation of
the storm. In fact, previous studies noted that the elevated thermodynamic energy in the outer region increases the convective activity in that region during the
daytime, which accompanied by the increase of the
radius of the maximum wind (RMW); as it shifts into
nighttime, atmospheric radiative cooling in the outer
region and the relatively delayed cooling or even
warming in the core region may have sped up the
convergence under the eyewall area, intensifying the
storm (Gray and Jacobson 1977; Craig 1996; Tang and
Zhang 2016). Therefore, the surface energy budget and
the larger solar radiation in the outer region as shown
in Fig. 5b suggest that the diurnal cycle mechanism in
TC development can be applied in the TCMI of TC
Kelvin. Further detail analysis is warranted to show the
relationship between the surface fluxes and the diurnal
cycle of radiative cooling as one of the potential
mechanisms for TCMIs, which is beyond the scope of
the current study.

d. Influence of the large-scale environment
Although BOE studies may tend to focus on the local
land surface properties, an understanding of the largescale environment where TCs evolve is still critical to
properly assess the relative impacts of the local land
surface on TCMIs. Associated with the SST distribution
(Fig. 1a), Fig. 6 shows 30 km grid resolution ECMWF
ERA5 reanalysis (Copernicus Climate Change Service
2017) of total column water (TCW) superimposed by 500and 850-hPa wind vectors over Australia as well as the
Pacific and Indian Oceans during Kelvin at 2000 UTC
17 February and 1100 UTC 19 February, respectively,
when Kelvin presented intensifications. The location of
the ITCZ can be inferred by the equatorial band of high
TCW. During the same times, Fig. 7 shows mean vertically integrated moisture divergence superimposed by
500-hPa wind vectors. The large-scale view of the TCW
along with the moisture divergence and wind vectors
suggests that the convergence of water vapor to the north
of Australia occurred as a consequence of an equatorial
Rossby (ER) wave (Matsuno 1966; Kiladis et al. 2009).
Indeed, Kelvin’s twin counterpart on the other side of the
equator in the ER wave was Tropical Storm Samba near
the Philippines (Dollery 2018). Figures 6 and 7 support
that Kelvin’s intensifications on both 17 and 19 February
had been taking place under the influences of the ER
wave and the ITCZ. Note that a band of enhanced water
vapor (i.e., TCW) as well as the moisture convergence
extend from Kelvin southward to the southern shore
of Australia. The southward movement of the vortex
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(i.e., Kelvin) occurred along with the low-to-midlevel
atmospheric moisture advections in the ‘‘convergence’’
area within the ER wave farther south into inland
Australia. Kelvin is being steered southward by the
northerly flow associated with a subtropical ridge to the
east and an approaching trough from the west as manifested as the ER wave in the Southern Hemisphere.
These features with successive waves of moisture from
the equatorial region may be key factors in the horizontal transport of water vapor, posed to be relevant in
the TCMI of Kelvin. Therefore, it should be noted that
the main intensification of Kelvin was favored by warm
SST and the vortex growth within the ER wave that spun
off from the ITCZ.
Figure 8 shows time series of the mean vertical wind
shear between the 850- and 250-hPa levels averaged
over the model domain excluding the circular area
within the radius of 300 km from the center of the
simulated storm. In all cases, the storm was able to
intensify despite being influenced by strong deep-layer
shear of 16 m s21 on 16 February, whereas the wind
shear decreased down to moderate level of 10 m s21
when the storm intensified. Compared to the NU-WRF
cases, higher shear prevailed during 17–18 February in
the WRF tropical cases, potentially suppressing the
intensification of the storm. Since being associated with
large-scale interaction between the storm and environment, the vertical wind shear may not be sensitive
to the local scale land surface conditions as shown by
the similar wind shear time series among the NUWRF cases.

e. Inner-core thermal condition and TC intensity
TC intensity can be determined by the horizontal
pressure differences between the vertical pressure
profile in the center of the TC and the average of the
vertical pressure distributions of the TC’s environment, which are dependent on the vertical temperature profiles. Therefore, the horizontal temperature
differences of the vertical profiles between the core
of a TC and its environment (herein delta T or dT) are
the key proxy of the TC’s intensity (Ohno et al. 2016).
Moreover, the maximum of the horizontal temperature differences (noted as Max_dT), is highly correlated with TC intensity.
Within the context of the BOE, we are interested in
the sensitivities of TC intensity (or the Max_dT) to the
change of the surface conditions (i.e., soil moisture,
energy fluxes, and surface soil type), and thus, we compare time series of the Max_dT and TC intensity within
the experiment cases. To compute the dT between the
warm core and the environment, normally the reference
profile for the environment is defined by the time-varying
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FIG. 4. Simulated composite radar reflectivity at 1200 UTC 19 Feb. The black line represents the observed
track of Kelvin by the BoM (here, labeled as ‘‘best track’’). Both best track and simulated storm’s 6-hourly
center locations were plotted with filled circles for the entire simulation period (16–20 Feb 2018). Note that
the storm’s current position was not interpolated from the 6-hourly best track so that the best track position
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mean vertical temperature profile that is spatially averaged over a 550–650-km annulus (Stern and Zhang
2013). However, weaker storms tend to have their inner
core within shorter radii than major storms. Thus, an
annulus with smaller radii can be used (e.g., 300–700-km
radii in Munsell et al. 2018). Since Kelvin was a weak
storm (less than category 2), we used a 300–400-km
annulus in this study. The warm-core profile was retrieved following the eye of the simulated storm for each
case. Profiles of virtual temperature anomalies (Fig. 9)
represent the warm core of each simulation case at
2100 UTC 17 February and 1100 UTC 19 February when
TC Kelvin was intensifying either over ocean or inland,
respectively. The images suggest that the warm-core
anomaly was present in all the cases on both dates. It is
notable that the spread of the warm-core anomalies
among experiment cases was larger on 17 February than
on 19 February. These warm-core anomalies, especially
in the mid-to-upper levels, lasted to the end of each
simulation on 20 February.
Among the NU-WRF physics cases, their virtual
temperature anomalies are comparable to each other.
But closer examination reveals that some cases have
achieved larger anomalies in the lower to midlevel atmosphere than the control simulation by 2100 UTC
17 February (e.g., ISRIC, Clay, and SMaqua). In contrast,
the WRF tropical suite physics cases of SMdrytropic and
SMwettropic developed the least (i.e., weakest) warmcore anomalies in the mid-to-upper troposphere (200–
600 hPa). These results are consistent with the previous
findings in this study as well as previous studies suggesting
that pronounced upper-level warm cores are typically not
present in weaker TCs.
Similarly, skew T analyses employing the same 300–
400-km annulus reference environment provide the
further details of temperature and humidity profiles
simultaneously for the two intensification periods on
17 and 19 February (Figs. 10a,b). Note that temperature profiles in the eye in the Control run are quite
comparable, while dewpoint temperature (i.e., humidity)
profiles in the eye show that upper-level air (above
300-hPa level) are much drier over land than over
ocean. Also, environmental humidity profiles suggest
that the midlevel (near 400 hPa) atmosphere over land
on 19 February became drier as compared to over

ocean on 17 February. These are characteristic features of TCs transitioning from ocean to inland within
the experiments in this study (Figs. 10d,f).
Considering all the other cases together, temperature
profiles in the eye did not vary much case by case.
Relatively, much large variations occurred with the humidity profiles in the eye in the upper-level atmosphere
(above the 300-hPa level). Temperature and humidity
profiles of the reference environment showed the similar
pattern as in the eye. Interestingly, ISRIC, Clay, LHzero,
SMdry, and SMwet produced slightly more humid environmental profiles than Control near 400-hPa pressure
height characteristically on 19 February (not shown); in
contrast, SHFzero, LSHFzero, SMaqua, SMsat simulated
substantially dry environmental profiles than Control at
mid-to-upper level (600–250 hPa) on 19 February (e.g.,
Figs. 10c–f). The WRF tropical suite physics cases of
SMdrytropic and SMwettropic also had substantially dry
upper-level warm cores. These results suggest that the
atmospheric humidity profile is more sensitive to the
experimental treatments than the temperature profile
both in the eye and the reference environment.
Figure 11 shows the time series of the Max_dT and the
maximum wind speed. The highly correspondent trends
between the Max_dT and the maximum wind speed as in
the Control support that the magnitude of the temperature difference between the warm core and the
environment (i.e., Max_dT) is closely related to the
storm’s intensity change regardless of the vertical
levels where Max_dT occurs. These results are consistent with a few recent studies on TC inner-core
temperature structure (e.g., Ohno et al. 2016; Munsell
et al. 2018; Wang and Jiang 2019). Since the warmcore anomaly of a TC is achieved mainly by the latent
heat release either in the condensation of the water
vapor or in the solidification of raindrops (e.g., ice,
graupel, or hail) rather than by diabatic heating (e.g.,
by sensible heat flux), Fig. 11 suggests that the lower
Max_dT in the cases of the LHzero, LSHFzero,
SMdrytropic, and SMwettropic may be attributable to
less moisture or less condensation in the atmosphere.
This led to less latent heat release in the core of the
storm, in these cases compared to the others, resulting
in the weaker intensity of the storm. Therefore,
Fig. 11 suggests that without any dramatic changes in

changes only 6-hourly while the simulated storm’s locations move hourly. The initial (final) locations of the
simulated storm centers are marked with stars (squares) along with their annotations for the times. Red,
blue, or gray filled circles both on the best track and the simulated storm’s track represent the storm’s
tendency of intensifying, decreasing, or maintaining strength compared to the previous time step. The
current intensities of the storm at the location are alluded to by the size of the circle among the panels.
Landfall locations are marked with ‘‘5’’ along with their time annotation.
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FIG. 5. Time series of the areal sum of the surface fluxes [i.e., latent heat (LH), sensible heat (HFX), ground flux (GRDFLX), downward
longwave (SLWDN), upward longwave (SLWUP), downward shortwave (SSWDN) and upward shortwave (SSWUP)] within the radii of
(a) 200 and (b) 600 km from the center of the simulated storm. Black dotted line represents the time series of the maximum wind speed of
the storm for each case.

the land surface moisture conditions, TC Kelvin’s
intensity is not highly sensitive to the preexisting land
surface moisture conditions such as in SMdry or SMwet.
Likewise, Fig. 11 shows that alternative soil texture

settings (i.e., ISRIC and Clay) had minimal impacts on
Max_dT or TC intensity in Kelvin compared to the
Control case. However, the magnitude of the dryness of
mid-to-upper-level atmosphere was not directly correlated
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FIG. 6. The 30-km grid resolution ECMWF ERA5 reanalysis
of TCW superimposed by 500- and 850-hPa wind vectors over
Australia as well as the Pacific and Indian Oceans during the TC
Kelvin (top) at 2000 UTC 17 Feb and (bottom) at 1100 UTC 19
Feb, respectively.

to the magnitude of warm-core anomaly changes (e.g.,
Max_dT) in the vertical profile in this study. Thus, further
study is warranted for their relationship.

f. Relative influence of surface fluxes versus total
precipitable water
The hypothesis of the BOE is based on the assumption
that moisture fluxes from the land play a critical role in
the TCMIs. In the previous analyses, the various treatments for land surface moisture conditions did not result
in outstanding differences in the inland intensification of
the TC Kelvin except in a few extreme cases like LHzero
and LSHFzero. Therefore, in this section quantities of
total atmospheric moisture and moisture flux from the
surface are compared to understand the contribution of
the land surface moisture flux to the TCMI of Kelvin. At
the same time, enthalpy fluxes (i.e., latent heat flux and
sensible heat flux) are examined regarding the TCMI
feature of TC Kelvin.
Figure 12 shows the time series of the mean of hourly
total moisture fluxes (QFX; kg m22 ) and total precipitable water (TPW; kg m22 ) for the entire model
domain, land, and sea, separately. To facilitate the
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FIG. 7. As in Fig. 6, but for mean vertically integrated moisture
divergence superimposed by 500-hPa wind vectors.

comparison between the QFX and the TPW, the units
of the instantaneous moisture flux (QFX; kg m 22 s21)
were converted to hourly quantity (kg m22) as the
TPW. Figure 12a suggests that moisture flux over the
ocean is significantly larger than that over the land
within the model domain during the entire period of
the simulation. Moisture flux from the land shows
clear diurnal cycles and only at their peaks do the
land fluxes become comparable to ocean fluxes. It is
notable that only SMaqua and SMsat produced substantially large moisture fluxes over land during their
diurnal peaks on 16 and 19 February, while those in
LHzero and LSHFzero remain zero as intended.
Overall, the moisture fluxes over land do not exceed
0.3 kg m22 (about 200 W m22 in latent heat flux) and remain below 0.1 kg m22 most of the time while those over
ocean maintain about 0.3 kg m22 throughout the simulation period. This result suggests that the moisture fluxes
over the ocean were higher than over the land in general
during the simulation period except for extreme land
surface situations (e.g., regional floods).
In contrast, the TPW exceeded 40 kg m22 at minimum
for all the cases, which is more than 100 times the
moisture fluxes over land. In addition, the magnitude of
TPW in each simulation is remarkably similar in the
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FIG. 8. Time series of the areal means of the 850–250-hPa vertical
wind shear averaged beyond the radius of 300 km from the center
of the simulated storm.

temporal evolution during TC Kelvin as if the impacts
of the surface permutations are negligible (Fig. 12b).
Considering the fact that a significant amount of TPW
exists in the lower atmosphere below the 700-hPa level
(.90%; not shown), the moisture fluxes over land
(,0.3 kg m22) may not have played a critical role in the
intensification of Kelvin as compared to the existing
atmospheric moisture volume.
Even larger differences between surface moisture
fluxes and the TPWs can be gathered via plots of their
radial means. Figure 13a suggests that while the center
of the storm was over the ocean (on 16–17 February),
the actual amounts of areal mean moisture fluxes occurring from the surface (both land and ocean combined) within the inner radii (e.g., 50, 100, and 200 km)
of the storm were about 0.4–0.6 kg m22 (even greater
than 0.8 kg m22 at the peak in Control, ISRIC, Clay,
and SMdry). Those from the outer radii (e.g., 300, 400,
500, and 600 km) were about 0.18–0.3 kg m22 in general. After landfall (2100 UTC 17 February), the
moisture fluxes within the inner radii suddenly plunged
down to below 0.1–0.2 kg m22, meaning that in the
Control run about 87% of the surface moisture fluxes
decreased at maximum within the 50-km radius. However,
those in the outer radii maintained their previous level.
The TC obtained TS intensity (.18 m s21) on 16 February
before landfall and maintained at least within the TS
intensity after landfall (Fig. 3b).
If the storm went through the TCMI event purely
because of the surface moisture fluxes (e.g., latent
heat fluxes from soil), those quantities within the
inner radii after landfall should be at least comparable to those on 16 February. Instead, a more than
50% decrease in the latent heat flux within the inner
radii after landfall does not support the BOE hypothesis
in this case. In contrast, the mean TPW quantity trend
remained consistent between the inner and outer radii

FIG. 9. Profiles of virtual temperature anomalies between the
eye and the reference environment over a 300–400-km annulus
at (top) 2100 UTC 17 Feb and (bottom) 1100 UTC 19 Feb.

over ocean and land with relatively gradual decreases
after landfall (Fig. 13b). This suggests that even with the
limited amount of moisture fluxes from the land, the
inner-core of the storm was supported by the moisture
supply in the lower atmosphere, which was efficient
enough to maintain its structure and even to briefly intensify after landfall. Over the ocean, the surface moisture flux under the eyewall should be at a maximum due
to the maximum wind (Fig. 13a). After landfall, however, the surface moisture fluxes within the 50-km radius
became less than 1/300 of the TPW in general. It is
possible that the contributions of surface moisture fluxes
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FIG. 10. Skew T–logp plots of (a),(b) Control, (c),(d) SMaqua, and (e),(f) SMsat at (left) 2100 UTC 17 Feb when
the TC Kelvin was intensifying vigorously over ocean and (right) 1200 UTC 19 Feb when the storm was intensifying
inland. For the Control case, temperature profile at the eye is represented by red line, while temperature profile of
the reference environment annular is represented by blue line. Also, dewpoint temperature profile at the eye is
represented by red dashed line, while dewpoint temperature profile of the reference environment annular is represented by blue dashed line. For the other cases, likewise, purple and orange colors are used to represent for the
eye and the reference environment annular, respectively, along with those for the Control.
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FIG. 11. Time series of the maximum of the horizontal temperature differences of the vertical profiles between the warm core and its environment and the maximum wind speed. Those of the Control case (the red line for wind speed and the dotted orange line for Max_dT) are also
shown in the other panels for the direct comparisons to those of each case (the green line for wind speed and the dotted blue line for Max_dT).

in the outer radii exceeded those in the inner radii due to
larger solar radiation resulting from less cloud cover in
the outer radii as thick convective clouds around the
eyewall reduce radiation in the inner radii.
In terms of latent heat flux, the mean of moisture flux
over land did not exceed 200 W m22 during the peak of
the day and remained below 50 W m22 during the night
(Fig. 14a) in most cases. Exceptionally, however, mean
LH fluxes in the SMaqua and the SMsat easily exceeded
200 W m22 during the days reaching up to about 500 W m22
on 16 February and 350–400 W m22 on 19 February. Their
nighttime LH fluxes were also slightly increased before
landfall, but decreased to below 50 W m22 during the nights
after landfall. Treatments of drying and wetting soil (i.e.,
SMdry and SMwet) as the initial condition resulted in
negative and positive LH flux responses during the day
over land, respectively, compared to the control simulation.
The effects of dry or wet soil moisture conditions at the
initial time were maximum in the first day (,50W m22 in
SMdry versus .200 W m22 in SMwet compared to
Control of which was about 100 W m22). The two runs
converge gradually toward the magnitude of mean LH
flux of the Control by 19 February, possibly because
concurrent precipitation by the storm may have equalized
the soil moisture contents over time in the SMdry and
the SMwet. Similar trends were observed with the

sensible heat flux (SHF; W m22) in the SMdry and
the SMwet (Fig. 14b), as the first day SHF was larger in
the SMdry and smaller in the SMwet compared to the
Control, but the differences are lessened over time. SHFs
over land in the SMaqua and the SMsat were very small
and those in the SHFzero and the LSHFzero were zero
as expected. SHFs in SMdrytropic and SMwettropic
also responded to the dry/wet treatments but showed a
monotonic change over time unlike the SMdry and the
SMwet. Therefore, Figs. 12, 13, and 14 support the previous finding that the moisture fluxes over land did not
play a critical role in the inland intensification of Kelvin
compared to the existing lower atmospheric moisture.

4. Discussion
The term TCMI can be thought of as a generalized
term for the BOE, in that TCMIs refer to any TC that
manifests its intensification or maintenance of its
strength after landfall by any geophysical mechanism.
The BOE, in its hypothesis, specifies the role of the
enthalpy fluxes from the land as opposed to those from
the ocean for the same manifestation of the TCMIs. In
particular, previous studies emphasized the roles of the
latent heat flux from the wet soils (e.g., .70 W m22;
Andersen et al. 2013) and the sandy soil type (e.g.,
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FIG. 12. (a) Time series of the mean of hourly total moisture fluxes (QFX; kg m22) for the entire model domain, land, and sea; (b) time
series of TPW (kg m22) that are areal averages of the model entire domain, land, and sea.

Emanuel et al. 2008) in TCMI events. However, further
research was warranted to identify and quantify the
exact mechanisms for the BOE. Krikken and Steeneveld
(2012) suggested that the inland reintensification of
Tropical Storm (TS) Erin (2007) was primarily associated

with 1) an upper-level shortwave trough moving eastward,
that caused isentropic lifting and positive vorticity advection to Erin over Oklahoma City, Oklahoma, in the United
States and 2) a band of warm and moist advection from the
Gulf of Mexico to the east flank of TS Erin with rapid
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FIG. 13. (a) Time series of the means of hourly total moisture fluxes (QFX; kg m22) averaged within the radii of 50, 100, 200, 300, 400, 500,
and 600 km from the center of the simulated storm. (b) As in (a), but for TPW (kg m22).

speeds up to 20 m s21 (Arndt et al. 2009). The influence of
vorticity advection from the upper-tropospheric troughs
on TC genesis has long been documented (e.g., Riehl
1948). Likewise, there can be additional mechanisms that
are already known in the TC literature but not have been
found to be associated with the TCMI events.

From Fig. 14a, it is apparent that the climatological
threshold of the latent heat fluxes (.70 W s22) from
previous studies is satisfied during the daytime after
landfall in most simulation cases with NU-WRF physics
but not during the nighttime when the inland intensification occurred. It is unclear whether this previously
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FIG. 14. Time series of the mean of (a) latent heat fluxes (LH; W m22) and (b) sensible heat fluxes (SHF; W m22) for the entire model
domain, land, and sea.

defined threshold applies to nighttime as well as daytime
and over what spatial extent it is to be used. Regardless, we
found that latent heat flux from the land was not a driving
force in the TCMI of Kelvin. Similarly, although sandy soils
have been posited as contributing to BOE in Australia in

past storms, our experiments do not suggest a dominant
influence of sandy soil on the TCMI of this particular TC.
Nevertheless, the question remains whether latent heat
flux from wet soil is the driving force of the TCMI
mechanism, more generally, and it should be investigated
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further with case studies that are more sensitive to land
surface moisture conditions. The spectrum of the TC intensity shown in the second intensification (Fig. 3b) and
the results of radar reflectivity (Fig. 4) as well as virtual
temperature anomaly profiles (Fig. 9) or skew T plots
(Fig. 10) suggest that the land surface enthalpy flux
plays a small role in the postlandfall TC structure and
intensity changes. In the idealized cases of the LHzero
and the LSHFzero, the storm barely maintained the intensity of a tropical storm (18–32 m s21) on 19 February,
which suggests that with no latent heat flux from the land
surface, the storm may not intensify or maintain its
strength at all. In contrast, with the latent heat flux from
the land surface available, the storm went through a
second intensification inland with a spectrum of intensity
achieved, regardless of the NU-WRF or WRF tropical
suite physics schemes. The second intensification on the
19 February achieved by the SHFzero (Fig. 3b) demonstrates that sensible heat flux plays less of a role in TC
intensity than latent heat flux (i.e., LHzero).
Among the soil texture treatment experiments, the
ISRIC showed a comparable result to the Control while the
Clay case resulted in less intensification on 19 February.
This result suggests that the TC simulation is more sensitive to dominant soil types in the domain than to the finer
scale resolution of the soil type in this case. Also, the postlandfall storm does not seem to be as sensitive to the initial
dry or wet soil condition as expected. The impacts of the
previous soil moisture conditions were overwhelmed by
the storm’s precipitation. Interestingly, the SMaqua and the
SMsat cases suggest that an abundance of soil moisture alone
does not guarantee the maximum intensification, either, although the SMaqua and the SMsat generated the most latent
heat fluxes during the daytime among the sensitivity simulations (Fig. 14a). Rather, it is the combination of the solar
radiation, soil moisture, and the various atmospheric thermodynamic conditions (e.g., midlevel humidity, atmospheric
radiative warming and cooling) that need to be satisfied together to intensify the storm. In the case of Kelvin, the evidence presented here supports a marginal to low sensitivity
to soil conditions at best in terms of its intensification drivers.
It is likely that each landfalling TC lies somewhere on the
continuum from no or minimal to extreme or maximum
sensitivity to land surface moisture conditions, and should be
investigated systematically as was performed here.

5. Conclusions
In this study, a thorough investigation of TC Kelvin
was conducted to understand the dominant mechanisms
behind its apparent inland maintenance of TC structure
and intensity as well as reintensification after landfall
from the perspective of the brown ocean effect. Previous
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studies suggested that the sandy soil in the northern
Australia may contribute to more frequent TCMI events
in Australia than in the other continents. In this study, it
was hypothesized that the enthalpy fluxes from the land
surface should be the primary determinant for the TCMI
of TC Kelvin. For the study, 12 four-day simulations for
the land/soil moisture perturbation study were executed
using the NU-WRF model coupled with LIS (with
Noah3.6 land surface model). The numerical experiments were designed to isolate the BOE mechanisms by
varying the land surface moisture conditions, surface
enthalpy flux conditions, and soil texture conditions.
The results were analyzed by comprehensively comparing their respective tracks and intensities, midlevel
atmospheric thermodynamic properties, vertical wind shear,
TPW, convective structures, and surface moisture fluxes.
The results suggested that the wide ranging and extreme
soil moisture, flux, and texture conditions specified did not
make a large difference on the track or intensity of the
storm. Only the LHzero and the LSHFzero cases in which
latent heat flux was disabled from the land surface, simulated substantially weak storms after landfall. Quantitative
analyses of the surface moisture flux and the TPW (Fig. 13)
revealed that the mean surface moisture flux within the inner radii of the storm (#200 km) decreased more than 50%
after landfall. In contrast, the mean TPW did not decrease
as suddenly and TPW within the inner radii remained higher
than the outer radii regardless of the landfall. Moreover, the
absolute quantity of moisture contributed to the core of the
storm (radii # 600 km) by the surface moisture fluxes after
landfall was substantially small compared to the TPW. In
fact, the surface moisture fluxes within the 50-km radius
were less than 1/300 of the TPW in general after landfall.
Therefore, our research hypothesis was rejected and it was
concluded that the TCMI of the TC Kelvin was possible
mainly by the support of the atmospheric moisture advection that originated from the ITCZ and gushed into
northern Australia associated with an equatorial Rossby
(ER) wave. With the support of the moisture advection, it
is speculated that the secondary intensification over the
land on 19 February was associated with the diurnal cycle
of TC deep convection, driven by the differential cooling
during the nighttime. Various observation-based products support these findings.
While not a clear-cut BOE case, this study is meaningful
in understanding the land versus atmospheric mechanisms
of TC intensification, developing a framework for numerical model experiments to unravel the drivers of the
BOE and TCMI for future case studies. This modeling
framework as well as the analysis methods will contribute
to the advancement of the BOE research that will follow.
As with any study involving complex atmospheric phenomenon such as landfalling tropical systems, there are
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limitations with this study. Foremost, surface observations
of soil moisture, fluxes, PBL, etc. in the vicinity of the
storm’s passage were scarce, in part, due to the remote
wilderness of northwestern Australia. Land–atmosphere
interactions in the larger scale were not investigated in this
study (e.g., equatorial atmospheric waves and MJO) due to
the limited domain size of 1200 3 1200 km. A larger domain configuration or multiple nested domain setting may
improve the model experiment in that regard. Future
studies should be able to consider a broad spectrum of the
scales of the TCs from local to planetary scale, in particular, since TCs interact with various physical processes
across these scales. TC core dynamics related with the
surface fluxes (e.g., Kuo et al. 2019) and diurnal cycles of
radiative cooling of TC atmosphere were not covered in
this study, which is beyond the scope of the study at
present. Future work and case studies focused on quantifying the BOE are being planned, and will employ land
(satellite-based soil moisture) data assimilation (DA) in
NASA’s LIS, to determine the effect of including more
realistic ICs, particularly for strong BOE storms.
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