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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

(MM5). 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 (&) � S. Pattnaik � P. S. Salvekar
Indian Institute of Tropical Meteorology, Dr. Homi Bhabha Road, Pashan, Pune,
Maharashtra 411 008, India
e-mail: medha_d@tropmet.res.in

123

Nat Hazards (2010) 55:211–231
DOI 10.1007/s11069-010-9521-x



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

MM5 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 MM5 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 MM5. 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 MM5, 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 MM5 (version 3.7) is used to carry out the sensitivity experiments

for this study. The MM5 is a nonhydrostatic model with a terrain following sigma vertical

coordinate system. Detailed description of MM5 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 r 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
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monsoon. The initial and boundary conditions for the three model domains are obtained

from NCEP’s final analysis (FNL) data sets with 1� 9 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 r 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

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)
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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-1, respectively. At this most intense phase of the storm, the

observed CSLP and maximum surface wind recorded are 920 hPa and 65.3 ms-1,

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

Fig. 1 Model domains with 90-km (D1), 30-km (D2) and 10-km (D3) resolution. Contour shows terrain
height in meters
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like to discuss some of the possible causes for these results. Figure 3a–l 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� 9 1�). The first column (a–d), second column (e–h), third column (i–l) 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

Fig. 2 a Model-simulated tracks, b forecast track error, c 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
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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. 5a–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

Fig. 3 a–l 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
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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.

Fig. 4 a–i Convective rainfall (mm) accumulated in 24 h for day 1, day 2 and day 3 for CPS experiments in
D2
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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 MRF, 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. 6c 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.

Fig. 5 a–c Vertical cross section
of 24-h-averaged potential
vorticity between 24 h and 48 h
of integration across the eyewall
of the storm core for CPS
experiments
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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/m2 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/m2) 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

Fig. 6 a–d Same as Fig. 2 but for the experiments with different planetary boundary layer (PBL)
parameterization schemes
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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

Fig. 7 a–c Snapshots of layer-averaged deviation of equivalent potential temperature at the most intense
phase of the storm (i.e., 54th forecast hour) and d time series of surface net heat flux (SNHF) in Watts/m2 for
PBL experiments obtained from D2
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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

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-1 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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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.

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
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5 Summary and conclusions

Our result suggests physical parameterizations in MM5 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)

Fig. 10 a–d Domain-averaged evolution of frozen hydrometeors (snow, ice and graupel) in shaded and
liquid hydrometeors (rain water and cloud water) in contours for experiment MP, GG, RG and Sc obtained
from the D3. The units are g/kg
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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.

Acknowledgments The authors wish to thank the Director, Indian Institute of Tropical Meteorology for
his encouragement and support. The authors gratefully acknowledge the NCEP for using their final
reanalysis data set and Mesoscale and Microscale division of NCAR for MM5, which is made available on
the Internet.

References

Anthes RA (1982) Tropical cyclones: their evolution, structure and effects. Meteorol Monogr Ser, Amer
Meteor Soc Boston. 19 41:208–209

Bayers HR (1944) General meteorology. McGraw-Hill, NY, p 645
Betts AK (1986) A new convective adjustment scheme. Part I: observational and theoretical basis. Quart J

Roy Meteor Soc 112:677–692
Betts AK, Miller MJ (1986) A new convective adjustment scheme. Part II: single column tests using GATE

wave, BOMEX, ATEX, and Arctic air-mass data sets. Quart J Roy Meteor Soc 112:693–709
Betts AK, Simpson J (1987) Thermodynamic budget diagrams for hurricane subcloud layer. J Atmos Sci

44:842–849
Braun SA, Tao W-K (2000) Sensitivity of high resolution simulation of Hurricane Bob (1991) to planetary

boundary layer parameterizations. Mon Weather Rev 128:3941–3961
Briegleb B (1992) Delta-Eddington Approximation for Solar Radiation in the NCAR Community Climate

Model. J Geophys Res 97(D7):7603–7612
Burk SD, Thompson WT (1989) A vertically nested regional numerical weather prediction model with

second-order closure physics. Mon Weather Rev 117:2305–2324
Davis CA, Bosart LF (2001) Numerical simulation of the genesis of hurricane Diana (1984). Part I: control

simulation. Mon Weather Rev 129:1859–1881
Davis CA, Bosart LF (2002) Numerical simulation of the genesis of hurricane Diana (1984). Part II:

sensitivity of track and intensity prediction. Mon Weather Rev 130:1100–1124
Deardorff JW (1972) Parameterization of the planetary boundary layer for use in general circulation models.

Mon Wea Rev 100:93–106
Dudhia J (1989) Numerical study of convection observed during the Winter Monsoon Experiment using a

mesoscale two-dimensional model. J Atmos Sci 46:3077–3107
Emanuel KA (1986) An air-sea interaction theory for tropical cyclones. Part I: steady state maintenance.

J Atmos Sci 43:585–604
Emanuel KA, Raymond DJ (eds.) (1993) The representation of cumulus convection in numerical models.

Meteorol Monogr Ser, Am Meteorol Soc, Boston, MA 46, p 246
Frank WM (1983) The cumulus parameterization problem. Mon Wea Rev 111:1859–1871
Grell GA (1993) Prognostic evaluation of assumptions used by cumulus parameterizations. Mon Wea Rev

121:764–787
Grell GA, Dudhia J, Stauffer DR (1994) A description of the fifth-generation Penn State/NCAR mesoscale

model (MM5). NCAR Technical Note, NCAR/TN-398 ? STR, p 117
Hong SY, Pan HL (1996) Nocturnal boundary layer vertical diffusion in a medium-range forecast model.

Mon Weather Rev 124:2322–2339
India Meteorology Department (2008) Report on Cyclonic disturbances over North Indian Ocean during

2007, RSMC-Tropical Cyclones, IMD, New Delhi, pp. 30–37
Kain JS (2004) The Kain-Fritsch convective parameterization: an update. J Appl Meteor 43:170–181
Kain JS, Fritsch JM (1993) Convective parameterization for mesoscale models: the Kain-Fritsch scheme.

The representation of cumulus convection in numerical models. Meteorol Monogr Amer Met Soc
46:165–170

Nat Hazards (2010) 55:211–231 229

123



Kessler E (1969) On the distribution and continuity of water substance in atmospheric circulations. Meteor
Monogr 10, No. 32, Am Meteor Soc, p 84

Kiehl JT, Hack JJ, Briegleb BP (1994) The simulated earth radiation budget of the NCAR CCM2 and
comparison with the earth radiation budget experiment. J Geophys Res 99:20815–20827

Kuo HL (1965) On formation and intensification of tropical cyclones through latent heat release by cumulus
convection. J Atmos Sci 22:40–63

Kuo YH, Bresch JF, Cheng MD, Kain J, Parsons DB, Tao W-K, Zhang DH (1997) Summary of a mini
workshop on cumulus parameterization for mesoscale models. Bull Amer Met Soc 78:475–491

Liu Y, Chen F, Warner T, Swerdlin S, Bowers J, and Halvorson S (2004) Improvements to surface flux
computations in a non-local-mixing PBL scheme, and refinements on urban processes in the Noah
land-surface model with the NCAR/ATEC real-time FDDA and forecast system. 20th Conference on
Weather Analysis and Forecasting/16th Conference on Numerical Weather Prediction. 11–15 January,
2004, Seattle, Washington

Lord SJ, Willoughby HW, Piotrowicz JM (1984) Role of a parameterized ice-phase microphysics in an
axisymmetric tropical cyclone model. J Atmos Sci 41:2836–2848

Mandal M, Mohanty UC (2006) Numerical experiments for improvement in mesoscale simulation of Orissa
super cyclone. Mausam 57:79–96

Mandal M, Mohanty UC, Raman S (2004) A study on the impact of parameterization of the physical
processes on prediction of tropical cyclones over the Bay of Bengal with NCAR/PSU mesoscale
model. Nat Hazards 31:391–414

Mellor GL, Yamada T (1982) Development of a turbulence closure model for geophysical fluid problems.
Rev Geophys Space Phys 20:851–875

Molinari J, Dudek M (1992) Parameterization of convective precipitation in mesoscale numerical models: a
critical review. Mon Weather Rev 120:326–344

Ooyama K (1969) Numerical simulation of the life cycle of the tropical cyclone. J Atmos. Sc 26:3–40
Palmén E, Riehl H (1957) Budget of angular momentum and energy in tropical cyclones. J Meteor 14:

150–159
Pattnaik S, Krishnamurti TN (2007) Impact of cloud microphysical processes on hurricane intensity, part 2:

sensitivity experiments. Meteorol Atmos Physics 97:127–147
Prater BE, Evans JL (2002) Sensitivity of modeled tropical cyclone track and structure of hurricane Irene

(1999) to the convective parameterization scheme. Meteorol Atmos Phys 80:103–115
Puri K, Miller MJ (1990) Sensitivity of ECMWF analysis forecast of tropical cyclones to cumulus

parameterization. Mon Weather Rev 118:1709–1741
Rao DVB, Prasad DH (2006) Numerical prediction of Orissa super cyclone (1999): sensitivity to the

parameterization of convection, boundary layer and explicit moisture processes. Mausam 57:61–78
Rao DVB, Prasad DH (2007) Sensitivity of tropical cyclone intensification to boundary layer and convective

processes. Nat Hazards 41:429–445
Reisner J, Rasmussen RJ, Bruintjes RT (1998) Explicit forecasting of supercooled liquid water in winter

storms using the MM5 mesoscale model. Quart J R Met Soc 124B:1071–1107
Riehl H (1954) Tropical meteorology. McGraw-Hill, NY, p 392
Rotunno R, Emanuel KA (1987) An air–sea interaction theory for tropical cyclones. Part II: evolutionary

study using a nonhydrostatic axisymmetric numerical model. J Atmos Sci 44:542–561
Schultz P (1995) An explicit cloud physics parameterization for operational numerical weather prediction.

Mon Weather Rev 123:3331–3343
Srinivas CVR, Venkatesan DV, Rao DVB, Prasad DH (2007) Numerical simulation of Andhra Severe

Cyclone (2003): model sensitivity to the boundary layer and convection parameterization. Pure Appl
Geophys 164:1465–1487

Tao WK, Simpson J (1993) The Goddard cumulus ensemble model. Part I: model description. Terr Atmos
Ocean Sci 4:35–72

Thompson G, Rasmussen RM, Manning K (2004) Explicit forecast of winter precipitation using an
improved bulk microphysics scheme: part I: description and sensitivity analysis. Mon Weather Rev
132:519–542

Trivedi DK, Mukhopadhyay P, Vaidya SS (2006) Impact of physical parameterization schemes on the
numerical simulation of Orissa super cyclone. Mausam 57:97–110

Wang Y (2002) An explicit simulation of tropical cyclones with a triply nested movable mesh primitive
equation model: TCM3. Part II: model refinements and sensitivity to cloud microphysics parameter-
ization. Mon Weather Rev 130:3022–3036

Willoughby HE, Jin H-L, Lord SJ, Piotrowicz JM (1984) Hurricane structure and evolution as simulated by
an axisymmetric nonhydrostatic numerical model. J Atmos Sci 41:1568–1589

230 Nat Hazards (2010) 55:211–231

123



Yang MJ, Ching L (2005) A modeling study of Typhoon Toraji (2001): physical parameterization sensitivity
and topographic effect. Terr Atmos Oceanic Sci 16:177–213

Zhang DL, Kain JS, Fritsch JM, Gao K (1994) Comments on ‘‘Parameterization of convective precipitation
in mesoscale numerical models: a critical review’’. Mon Weather Rev 122:2222–2231

Nat Hazards (2010) 55:211–231 231

123


	Impact of physical parameterization schemes on numerical simulation of super cyclone Gonu
	Abstract
	Introduction
	Brief description of super cyclone Gonu (2007)
	Numerical model and experiment design
	Results and discussions
	Sensitivity to cumulus parameterization schemes
	Sensitivity to PBL parameterization schemes
	Sensitivity to cloud microphysics parameterization schemes

	Summary and conclusions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


