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Abstract The objective of this study is to investigate in detail the sensitivity of cumulus,
planetary boundary layer and explicit cloud microphysics parameterization schemes on
intensity and track forecast of super cyclone Gonu (2007) using the Pennsylvania State
University-National Center for Atmospheric Research Fifth-Generation Mesoscale Model
(MM)5S). Three sets of sensitivity experiments (totally 11 experiments) are conducted to
examine the impact of each of the aforementioned parameterization schemes on the
storm’s track and intensity forecast. Convective parameterization schemes (CPS) include
Grell (Gr), Betts—Miller (BM) and updated Kain—Fritsch (KF2); planetary boundary layer
(PBL) schemes include Burk—Thompson (BT), Eta Mellor—Yamada (MY) and the Med-
ium-Range Forecast (MRF); and cloud microphysics parameterization schemes (MPS)
comprise Warm Rain (WR), Simple Ice (SI), Mixed Phase (MP), Goddard Graupel (GG),
Reisner Graupel (RG) and Schultz (Sc). The model configuration for CPS and PBL
experiments includes two nested domains (90- and 30-km resolution), and for MPS
experiments includes three nested domains (90-, 30- and 10-km grid resolution). It is found
that the forecast track and intensity of the cyclone are most sensitive to CPS compared to
other physical parameterization schemes (i.e., PBL and MPS). The simulated cyclone with
Gr scheme has the least forecast track error, and KF2 scheme has highest intensity. From
the results, influence of cumulus convection on steering flow of the cyclone is evident. It
appears that combined effect of midlatitude trough interaction, strength of the anticyclone
and intensity of the storm in each of these model forecasts are responsible for the dif-
ferences in respective track forecast of the cyclone. The PBL group of experiments has less
influence on the track forecast of the cyclone compared to CPS. However, we do note a
considerable variation in intensity forecast due to variations in PBL schemes. The MY
scheme produced reasonably better forecast within the group with a sustained warm core
and better surface wind fields. Finally, results from MPS set of experiments demonstrate
that explicit moisture schemes have profound impact on cyclone intensity and moderate
impact on cyclone track forecast. The storm produced from WR scheme is the most

M. Deshpande (P<)) - S. Pattnaik - P. S. Salvekar

Indian Institute of Tropical Meteorology, Dr. Homi Bhabha Road, Pashan, Pune,
Mabharashtra 411 008, India

e-mail: medha_d@tropmet.res.in

@ Springer



212 Nat Hazards (2010) 55:211-231

intensive in the group and closer to the observed strength. The possible reason attributed
for this intensification is the combined effect of reduction in cooling tendencies within the
storm core due to the absence of melting process and reduction of water loading in the
model due to absence of frozen hydrometeors in the WR scheme. We also note a good
correlation between evolution of frozen condensate and storm intensification rate among
these experiments. It appears that the Sc scheme has some systematic bias and because of
that we note a substantial reduction in the rain water formation in the simulated storm
when compared to others within the group. In general, it is noted that all the sensitivity
experiments have a tendency to unrealistically intensify the storm at the later part of the
integration phase.

Keywords Tropical cyclones - Physical processes - Parameterization schemes -
Mesoscale model - Super cyclone Gonu (2007)

1 Introduction

Accurate forecast of track and intensity of a tropical cyclone (TC) with a sufficient lead
time is essential for disaster mitigation. Numerical models based on fundamental dynamics
and well-defined physical processes provide a useful tool for understanding and predicting
TC. For accurate forecast of TCs, it is essential that numerical models must incorporate
realistic representation of important physical and dynamical processes, those play principal
role in determining its genesis, intensification and movement. Anthes (1982) discussed that
the physical processes such as cumulus convection, surface fluxes of heat, moisture and
momentum and vertical mixing in the planetary boundary layer (PBL) and radiative
heating and cooling play an important role in the genesis of tropical cyclones. Frank (1983)
illustrated the role of precipitating cumulus clouds in release of latent heat of condensation
and its involvement in freezing and melting phase changes in a region of conditional
instability. This energy is crucial to the formation and maintenance of the tropical cyclones
(Prater and Evans 2002). The degree to which convection moistens the atmosphere is
strongly governed by the microphysical characteristics of clouds, which determine how
much of the convective water flux is returned to the surface as precipitation and how much
to be used to humidify the atmosphere. The exchange of energy at the ocean—atmosphere
interface and its supply through the planetary boundary layer (PBL) to the free atmosphere
in terms of surface fluxes of latent and sensible heat play an important role in the devel-
opment, maintenance and intensification of tropical cyclones (Bayers 1944). Emanuel
(1986) and Rotunno and Emanuel (1987) showed that the hurricanes can develop and
maintain as a result of energy derived from the surface fluxes of latent and sensible heat
even if there is no initial convective potential energy in the environment. The scales of all
these physical processes are too small to be resolved by numerical models and hence needs
to be parameterized in terms of variables defined at the grid points. Willoughby et al.
(1984) and Lord et al. (1984) showed the potential sensitivity of simulated tropical cyclone
structure and intensity to the cloud microphysics parameterization in a two-dimensional
nonhydrostatic model. Their results imply that the structure, intensification and final
intensity of a simulated tropical cyclone might be sensitive to the details of the cloud
microphysics parameterization used in the numerical models. Puri and Miller (1990)
studied the sensitivity of cumulus parameterization using ECMWF analysis-forecast sys-
tem for four tropical cyclones during the Australian Monsoon Experiment period. Two
CPSs were compared, namely, the Kuo scheme (1965) and the Betts—Miller (BM, Betts
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1986; Betts and Miller 1986) scheme and concluded that BM scheme has considerable
sensitivity in generating more intense cyclonic systems. Braun and Tao (2000) integrated
MMS5 model with a higher horizontal resolution of 4 km to investigate the sensitivity of
planetary boundary layer parameterizations for hurricane Bob-1991. They reported that
Burk-Thompson (Burk and Thompson 1989) and Bulk aerodynamic schemes (Deardorff
1972) of PBL produced the strongest tropical cyclone whereas the Medium-Range Forecast
(MRF) model PBL (Hong and Pan 1996) scheme produced the weakest storm. Davis and
Bosart (2001, 2002) simulated the genesis of hurricane Diana-1984 using MMS5 and
reported that model physics plays more crucial role during the transition from marginal
storm to hurricane strength than during transition from mesoscale vortex to marginal storm
strength. Prater and Evans (2002), while simulating hurricane Irene-1999 with BM and
Kain—Fritsch (Kain and Fritsch 1993) schemes, have noted that the KF scheme reproduces
the track of Irene more accurately. The two parameterizations produce different charac-
teristic vertical warming profiles; the differences in warming are related to the structural
differences in the simulated storm, affecting the hurricane response to its environment.
Wang (2002) examined the sensitivity of tropical cyclone development to cloud micro-
physics schemes and reported that the intensification rate and final intensity are not sen-
sible to cloud microphysics but only produce differences in the cloud structure. Yang and
Ching (2005) simulated typhoon Toraji-2001 and studied the sensitivity to different
parameterization schemes. They reported that Grell convection scheme (Grell 1993),
Medium-Range Forecast (MRF) model PBL and Goddard Graupel (Tao and Simpson
1993) cloud microphysics scheme give the best track and intensity that most resemble with
the observations. Pattnaik and Krishnamurti (2007) investigated the impact of cloud
microphysical processes on hurricane intensity using 4-km resolution simulations. They
found that inter-conversion processes, such as melting and evaporation among the
hydrometeors and associated feedback mechanism, significantly modulate the intensity of
the hurricane.

In the North Indian Ocean basin, the case of Orissa Super Cyclone (1999) in the Bay of
Bengal has been studied by many researchers using MMS5. Mandal and Mohanty (2006)
found that Grell cumulus parameterization scheme with MRF PBL scheme and NCAR
community climate model (CCM2, Briegleb 1992; Kiehl et al. 1994) radiation parame-
terization scheme provides the optimal combination of the physical processes parameter-
ization schemes (the central sea level pressure of 963 hPa against 912 hPa observed one).
Trivedi et al. (2006) reported that with a single domain of 50-km resolution, Kain—Fritsch,
MRF and Simple Ice (SI, Dudhia 1989) is the better combination of model physics
compared with other physics combination but the simulated intensity is underestimated
(the central sea level pressure of 966 hPa). The extensive sensitivity study by Rao and
Prasad (2006, 2007) reported the minimum track error with the combination of updated
Kain-Fritsch (KF2, Kain 2004), Mellor-Yamada (MY, Mellor and Yamada 1982) and
Mixed Phase (MP, Reisner et al. 1998), for which the simulated minimum pressure was
930 hPa. Srinivas et al. (2007) studied the sensitivity to the PBL and convective param-
eterization schemes to the numerical simulation of Andhra Severe Cyclone (2003) in the
Bay of Bengal. Their result indicates that while the boundary layer processes play a
significant role in determining both the intensity and movement, the convective processes
especially control the movement of the model storm. The combination of MY PBL and
KF2 convection scheme gives the most intensive storm and the MRF PBL with KF2
convection scheme produces the best simulation in terms of intensity and track compared
to observations. Using MMS5, Mandal et al. (2004) studied the impact of various physical
parameterization schemes on the prediction of two tropical cyclones formed during
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November 1995 over the Bay of Bengal and found that the combination of MRF PBL
scheme with Grell cumulus scheme performed better than other combinations. Though a
number of parameterization schemes are developed for implicit treatment of these
important physical processes, theses schemes have certain limitations (Frank 1983; Mol-
inari and Dudek 1992; Emanuel and Raymond 1993; Zhang et al. 1994; Kuo et al. 1997)
and are regime specific. Thus, it is desirable to evaluate and highlight the suitability of
individual parameterization schemes and their combinations for accurate forecast of
intensity and track of the cyclones over various regions and seasons.

The objective of this study is not only to carryout the sensitivity tests and obtain the
optimal combination of physical parameterization schemes for improving track and
intensity forecast of the storm but also to illustrate possible mechanisms responsible for
these results. The super cyclone Gonu (2007) in North Indian Ocean over the Arabian Sea
during monsoon season is considered for this study. In the next section, the brief
description of the super cyclone Gonu obtained from India Meteorology Department report
(IMD 2008) is given followed by description of the model and designing of numerical
experiments and data used. The results and discussion are presented in Sect. 4 and con-
cluding comments are illustrated in Sect. 5.

2 Brief description of super cyclone Gonu (2007)

The Super Cyclonic Storm Gonu 2007 was the strongest tropical cyclone on record in the
Arabian Sea (IMD 2008). Intense cyclones like Gonu have been extremely rare over the
Arabian Sea, as most storms in this area tend to be small and dissipate quickly. A low
pressure area with persistence convection developed over east central Arabian Sea in
association with the prevailing surge in monsoon flow. During this period, there was
favorable upper-level environment and warm sea with sea surface temperature of the order
of 27—29°C over the Arabian Sea. As a result a system concentrated into a depression and
lay centered over east central Arabian Sea near 15°N and 68.5°E at 1800 UTC of June 1.
Initially, the system moved in the westward direction and concentrated into deep
depression at 0300 UTC of June 2 and into cyclonic storm “GONU” at 0900 UTC and lay
centered over 15°N and 67°E. Moving in a northwest direction, it further intensified into a
severe cyclonic storm at 0000 UTC of June 3 and lay centered over 15.5°N and 66.5°E.
The eye of the system was first visible at 0600 UTC of June 3 from KALPANA satellite
imagery. At this time, the ridge in upper air was located at about 16°N over the storm
region. Moving in northwest direction it again intensified into a very severe cyclonic storm
at 1800 UTC of 3 June. The eye was raged within the central dense overcast (CDO). The
system further intensified into a super cyclonic storm and lay centered at 1500 UTC of June
4 and lay centered over 20°N and 64°E, with lowest estimated central pressure of 920 hPa
and maximum sustained surface winds of 127 knots (65.3 m/s).

The system maintained super cyclonic storm intensity for a short period and weakened
into a very severe cyclonic storm at 2100 UTC of June 4 due to entrainment of dry and cold
air and cold sea water over the region. Moving in the west-northwestward direction, it
crossed Oman coast as a very severe cyclonic storm between 0300 and 0400 UTC of 6
June. The system then emerged into the Gulf of Oman, moved in a north-northwestward
direction and made second landfall over Iran coast near 25.5°N and 58.5°E between 0300
and 0400 UTC of June 7, 2007, as a cyclonic storm. Moving in the same direction, it
weakened gradually, and it was seen as a well marked low pressure area over Iran and
neighborhood on June 8, 2007. The cyclone caused about $4.2 billion in damage (2007
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USD), 50 deaths and 20,000 people were affected in Oman, where the cyclone was con-
sidered the nations worst natural disaster. Gonu dropped heavy rainfall near the eastern
coastline, reaching up to 610 mm (24 inches), which caused flooding and heavy damage. In
Iran, the cyclone caused 28 deaths and $215 million in damage (2007 USD).

3 Numerical model and experiment design

The Penn State/NCAR MMS5 (version 3.7) is used to carry out the sensitivity experiments
for this study. The MMS5 is a nonhydrostatic model with a terrain following sigma vertical
coordinate system. Detailed description of MMS5 is given by Grell et al. (1994). The model
consists of a number of physical parameterization schemes, providing an opportunity to
carry out various sensitivity studies. The sensitivity experiments with different convective
parameterization schemes (CPS) include Grell (Grell 1993), Betts—Miller (Betts and Miller
1986) and updated Kain—Fritsch (Kain 2004). Similarly sensitivity experiments with dif-
ferent planetary boundary layer parameterization schemes (PBL) include Burk—Thompson
(Burk and Thompson 1989), Eta Mellor-Yamada (Mellor and Yamada 1982) and the
NCEP Medium-Range Forecast model PBL (Hong and Pan 1996). In addition, six cloud
microphysical schemes including Hsie’s Warm Rain (Kessler 1969), Dudhia’s Simple Ice
(Dudhia 1989), Reisner’s Mixed Phase (Reisner et al. 1998), NASA/Goddard microphysics
with hail/graupel (Tao and Simpson 1993; modified by Braun and Tao 2000), Reisner’s
Mixed Phase with graupel (Reisner 2, Reisner et al. 1998; modified by Thompson et al.
2004) and Schultz (Schultz 1995) Mixed Phase with graupel are chosen to for carrying out
sensitivity experiments with microphysical parameterization schemes (MPS).

For all experiments, NCAR community climate model (CCM2) (Briegleb 1992; Kiehl
et al. 1994) radiation parameterization scheme is used. It is well documented that these
parameterizations schemes continuously interact with each other throughout the model
integration duration. The cumulus parameterization modifies the cloud water/vapor content
through detrainment, which in turn affects the cloud microphysics. The microphysics
parameterization determines the ice and water content in the atmosphere and this affects
the radiation. The radiation and PBL parameterizations interact through the surface fluxes
given by the five-layer soil scheme. However, here, we would like underscore the point that
for each set of experiments (Table 1) all model configurations (i.e., resolution, initial
condition, model physics, dynamics) are same except specific parameterization scheme is
changed in all the domains for each sensitivity simulation experiment. This has been done
with an objective to exclusively attribute the sensitivity of specific parameterization
scheme on the model forecast results. Table 1 lists the combination of physical parame-
terization schemes of all the numerical experiments carried out in this study.

For CPS and PBL experiments, the model is configured in a two-way nested fashion
having two domains with 90-, 30-km grid resolutions, whereas for MPS experiments, triply
nested domains (three domains) with grid resolution of 90, 30 and 10 km are used. This is
to note that cumulus parameterization scheme is used for MPS experiments (including the
inner most domain) because of the coarser horizontal resolution (i.e., 10 km). All model
domains have 23 vertical unequal ¢ levels with higher resolution in the planetary boundary
layer. Figure 1 shows the multiple nest area coverage of the 3 domains (hereafter D1, D2
and D3), centered over 15°N and 65°E. Domain D3 covers entire track of the observed
cyclone during the integration phase. Middle domain D2 covers the Arabian Sea region,
whereas outer domain D1 covers large extended region on the four sides of the region of
interest so as to simulate the large scale atmospheric flow during onset phase of the

@ Springer



216 Nat Hazards (2010) 55:211-231

Table 1 Physical parameterization scheme used in each numerical experiment

Experiment Cumulus PBL scheme Microphysics

CPS: Test of cumulus parameterization (two domains, D1 and D2)

Gr* Grell Eta Mellor—Yamada Mixed Phase

BM Betts—Miller Eta Mellor—Yamada Mixed Phase

KF2 Kain—Fritsch 2 Eta Mellor—Yamada Mixed Phase
PBL: Test of PBL parameterization (two domains, D1 and D2)

BT Grell Burk-Thompson Mixed Phase

MY* Grell Eta Mellor-Yamada Mixed Phase

MRF Grell NCEP MRF Mixed Phase
MPS: Test of microphysics parameterization (three domains, D1, D2 and D3)

WR Grell Eta Mellor-Yamada Warm Rain

SI Grell Eta Mellor—Yamada Simple Ice

MP Grell Eta Mellor—Yamada Mixed Phase

GG Grell Eta Mellor-Yamada Goddard Graupel

RG Grell Eta Mellor-Yamada Reisner Graupel

Sc Grell Eta Mellor—Yamada Schultz

* These two experiments are identical
D1, Domain 1; D2, Domain 2; D3, Domain 3 (90-, 30- and 10-km grid resolution, respectively, Fig. 1)

monsoon. The initial and boundary conditions for the three model domains are obtained
from NCEP’s final analysis (FNL) data sets with 1° x 1 horizontal resolution. The time
varying lateral boundary conditions are obtained at every 12 h interval during the entire
simulation period (i.e., from 1200 UTC June 2, 2007, to 0000 UTC June 6, 2007). The
model is integrated in a two-way interactive fashion. All model results are from 30 km
domain unless it is mentioned otherwise.

4 Results and discussions

In this study, totally 11 experiments were conducted to investigate the sensitivity of
simulated track, central sea level pressure (CSLP) and maximum wind speed (MWS) at
lowest model level (0.995 ¢ level) of the tropical cyclone Gonu-2007 to three kinds of
physical parameterization schemes (i.e., cumulus, planetary boundary layer and
microphysics).

4.1 Sensitivity to cumulus parameterization schemes

In this group, three experiments are carried out with the variation only in the cumulus
parameterization schemes. The convection schemes used are Grell (Gr), Betts—Miller (BM)
and updated Kain—Fritsch (KF2) in combination with Eta Mellor—Yamada (MY) scheme
for PBL and Mixed Phase (MP) scheme for cloud microphysics.

Figure 2a—d shows the model-simulated tracks, forecast track errors and intensity in
terms of CSLP and MWS of Gonu for the experiments obtained from aforementioned
convection schemes along with observed best fit track and intensity obtained from Indian
Meteorological Department (IMD), respectively. The forecast tracks (Fig. 2a) indicate
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Fig. 1 Model domains with 90-km (D1), 30-km (D2) and 10-km (D3) resolution. Contour shows terrain
height in meters

strong deviations from the observation. The observed movement of the storm is almost in
the north-westward direction throughout the integration period. The track obtained from
BM and KF2 experiments show northward movement initially and then recurved in north-
eastward direction after 48 h of integration. It appears that translational speed of the storm
is slower in the case of BM and faster in case of KF2 compared to observation. Throughout
the integration phase, Gr storm moves closely to the observed track (i.e., IMD) but with
much slower forward speed. This feature prohibits the landfall of the storm.

Figure 2b displays the time variation of track error of the storm in kilometers. It is clear
that throughout the integration phase Gr carries the least amount of error. In general after
30 h of model integration there is an increasing trend in magnitude of track forecast errors in
all the simulations. The average track error is 161 km, 382 km and 381 km for Gr, BM and
KF2, respectively. The time variation (6 h) of CSLP in hPa and MWS in m/s are displayed
in Fig. 2c and d, respectively, for this group of experiments. The results show that CSLPs at
the most intense phase of storm (i.e., 54th h of integration) obtained from the Gr, BM and
KF2 experiments are 980, 979 and 960 hPa, respectively. Correspondingly the storm’s
MWS are 30, 28 and 38 ms ™', respectively. At this most intense phase of the storm, the
observed CSLP and maximum surface wind recorded are 920 hPa and 65.3 ms™!,
respectively. The results indicate that the intensity of KF2 storm is somewhat close to that of
the observed intensity (i.e., IMD) but in general all the forecasts obtained from these
experiments have largely underestimated storm intensity. However, considering track and
intensity both in view forecast obtained from Gr scheme is relatively better in the group.

These results clearly demonstrated the profound sensitivity of cyclone’s track and
intensity forecast to the variations in cumulus parameterization schemes. Now we would
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Fig. 2 a Model-simulated tracks, b forecast track error, ¢ time series plot of central sea level pressure
(CSLP) in hPa and d time series plot of maximum wind speed (MWS) at the lowest model level for the
experiments with different convection parameterization schemes (CPS) obtained from the results of D2
along with IMD best fit track, CSLP and MWS data. The total duration of model integration is 84 h, with
integration started at 1200 UTC June 2, 2007. The time interval of track and intensity is 6 h

like to discuss some of the possible causes for these results. Figure 3a—1 represents 500 hPa
geopotential heights in meters (shaded) and wind direction (vectors) for each of these
experiments in the outermost mesh (90 km) and from the NCEP FNL reanalysis data
(1° x 1°). The first column (a—d), second column (e-h), third column (i-1) and fourth
column (m-p) represent NCEP, Gr, BM and KF2, respectively. First, second, third and
fourth row in Fig. 3 represent geophysical parameters at 24, 48, 72 and 84 forecast hours,
respectively. Analyzing the later part of the forecast (i.e., 72 h onwards), it appears that
strength of the eastward moving midlatitude trough to the north of the storm considerably
influenced the storm in KF2 and BM experiments and facilitating their respective progress
in north and north easterly direction. We also like to highlight that an intense storm such as
KF2 with a stronger trough interaction perhaps resulted in a much faster translational speed
of the storm than others. The combined impact of minimal trough interaction and stronger
southerly surge of winds at the mid-level appears to be facilitating the north-westward
movement of the storm in NCEP and Gr. In addition to this, it is evident that the horizontal
extent and strength of anticyclone formed west of the forecast tracks prohibits the west-
ward progress of KF2 and BM storms. However, the strength of the anticyclone formed in
Gr scheme is moderately weaker to facilitate the westward propagation of the storm. As far
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Fig. 3 a-1 Geopotential height in meters (shaded) and wind direction (vectors) at 500 hPa for CPS
experiments in the outermost mesh (D1 90 km) at 24, 48, 72 and 84 forecast hours

as forward speed of Gr is concerned, results indicate that joint influence of weak trough
interaction, anticyclone to the west and a less intensity of the storm might be responsible
for this slow propagation speed. These results clearly demonstrate the robust impact of
cumulus parameterization on the large scale environment.

Figure 4a—i displays the day 1, day 2 and day 3 accumulated convective rainfall (i.e.,
sub-grid scale) in mm for 24 h duration for each of the experiments. It is clear that BM and
KF2 are producing a lot more sub-grid scale precipitation compared to Gr. This large
amount of precipitation releases significant amount of latent heat and this provides a
positive feedback to the eyewall buoyancy and reducing pressure thus facilitates inflow and
intensification of the storm. Underestimation of grid scale precipitation in Gr Scheme
attributed to its systematic limitations in removing instability efficiently from the model.
We have also shown 24-h-averaged vertical cross section of potential vorticity (PV)
between 24 h and 48 h of integration across the eyewall of the respective storm core in
Fig. Sa—c. It is well known that PV is a good indicator for latent heat release, as latent
heating impacts its two principal components (i.e., absolute vorticity and static stability).
Therefore, rate of generation and destruction of potential vorticity also largely depends
upon magnitude and gradient of latent heating. Figure 5 elucidates the area and magnitude
of latent heat release from the vertical structure of upper tropospheric PV in the storm core.
We note that KF2 storm produced significantly higher latent heat compared to BM and Gr
scheme, therefore becoming the most intense storm. We would also like to underscore the
point that this immense release of heat in respective stimulations might have influenced
the necessary adjustments in large scale fields that directly affect the track forecast of the
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Fig. 4 a-i Convective rainfall (mm) accumulated in 24 h for day 1, day 2 and day 3 for CPS experiments in
D2

storm. From these results, it is evident that there are combination of important dynamical
factors working together to determine the path of the forecast track and propagation speed
of the storm. They are the intensity of the cyclone, strength of the anticyclone to the
west of the storm, southerly surge of wind and the strength of the prevailing trough to the
north of the storm.

4.2 Sensitivity to PBL parameterization schemes

This set of experiments comprises three experiments with variations only in planetary
boundary layer (PBL) parameterization scheme keeping the rest of the model configuration
unchanged. The PBL schemes considered here are Burk—Thompson (BT), Mellor—Yamada
(MY) and Medium-Range Forecast (MRF). Based on results in the previous section Gr,
MP and CCM2 schemes are used for cumulus, explicit moisture and radiation parame-
terizations, respectively, in the model along with the aforementioned PBL schemes.
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The forecast tracks and intensity for these experiments along with IMD observations are
presented in Fig. 6. Figure 6a, b represents forecast track and forecast track errors in
kilometers, respectively. Drastic variations in track forecast are not noticed up to 36 h
(maximum difference of track error is roughly 25 km) from these results. Significant
increases in forecast track error are found after 42 h, with MRF having the largest track
errors (greater than 400 km at 72 h of forecast). However, we do note more westward bias
in the forecast track of BT compared to others. The average track error is 168, 167 and
222 km for BT, MY and MREF, respectively. The forward speeds of the simulated storms
are significantly underestimated when compared to the observation; therefore, none of the
forecast tracks made a landfall during the model integration period. We also note that the
forward speed of the MY storm is relatively better in the group. The time variations in
the intensity of the storm for this group of experiments are shown in Fig. 6¢ and d in terms
of CSLP and MWS, respectively. It shows neither of the storm’s intensity matches with the
observed strength of the storm (i.e., 920 hPa) nor any of these storms is able to replicate
the rapid intensification phase of the storm. However, looking at the intensity, track error
and translational speed throughout the integration time duration, it appears that the forecast
produced from MY scheme is reasonably better compared to MRF and BT. It also suggests
that MY scheme not only produced but also sustained the high intensity of the storm
throughout the forecast duration.
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Fig. 6 a—d Same as Fig. 2 but for the experiments with different planetary boundary layer (PBL)
parameterization schemes

To elucidate possible causes of these results, we have presented snapshot of equivalent
potential temperature deviation (K) and time series of surface net heat flux (SNHF) in
W/m? in Fig. 7. Figure 7a—c represents layer-averaged deviation of equivalent potential
temperature at the most intense phase of the storm (i.e., 54th forecast hour). The equivalent
potential temperature is well recognized as a good indicator for analyzing tropical cyclone
intensity. This parameter represents the combination of both heat and moisture in a single
variable (Betts and Simpson 1987). The results in Fig. 7a—c suggest that maximum
warming for MY and BT schemes (20 K) is twice as high as MRF scheme (10 K). In
addition to the equivalent potential temperature, surface net heat flux (SNHF) in general
and latent heat flux (LHF) in particular are considered as principal source for energy of
hurricane intensification (Ooyama 1969; Riehl 1954; Palmén and Riehl 1957). These
surface fluxes (i.e., sensible heat flux and latent heat flux) maintain the cyclone thermo-
dynamically by transporting heat and moisture from ocean surface into the storm. So,
Fig. 7d displays the area-averaged SNHF (W/m?) of these storms during the entire inte-
gration time period. Here, the SNHF is the sum of surface latent heat flux (SLHF) and
surface sensible heat flux (SSHF). It is noted that the characteristic variations in SNHF are
well in correspondence to the cyclone intensity variations except for MRF. It is interesting
to note that even though the quantitative magnitude of SNHF in MRF scheme is almost
twice larger than that of BT and MY scheme (Fig. 7d); MRF storm strength does not
correlate well with its magnitude of variations in SNHF. We mainly attribute the cause of
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phase of the storm (i.e., 54th forecast hour) and d time series of surface net heat flux (SNHF) in Watts/m? for
PBL experiments obtained from D2

this inconsistency to the overestimation of surface fluxes tendency in MRF PBL scheme
due to large values of eddy exchange coefficient (Liu et al. 2004; Braun and Tao 2000) and
intense deep vertical mixing in MRF scheme which dries up the lower PBL leads to an
underestimation of the storm surface winds that reduce storm intensity (Braun and Tao
2000). As far as MY and BT schemes are concerned the pattern of storm intensity vari-
ations are somewhat replicated in their respective forecasts but magnitude of the storm
intensity is far lower than that of observations. Keeping our results in view, it is reasonable
to say that MY scheme performed better in the group. We have reached this inference by
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considering a combination of factors such as better forecast of track, translational speed
and variations in the magnitude of the storm intensity.

4.3 Sensitivity to cloud microphysics parameterization schemes

This group comprises six experiments elucidating the impact of different microphysical
parameterization schemes (MPS) on forecast track and intensity of the cyclone. The
explicit parameterization schemes are Warm Rain (WR), Simple Ice (SI), Mixed Phase
(MP), Goddard graupel (GG), Reisner graupel (RG) and Schultz (Sc). Here, we would like
to underscore that these simulations are carried out in a triply nested fashion with hori-
zontal resolutions of 90, 30 and 10 km. Based on previous results Gr, MY and CCM2 have
been included as cumulus, planetary boundary layer and radiation parameterization
schemes, respectively, for these experiments. All the results discussed here are obtained
from the inner most nest of 10-km resolution.

The forecast track and intensity of these experiments are presented in Fig. 8. In general,
the track forecasts of these storms (Fig. 8a) do not vary much except eastward biases in the
track of Sc and GG experiments. The time variation of forecast tracks errors are displayed
in Fig. 8b, which indicates that track error has been increased significantly (>150 km) after
60 h of forecast for all the experiments. Prior to 60 h of forecast GG gives the lowest error
most of the time with minimum error of 18 km at 18th forecast hour. During total
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Fig. 8 a-d Same as Fig. 2 but for the experiments with different cloud microphysics parameterization
schemes (MPS) obtained from D3
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integration period, average track error is 136 km, 134 km, 129 km, 145 km, 126 km and
180 km for WR, SI, MP, GG, RG and Sc, respectively. The forward speeds of the storms
obtained from all the experiments are much slower compared to that of the observed.
However, we do note an improvement in forward speed of the respective storms compared
to previous experiments (i.e., PBL and CPS experiments). Time variations of the storm
intensity in terms of CSLP and MWS are displayed in Fig. 8c and d, respectively. If we
look between 36 and 66 forecast hours, it is clear that storm rapidly intensified and then
slowly loses its strength; it is evident that the WR storm intensity is most close to the
observed intensification rate followed by MP and GG. Considering the forecast skills in
terms of track and intensity for the storm, it is clear that WR, MP and GG are the best three
in the group. Their respective CSLP (hPa units) are 956, 963, 968 and MWS (ms™ ! units)
are 44, 39, 40 at 54 h of forecast (i.e., most intense snapshot of the storm).

Figure 9a—c presents area-averaged vertical profiles of total water loading in g/kg units
at 24, 48 and 72 forecast hours. The total water loading includes cloud liquid water (CLW)),
rain water (RNW), ice (ICE), snow (SNW) and graupel (GRA). It indicates that strongest
storm WR has produced large amount of RNW and CLW in the upper troposphere
compared to MP and GG. The presence of more liquid in the upper troposphere for WR
storm is due to the absence of frozen hydrometeors such as ICE and SNW in the
parameterization scheme. It is interesting to note that there is a maximum of liquid
hydrometeors (mostly RNW) between 950 and 900 hPa in all MPS experiments except Sc
experiment. As the forecast hours increases, we note corresponding increase in magnitudes
of frozen condensate at the upper level as well as liquid hydrometeors at the lower level.
This indicates that the inter-conversion of hydrometeors is taking place through melting
process of frozen hydrometeors and this is mostly contributing to the increase in liquid
phase at the lower level. However, this feature is again not noted for Sc experiment. In
order to understand further the intriguing nature of the Sc experiment, we have plotted the
time series of domain-averaged vertical profiles of frozen (ice + snow + graupel) as well
as liquid (rain water + cloud water) hydrometeors for four experiments MP, GG, RG and
Sc shown in Fig. 10a—d, respectively (these four schemes have ice phase in it). These
figures will supplement our understanding on temporal evolution of hydrometeors
throughout the duration of model integration. From these figures, it appears that there is
good correlation between amount of frozen hydrometeors at the upper level and storm
intensification pattern. However, the most interesting thing, we note is for experiment Sc.
From Fig. 10d, it is conspicuous that the formations of liquid phase of hydrometeors (i.e.,
rain water) are substantially less throughout the forecast duration when compared to other
experiments. We also note that between GG and MP experiments, even though both have
similar quantity of rain water at the surface, the presence of more frozen hydrometeor
concentration in MP perhaps helping the storm to be stronger because of additional con-
densational heating contribution. In the case of Sc experiment, we noted a much delayed
(24 h later than observed) rapid intensification of the storm has happened (Fig. 8c). This is
perhaps due to large scale reduction in melting process which leads to reduction in cooling
tendencies in the storm core and at the same time gradual accumulation of frozen
hydrometeor might lead to more addition of condensational heating and because of this
combination storm rapidly flared up after 60 h of forecast and continued its intensification
unrealistically afterward. For RG experiment (Fig. 10c), it is clear that in spite of less
accumulation of frozen condensate (quantity and distribution) the formation of RNW
remains same compared to GG and MP experiments. This indicates that in the RG
experiment the cooling tendencies from melting and evaporation process are dominating
throughout the model integration duration. This might be resulting in a weaker storm.
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Fig. 9 a—c Domain-averaged vertical profile of integrated frozen and liquid hydrometeors (total water
loading) for all MPS experiments for 24, 48 and 72 forecast hours from D3. Units are g/kg

Based on these results, we attribute mainly two reasons for the maximum intensification of
the storm in WR experiment. First, due to the absence of physical processes such as
melting and evaporation of frozen hydrometeors (i.e., snow, ice and graupel) the cooling
tendency within the storm core has been significantly reduced (intense warming in the core,
figure not shown). Secondly, the total water loading in WR is lower when compared to MP
and GG (Fig. 9a—c). This reduction in water loading for WR further enhance the accel-
eration of updraft air parcel within the core facilitating influx of more moisture, heat and
momentum from the surface and leads its intensification. Overall, it is evident that because
of major differences in generation, dissipation and distribution of hydrometeors in each of
these explicit moisture schemes, their respective impact on storm intensity, track, pre-
cipitation and inner core structures are robust.
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from the D3. The units are g/kg

5 Summary and conclusions

Our result suggests physical parameterizations in MMS5 have large sensitivity on intensity
and track of cyclone Gonu. Here, an attempt is also being made to elucidate possible
mechanisms for this intensity modulation. The cumulus convection experiments (CPS)
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results suggest Gr scheme produced the best track and KF2 produced a storm with better
intensity. The impact of cumulus convection schemes on large scale environment is well
demonstrated from CPS experiments. The influence of midlatitude trough, strength of
anticyclone to the west of the storm and intensity of the individual storm appears to be the
main factors responsible for steering respective storm tracks obtained from these experi-
ments. There are two other issues we have highlighted in our CPS discussion; they are
precipitation and potential vorticity. The quantitative amount and distribution of these two
parameters are well correlated to the latent heat release in the storm. We have shown that
the intense storm such as BM and KF2 have produced large amount of precipitation and
potential vorticity compared to Gr. The quantity of sub-grid scale precipitation is largely
underestimated in Gr because of its systematic inefficiency to remove instability from the
model.

The results from PBL sensitivity experiments indicate that all the simulated forecast
tracks obtained have less track error compared to CPS experiments. The pattern of
intensification rate is somewhat reproduced for MY experiment up to 60th forecast hour in
the group. However, none of the experiment has achieved the observed strength of the
storm. We have investigated the area average of total surface heat fluxes (i.e., latent heat
and sensible heat combined) and deviation in equivalent potential temperature of the
respective storms. We note that even though there is higher rate of surface fluxes for MRF
compared to other experiments throughout the integration period it remains a weak storm
at least till 60th h of forecast. We attribute this kind of behavior pattern because of large
values of eddy exchange coefficients and deep vertical mixing in MRF scheme. We have
considered MY being the best in the group based on combination of factors such as track
errors, storm intensity and pattern of intensification rate of the storm.

Finally six more experiments are carried out to investigate sensitivity of microphysical
parameterization schemes (MPS) on cyclone intensity and track. We note a moderate
impact of microphysics on cyclone forecast tracks obtained from these experiments.
However, robust impact of microphysics on storm intensity forecast is evident. Results
clearly demonstrate that direct impact of explicit moisture schemes on storm track,
intensity, structure and precipitation. In this group the storm produced from WR experi-
ment is intense and somewhat close to the observed IMD estimates. We also note that WR
storm reasonably able to replicate the pattern of rapid intensification phase of the storm.
We have elucidated two possible mechanisms responsible for this intensification of WR
storm. These are absence of large scale melting and evaporation processes from frozen
hydrometeors (i.e., reduction in cooling tendency within the core) and less water loading in
WR experiment. One of the highlights of the MPS results is the substantial reduction in
rain water amount for Sc scheme throughout the forecast duration. Further studies are
warranted to elucidate and correct this kind of systematic deficiencies in the Sc micro-
physical scheme. Here, we would also like to underscore the point that performances of
microphysical schemes have a stronger resolution dependency. This set of experiments is
carried out at 10-km resolution, which is higher than the previous set of experiments (i.e.,
CPS and PBL), therefore positive impact of resolution increase to overall skill of the
forecast cannot be completely discarded.

In general, we note that model forecast track as well as intensity is more sensitive to
cumulus schemes than PBL and explicit moisture schemes. This strongly indicates that
choosing appropriate cumulus parameterization scheme in the model will greatly minimize
the errors in track forecast. All the intensity forecasts (in all groups) have a tendency to
intensify the storm even after 54 forecast hour (observed storm started weaken after 54 h)
this is possibly due to slow propagation speed of the storms which keep them over the
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ocean throughout the integration phase prohibiting landfall. We do agree that along with
model parameterization schemes there are several other factors responsible in a numerical
model for an accurate cyclone prediction such as horizontal resolution, coupling with
ocean, data assimilation, model initialization. We do understand that one case study might
not able to substantially support the findings; however, we strongly feel that findings of this
work will definitely supplement the current understanding of cyclone prediction (intensity
as well as track). In future, we would like to study the impact of CPS, PBL and micro-
physics sensitivity for couple of storms with different strengths.
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