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Introduction

POAMA (Predictive Ocean Atmosphere Model for Aulstais an intra-seasonal to
inter-annual climate prediction system based onpleali ocean and atmosphere
general circulation models (Alves et al., 2003)eTirst version (POAMA-1) was

developed jointly between the Bureau of Meteorol&gpsearch Centre (BMRC), the
former division of CSIRO Marine Research (CMR) atet Managing Climate

Variability (MCV) program. POAMA-1 became operata in October 2002. The

main focus for POAMA-1 was the prediction of Seaf&e Temperature (SST)
anomalies associated with El Nifio/Southern Osmihat

POAMA continues to be developed. A new version PGYMM was implemented in
the Bureau operations in June 2007, with real-tiorecasts produced from July
2007. POAMA-1.5 uses the same coupled model as GANPA-1 (with some
enhancements) and contains a new atmospherich#ralization system.

This paper summarises the POAMA-1.5 system an83§ skill performance based
on 10-member ensemble hind-casts over a 27 yeadpdro gain insight into skill
improvement in POAMA-1.5 an intercomparison withANDA-1 is also carried out.

POAMA 1.5

(a) The System

The POAMA-1.5 system is an interim version betwP€&AMA-1 and POAMA-2. It
uses some modules from POAMA-1 and new moduleslolese for POAMA-2. The
main modules in POAMA-1.5 that have evolved fromARMA-1 include the ocean
model ACOM2 (Australian Community Ocean Model versi2), the atmospheric
model BAM3 (the Bureau of Meteorology Research €@emtmospheric Model
version 3) and the OASIS2 (Ocean Atmosphere Se&ddeversion 2) coupler. These
modules include some re-tuning and improvements. i@yprovement is the inclusion
of stress/current coupling i.e. the windstress waton in the atmospheric model
takes into account ocean surface currents frono¢lean model. This change has lead
to smaller model SST biases particularly alongatpeatorial Pacific.

A major new component is an Atmosphere-Land Inz#ion (ALI) scheme. In this

scheme an atmosphere/land re-analysis (initial iiond for the coupled forecasts) is
produced by running the atmospheric model from 1880present forced with
observed SST (Atmospheric Model Intercomparisioajdet (AMIP) style). At the

same time the 3D atmospheric analyses is nudgepraeexisting analyses (e.g.
European Center for Medium range Weather Foregastih Years ReAnalysis,
ERA40), (Simmons and Gibson, 2000) in hind-cast-enod the Bureau Numerical
Weather Prediction (NWP) in real-time. The land face is left to adjust to
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atmospheric forcing. This allows the same land angosphere model to be used for
initialization and coupled forecasts and also aflovonsistency between real-time
forecasts and hind-casts.

The ocean data assimilation scheme is the sama&a &0AMA-1. It assimilates

temperature measurements into ACOM2 in the top ®B0@very 3 days. Current
corrections are then calculated by applying thesgephic relation to the temperature
corrections.

A comprehensive hind-cast set has been produce@i7fgears (1980-2006). Each 9
month forecast was initialized on thé&' flay of each month using a 10 member
ensemble. Each member’s atmospheric initial comditidiffer by taking 6 hourly
successive ALI analyses prior to the nominal dtare.

(b) Skill

In this section results from POAMA-1.5 (version l).%en member ensemble- mean
anomalies that cover January 1980 to December a8®@ised for skill assessment.
The model anomalies are formed by subtracting thedei climatology from
individual hind-casts. By doing this the anomale® supposedly bias-free. The
model climatology is defined as the mean of thedftasts over all 10 members and
over all 27 years for each initial month, calcuthtes a function of lead time. In the
following we define lead one month as the monthgamof the first month, therefore
the forecasts go out to a total lead time of nimatins. Verification data are from the
Reynolds Ol.v2 SST (Reynolds et al., 2002) from édelser 1981 onwards. Prior to
this they are from HadISST (Rayner et al., 2003).
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Figure 1. Nino3 anomaly correlation (left panel) and RMSoerfright panel), based on the ensemble
mean of 10 hind-casts each month from 1980-2008,fasction of lead time. POAMA-1.5 is shown in
solid green and persistence is shown in solid Téa: dashed lines on right panel show observed Nino3

SST standard deviation (0.96°C) in red and standidation from the model in green. The x-axis

shows forecast lead time in months.

Figure 1 compares the anomaly correlation (ACCI) skid root-mean-square (RMS)
error for Nino3 SST anomaly from POAMA-1.5 and frgrarsistence. POAMA-1.5
forecasts beats persistence at all lead timesambealy correlation is above 0.6 and
the RMS error is less than 0.8°C for all lead timdse correlations are even higher
for SST anomaly indices for the Nino3.4 and Ninedions (figures not shown). The
correlation of 0.6 is often used as a thresholdievdbr a forecast being useful. The
result in Figure 1 indicates that the POAMA 1.5 hasful SST prediction skill across
central to east Equatorial regions for lead timg$ou© months.

SST skill at lead time 6 months for the forecasis persistence is displayed in Figure
2. At this lead time POAMAL.5 skill clearly beatgrpistence almost everywhere
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within the tropical and subtropical Pacific and iamd Oceans. However, the forecast
skill varies regionally. The highest skill is inettcentral and eastern Pacific, with
POAMA values reaching over 0.7. This skill is mgialssociated with the prediction
of El Nifio/La Nifa. In the western Pacific there &wo distinct regions of skill with
correlation over 0.6: one near the Solomon Islamads, the other in the northwest
Pacific east of the Philippines. Elsewhere thd skitelatively lower, including in the
tropical Indian Ocean.

Figure 2. SST anomaly correlation at 6 month lead time fOARIA-1.5
forecasts (left) and persistence (right).

These results indicate that the new operational M®A.5 system has practical and
useful SST prediction skill for lead times up toeth seasons across large areas of the
tropical Pacific Ocean. Over the Indian Ocean skitm POAMA-1.5 beats
persistence but is lower than the skill level ia Bacific.

Comparison with POAMA-1

POAMA-1 was the first version of the POAMA modeldaits hind-cast period is
shorter (1987-2001). In addition, there is only dmed-cast ensemble member
available for POAMA-1. It is well known that simpipcreasing an ensemble size
improves hind-cast skill as the ensemble mean usllysa more accurate predictor
than individual ensemble members. To make compagsmpatible between the two
versions we restrict data from POAMA-1.5 to the satime period as POAMA-1,
i.e., use those hind-casts from 1987-2001 onlyaddition, to avoid ambiguity in
dealing with single member and multi-member hingteakill is assessed based on a
single ensemble member in this section.

Figure 3 summarises Nino3 SST anomaly correlatioii som POAMA-1 and
POAMA-1.5. The skill of POAMA-1.5 for all membererflead times up to 6 months
and most members for lead times up to 9 monthgiseh than that of POAMA-1. As
a result the skill averaged over the ten one-me+himet-casts (ie the average of the
skill of each member rather than the skill of tine@mble mean) of POAMA-1.5 beats
the skill of the one member hind-cast of POAMA-1 &l lead times, most noticeably
in the first five months.

The short-time period and single member ensembla POAMA-1 make it difficult
to obtain a reliable skill comparison. However,ceirNino3 skill in POAMA-1 is
lower than every single member (measured indivighaf POAMA-1.5 in the first 5
months, it is likely that the POAMA-1.5 skill imprement is statistically significant.
In addition, some aspects of POAMA-1.5 were cleariproved. For instance, better
defined atmospheric initial conditions in POAMA-1i6rough the use of ALI



BMRC Res. Lett. M. 8, Page 5

certainly has a positive impact on skill at shortntedium lead times. On the other
hand, the introduction of ocean current feedbackurface wind-stress calculation
could be another factor influencing skill at meditonlonger lead times by reducing
model SST biases. This is indeed the case as theébiaS in POAMA-1.5 is smaller
than POAMA-1 (figure not shown).
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Conclusion

This paper describes the new POAMA-1.5 system, sasseits forecast skill
performance for SST, and compares skill with thieraversion POAMA-1.

The results demonstrate that SST skill measureghbynaly correlation from the new
system is higher than 0.6 up to 9 months lead twer a large part of the equatorial
Pacific Ocean. This conclusion is based on 10 merhb®l-casts initialized every
month over 27 years, and therefore can be consigexdighly robust.

The comparison with an early POAMA-1 version suggésat the skill improvement
in the new version is the combined result of imgaynitialization and improved
coupling physics. This reinforces the notion thathwcontinuing efforts into the
development of better data assimilation and betierate models, seasonal prediction
skill will continue to improve.

The POAMA-1.5 system shows higher skill for EI NiB&T, even when looking at
individual ensemble members. Furthermore, the ndw iAitialization scheme for

atmosphere and land provides a buffer between tinedad’'s NWP system and
POAMA and between ERA40 and POAMA. The real-timeefasts are therefore
much more consistent with the hind-casts and tls¢ery as a whole will be more
robust.
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Gravity Wave Drag Parameterization in a Single Colmn Test-bed
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Introduction

Vertically propagating gravity waves (GWSs) transfieomentum and energy to the
upper levels of the atmosphere. The momentum faposdition of GWSs is responsible
for the reversal of the temperature gradient instin@tosphere (Andrews et al., 1987).
It also plays an important role in driving the gtlaignnial oscillation in the tropics

(e.g., Manzini and McFarlane, 1998; Scaife et2l2) and dynamical driving of the

equator to pole residual mean meridional circufat{glaynes et al., 1991). The
horizontal scales of these waves are too smalletadsolved by current general
circulation models (GCMs). Hence, their effects pegameterized to obtain more
realistic simulation of the atmosphere. Numerouseolmational studies (Allen and

Vincent, 1995) have led to the development of s@vparameterization schemes
based on different physical regimes. Parameteoati orographic GWs with zero

phase speed was developed first (Palmer et al.6)12d more recently,

parameterizations have been developed which ragresatinuous spectrum GWs
(e.g., Hines 1997a, b; Warner and Mcintyre 199@vefal spectral schemes have
been tested in comprehensive GCMs (e.g., Manzial. £1997; Scaife et al., 2000).

In this paper we attempt a more physically realigtarameterization of GWs by
coupling the effects of an orographic scheme withr@ad spectrum scheme. We
intend to show that the effects of coupling the thifferent GW schemes are different
from physically adding the effects of waves frone thwo different regimes. Three
GW schemes are studied in a quasi single columrehimased on the architecture of
the Unified Model (UM) (Swinbank et al., 1998). &stription of the model is given
in the next section

The first scheme is the UM’s orographic GW sche@®&Q) where, wave drag is
applied up to 23 km and a Rayleigh friction schéRAY) is applied from 36 km to
the model top (Gregory et al., 1998). The secohgrse is based on the premise that
GWs have a continuous broad spectrum and is callmppler Spread
Parameterization (DSP) following (Hines, 1997a, e third scheme extends the
DSP scheme to a more physically realistic schemehatouples the orographically
driven GWs in the UM with the broad spectrum wawédhe DSP scheme. This
scheme is based on (Hines, 1997b) where, the eftéthe orographic waves are fed
back into the broad spectrum waves and they camtisly interact with each other.
Detailed description of the treatment of the orpgia GW is given in the next
section. In this study, this last scheme is callled Coupled Interactive Broad
Spectrum and Orographic (CIBO) scheme (Hines, 1997b

Experiments

The quasi-single column test bed has nine gridtpas shown in Figure 1. It has a
staggered Arakawa-B horizontal grid and uses hybriessure-sigma coordinates
with 55 levels. The test bed is set up in this ptdeesolve orographic features in the
grid.
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Figure 1. Horizontal grid structure of the quasi single wwin
test bed depicting the position of variables.

In the present work, only a selected part of thedeharesponsible for GWD
parameterization is incorporated in the test beal.c@rry out idealized test cases,
realistic values of background wind and temperapuodiles (Swinbank and O’ Neill,
1994) are used in the test bed and are kept canstaughout the experiment. The
wind and temperature profiles were varied to regmes westerly phase of quasi-
biennial oscillation (QBO) and mid-latitude wintend summer (see figures 2 and 3).
A preliminary experiment was conducted using theOQREind profile to find out the
most effective launch height of the broad spect@W's. The results showed that
when the waves are launched from ground, they degosnore momentum and
energy at the model's uppermost level than whery thee launched from the
tropopause. When the waves are launched from thaelsosurface, the net zonal
momentum flux transported by the GWs is negative &nite just above the
tropopause. This negative momentum flux facilitateseleration of the mesospheric
winds. Whereas, when the GWs are launched frontrtp@pause itself, the value of
momentum flux is zero just above the tropopause smdhere is a substantially
weaker damping of the mesospheric winds. In thé geshe cases the GWs were
launched at 750 m above sea-level in accordandeth& UM's GW launch height.
In this paper only the winter mid-latitude reswte shown in detail.

Figure 2. Zonal wind velocity (m/s) profile of a typical wexdy phase of QBO, a mid-latitude
summer hemisphere profile and a mid-latitude wihtmisphere profile

Figure 3. Standard profiles of meridional wind (m/s), BV fuegcy (1/s) and temperature (K)
used in the test-bed.



BMRC Res. Lett. M. 8, Page 9

To create orographic features in the test-bed, UBandard orographic data is
introduced in only one, grid-point of the test-bedich is the central grid point. In
our case an elevation of approximately 5000 m @05% and the surrounding points
are 500 m in height. In addition to this, the effeta low mountain of altitude 1200
m was also studied. It should be noted here thatgiocess simply simulates the
effect of orography and gives an indication of thagnitude of forcing on one grid
point. Also, when the schemes are incorporatechenUM, the forcing values are
comparable to the values seen in the test-bed {@zathyay, 2003).

To simulate the coupling of orographic waves toadrepectrum waves, the stress and
orientation of the orographic waves near ground atéed to the broad spectrum
stress and orientation. Hence the spectrum launitbedthe ground in CIBO already
has a spectral imbalance unlike the DSP schemaddiition to this, the effects of
“hydraulic jump’ and ‘lee waves’ (Webster, 1997 also fed back into the scheme.
The GW induced winds contribute significantly te thackground wind in the CIBO
scheme. Here, the waves dissipate when the roonh megaare values of winds
induced by the waves is comparable to the horizopitase speed of the wave
spectrum. This process of dissipation of GWs in@tBO scheme is different from
the UM’s GW scheme where the orographic waves depusnentum and energy to
the background wind when they satisfy a “saturatemime’ (Webster, 1997). The
UM'’s scheme works from the surface to 23 km ughmdtmosphere.

The experiments are designed in the following arder
- The UM’s GWD scheme, ORO+RAY, is compared with B8P scheme.
The UM'’s orographic part of GWD scheme, ORO, iseatldo the DSP
(DSP+0ORO) and is compared with ORO+RAY and DSP
The coupled broad spectrum and orographic scheiB&) & compared with
DSP and DSP+ORO

The DSP, ORO and CIBO waves are all launched fiarsame height, which is 750
m above ground. The total RMS wind speed associaitdl the broad spectrum
waves at launch height for DSP and CIBO is set4t4.ms-. The horizontal wave
number of broad spectrum waves in DSP and CIBOvisngby 6.7x1¢ m* and the
minimum vertical wave number for the spectrum i83810* m™. The adjustable
parameters ; = 1.5 and , = 0.4. In addition to these experiments, the t&&IS
wind speed associated with the broad spectrum waweshe minimum vertical wave
number for the spectrum have also been variedufung. It was found that the GW
forcing obtained by using the presented valueshetd parameters compared best
with the published literature e.g., Manzini et(@RQ97) and they are typical of broad
spectrum GW scheme following (Hines, 1997a, b).

Results, Discussion and Conclusion

Results presented in this section are profiles aientum flux and drag due to GWs
on the test-bed. The profiles have been calculateeach grid-point and results from
only one grid point are presented here. The drafjles are calculated on the wind
points and then interpolated back to mass poirtts. Zonal momentum flux profiles
for the experiments, CTL, DSP, DSP+ORO and CIBCesuts are shown on the left
column of Figure 4 and the zonal acceleration @mwshon the right. It should be
noted that the values of momentum flux and accebteran Figure 4 changes only
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with the dissipation of GWs. The larger the valugls momentum flux and
acceleration, the stronger the damping of the backgl wind.

Figure 4. (a) Zonal Momentum flux (fPa) in ORO+RAY, (b) zonal Acceleration (m/s/day) in

ORO+RAY, (c) zonal momentum flux ¢1®a) in DSP, (d) zonal acceleration (m/s/day) ifFDS

(e) Zonal Momentum flux (f@Pa) in DSP+ORO, (f) zonal Acceleration (m/s/daypPiSP+ORO,
(9) zonal momentum flux (£@®a) in CIBO and (h) zonal acceleration (m/s/dayCiBO

The results for the case of a typical mid-latitudimter hemisphere wind profile
indicate that although there is a significant antooh damping produced by
ORO+RAY in the troposphere (below 10 km), the damggroduced by ORO+RAY
in the upper stratosphere (above 40 km) is much despared to DSP, DSP+ORO
and CIBO. DSP+ORO not only produce the same damipirthe troposphere, the
magnitude of acceleration is far stronger in thepeupstratosphere and lower
mesosphere (approximately 60 km) compared to OROARMote that momentum
flux value for ORO+RAY above 23 km is zero (Figuta) as the UM's GWD
scheme only extends up to 23 km and then is regllbgeRayleigh friction scheme.
Also, the vertical profile of the momentum flux DSP+ORO scheme, Figure 4(e, f)
is different from the one in DSP, Figure 4(c, & tlae momentum flux due to ORO is
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added to the DSP. A resultant acceleration in th@opause in addition to the
acceleration in the upper stratosphere can be etbtmwing to the orographic
acceleration in DSP+ORO, which is nonexistent irPDS

Results obtained using a typical mid-latitude sumheamisphere wind profile shows
that the zonal momentum flux was not strongly d#dcby the introduction of
orographic waves, see Figure 5. Furthermore, clsimgthe height of orography does
not significantly affect the CIBO GW momentum iretmesosphere in the presence
of a mid-latitude summer hemisphere wind profild@@opadhyay, 2003). Although
there is a change in momentum flux at the tropopausCIBO, its effect is not seen
in the GWD profile (Figure 4). This is because #teosphere is denser at that level
and the zonal acceleration of the wind is indigeptloportional to the density of the
atmosphere. The results indicate that in the poesefimountains the CIBO spectrum
becomes predisposed to instability due to coupbhghe orographic component
(Hines, 1997b). As a result when the CIBO wave meacthe upper most model
levels, its strength reduces considerably and toelaration produced by it is weaker
than that of DSP. In another experiment using Hmeswind profile but with a low
mountain height, Figure 6, it was found that the G@¥ctrum starts dissipating at a
lower level compared to the case with a high maantghis is due to the relatively
weaker orographic spectrum generated by the lowntatu as compared to the
higher mountain

Figure 5. Zonal momentum flux (Pa) and acceleration (m/gfdtaIBO using
typical summer hemisphere wind profile

Figure 6. Zonal momentum flux (Pa) and acceleration (m/gfdtaIBO using
typical winter hemisphere wind profile in the prase of a low mountain

The wave dissipation process in ORO and CIBO schame “hydraulic jump’ and
‘lee waves’ to produce the bulk of the troposphéamping (Gregory et al., 1998). In
the lower stratosphere, damping is produced byturation regime’ in ORO, which
is not physically realistic as it dumps all the wa\at the tropopause (approximately
10 km). However, in the CIBO scheme, there is agahdamping of wind from the
lower stratosphere to the model's upper most |eMeis process of wave dissipation
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leads to weaker damping of wind at the model’s uppest levels in CIBO compared

to DSP, but stronger damping at the same leveBRO+RAY. Similar phenomenon

has also been observed in the UM when the scheraescarporated and as a result,
CIBO has produced more stratospheric sudden wasmimgnorthern hemisphere
winter than DSP+ORO. The effect of the CIBO schesngreatly pronounced in the

middle atmosphere in the presence of a winter \pirodile than with a summer wind

profile (Chattopadhyay, 2003), which has also bdisoussed by (Osprey, 2001).

It can be concluded from this study that the eff#fctoupling is different from the
effect of physically adding the ORO and the DSPessh In DSP + ORO, broad
spectrum and orographic waves individually prodommentum flux and damping.
But a more physically realistic approach to accoiamtboth broad spectrum and
orographic waves is to couple them. When the wavesoupled, they interact with
each other and their evolution and eventual diisipas different from when they are
added. Also, the CIBO scheme is more physicallyigé@ because the orographic
waves and the broad spectrum waves are not treafgarately but the effect from
one is continuously fed back into the other. Tadgtthe effects of DSP+ORO and
CIBO in a GCM, the schemes are implemented in tihé Results from those
experiments will be presented in another paper.
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Introduction

In Australia state government agencies have redpbtysfor the management of a
large percentage of forests and other remaininyen&egetation. The type of land
tenure (multiple-use forestry in state forestsuretconservation and recreation in
national parks and other conservation areas) hkardetermines the management
strategy followed. State legislation concerninge fiprotection and emergency
response in rural areas requires that agenciesdedire in their land management
objectives. By utilising controlled fires, ignitechen fuel and weather conditions fall
within prescribed limits (i.e., prescribed burningyencies seek to achieve a variety
of objectives including fuel hazard reduction andest regeneration. The scale of
prescribed fires ranges from the very small, sighraas adjacent to high value built
assets, to the extremely large, where aerial ineeed can ignite thousands of
hectares in a single day.

To assist in the management of smoke from prestrimerning operations, the
Australian Bureau of Meteorology (the Bureau) pde& smoke dispersion forecasts
to fire agencies and land managers. The initisddasting system was developed over
several years as part of a joint Australasian Frehorities Council-Bureau of
Meteorology research project to assist in planrpngscribed burns that began in
2001. Subsequently, the establishment of the Breshfo-operative Research Cehtre
has allowed further refinement and developmenthefdystem, with an ultimate goal
of providing quantitative forecasts of particulated gaseous pollutant levels found in
smoke. The system currently produces twice daitgdasts based on the operational
Numerical Weather Prediction (NWP) forecasts ihiged at 00 and 12 UTC for all
states of Australia and the Northern Territory.e firimary intended audience is land
managers undertaking prescribed burning operatibogever, the system has also
been applied to wildfire and hazardous substancielents. The smoke dispersion
forecast system comprises output from the HYSPL§pa&rsion model (Draxler and
Hess. 1997) that utilises gridded meteorologicputa from the Bureau’s mesoLAPS
(Puri et al. 1998) suite of numerical weather prediction med&raphical output,
together with some additional text provided by ldéareau forecasters, is delivered
to users via a series of restricted-access (padsprotected) web pages. The smoke
forecast system, including a number of case studsesl for model validation, is
described in detail in Wain and Mills (2006).

Smoke dispersion forecasts have been availablalfioost five years. While informal
feedback has generally been positive and therdoéas continued liaison with end-
users, no formal performance reporting processhieas in place. Recently a survey
was undertaken to gain end-user’s perceptions wécusystem performance, and to
ascertain their needs for training, additional jicid or changes to current products.
This paper describes the results of that survey.

! http://www.bushfirecrc.com
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Survey methodology

The user survey was designed as an interview,dblerbetter interaction between the
researchers and the respondents, and easy preseraatl discussion of additional

information such as graphical displays. A good famrk for an interview process

assessing the role and usability of forecasts megwonal context is discussed in
Pulwarty and Redmond (1997). The present surveysied on a single-sector (smoke
management), but the consequences of smoke dexcisem potentially impact a

variety of stakeholders including business, transpion, agriculture and the general
public.

The survey consisted of 42 questions, and thevilei®s took between 1-1.5 hours to
complete. The interviewees consisted of 16 endsusar various levels of
responsibility from the three states (Victoria, masia and Western Australia) with
the longest experience in using smoke forecastsudin sixteen individuals is a small
sample, it was not intended to analyze statistidatrence from the survey, but rather
to assess the utilization of the forecasts andriehte user information needs. The
survey focused on five aspects of information zaifion:

1. Usefulness - what decisions were being made andtihewmoke
forecasts were included in the decision-making @sec

2. Requirements — awareness of regulatory standardsrfoke and
particulate concentrations, forecast accuracy requspecific
information needed for decision-making.

3. Standards - acceptable levels of forecast accucaitgria for
accuracy, definition of “accurate”.

4. Other needs - how components of the smoke foregattm could
be improved, training, utilization of additionalrécast
information.

5. Barriers to use — forecast adequacy, potentiallictsto usage,
and forecast value.

There was deliberate redundancy built in to soméefquestions, where much the
same information was asked in different sectionshefsurvey in order to see if an
alternative or more considered response was gamnediifferent context.

Interview results

Usefulness:

The degree to which forecasts are considered vigumgbland and fire managers will

determine the ultimate success or failure of thelsdispersion forecast system. To
be useful, a forecast must aid decision-making. Simoke managers interviewed
strive to minimize all potential impacts of smokeaddition to meeting ecological or

commercial objectives by burning. Managers nedaktaware of potential impacts of
smoke within their areas of responsibility so theg able to properly apply the

information contained in a smoke forecast, miningsiany adverse effects. In

surveying respondents about potential impacts,oresgs such as health, visibility,

receipt of public complaints and economic effecerevreceived. Smoke managers
have considerable accountability since too manyigifmpact smoke events could

severely impact support for a prescribed burnffiv@nagement program. Safety can
refer to both health and hazard - road, aircraftl amarine transportation was
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specifically mentioned as potentially impacted Ioyoke. Direct economic impacts
can include a disruption of transportation, the cedimg of public events and
diminished tourism. Agriculture is another potahlyi impacted area. For example,
there have been a number of recent complaints ist&ke Australia that smoke is
reducing the grape quality in vineyards.

Managers are utilising the smoke forecasts in thkeicision-making process. All
respondents interviewed have used the smoke fase@wl nearly two-thirds (62%)
use them on a daily basis during the prescribediibgrseason. The primary
judgment made, based in part on the smoke foreisast,burn or not to burn. Smoke
forecasting was seen by 62% of those surveyed ampartant part of decision-
making, while 81% said the forecast influencedrtleicision-making. The value of
the smoke forecasts is seen as enhancing or reimfpidecision-making, which
effectively means supporting a decision towardsciwlother management priorities
are leaning. The timeliness and accuracy of fatscare also seen as valuable by
nearly all of the managers.

Requirements

Fine smoke particulates have been identified asgoeasily ingested into the human
respiratory system (Kolbe & Gilchrist, 2007). A@dia’'s National Environmental
Protection Measures (NEPKMprovides national guidelines for levels of parétes

in air. Most, though not all, respondents were awaf the NEPM guidelines for
particulates smaller than 16 (PMyg), and strive to meet this guideline. Similar
guidelines for even smaller particles will likelgddbme of greater concern in the near
future. Several respondents also reported addltiemaronmental constraints set by
state based agencies that they endeavour to meet.

All respondents desired high forecast accuracyrgihe importance of the decisions
being made based upon these forecasts. For exammerespondent noted that
delaying a late season silvicultural burn until thext burning season may have a
ripple effect on subsequent forestry operationsthe entire length of the forest

rotation period. Specific information indicated the respondents as a requirement
include:

Plume rise/height - Meteorological elements
Transport/trajectory paths o wind fields
Dispersion forecasts 0 inversion height
Concentration value forecasts o mixed layer depth
Background residual smoke o time that sfc inversion is replaced
concentrations - Forecast confidence

Standards

The interviewees defined accuracy as agreementebatthe shape and arrival time
of the observed smoke plume, and the smoke forg@cadticed by the model. This is
not a quantitative assessment of accuracy, but gudlitative in that the observed
smoke plume refers to a coarse visual sightindnefsimoke, and then relating this to
geographic location on the forecast map. To elardgent, this becomes a perception
of how well the smoke forecasts are performing.isTperception may be further

2 http://www.ephc.gov.au/nepms/nepms.html
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enhanced if the burn is carried out successflllgsed on this qualitative perspective,
all respondents agreed that the smoke forecasts ewerently accurate enough for
operational use.

Despite this vote of confidence, users identifiediuember of situations when the
smoke forecast model was prone to inaccuracy. Lavdspeed periods, mesoscale
wind circulations (e.g., sea breeze) and trough enmmant were recognised as
conditions when the forecast could not be reliednujp accurately reflect the path of
smoke transport. These instances are known probfemshe numerical weather

prediction model and the subject of active research

Questions regarding uncertainty from a standardspeetive were given. All
respondents desire forecast uncertainty informatmrbe provided by a Bureau
forecaster either via a text product or by phorsewlsion. This is a human-construed
forecast confidence statement from the forecaatber than a quantitative probability
statement. However, a high percentage of thoseegadv(81%) said they would use a
probability-based smoke forecast if provided. Tppraaches of Draxler (2003) or the
use of NWP ensembles as input to a number of alieendispersion forecasts could
also be employed. The current forecast lead-tinde2@ hours prior to burning) and
forecast interval (hourly) were both consideredisgattory by all respondents;
however, the ability to produce a longer-lead fastcup to four days, was indicated
as a desirable planning aid.

Other Needs

Respondents were asked how the provision of additi¢unspecified) information
would change their usage of smoke forecasts. Timerge response was that the
forecasts were already sufficiently valuable soubkage would not change. However,
50% also said having additional information mayré&ase their confidence in, or
improve their understanding of, the forecast.

Scientific studies of meteorological impacts on keavere considered by 81% of
respondents as adding to forecast credibility. uskrs would like Bureau forecasters
to provide some indication of their uncertainty abthe model forecasts either during
a phone link up in the morning briefing prior taght-up”, and/or by providing
additional interpretive text on the web pages. sTis currently not done on a
consistent basis.

Barriers to use

Lack of formalized training in the use of the smdrecasts was clearly identified as
a barrier to use, and many respondents deemeddiilalde assistance to be less than
adequate. This shortcoming was also identifieghaas of the users “other needs”.
Access to forecasts and the distribution of forecasconsidered to be adequate by a
large percentage of users (87%). A similar nunat®o believe that the forecasts in
their current form are sufficiently accurate to uegularly (see above). Most of the
respondents indicated that there were no significaconsistencies that made the
smoke forecasts difficult to use on a regular basis

The majority of respondents indicated that an ustdeding of past forecast
performance is important, as is the quantitativefigcation of the forecast system.
The latter is particularly valued as proof of theestific basis of decisions made
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using the smoke forecasts, providing a defensikelestbn-making process. These
respondents also noted that having quantitativéfiesaion information would be of
value, but there was clear recognition of diffie8t in acquiring quantitative
observations of smoke concentrations. Measurenantise spatial distribution of
smoke concentrations are not taken as part of mesicribed burns, though key
receptor locations (e.g., population centres) mayisually monitored for potential
impact. However, the respondents indicated thaantjative forecast skill
information would not necessarily increase useffidence in the product, but would
rather provide supporting evidence for its usefsdéne A large number (81%) of
respondents indicated that demonstrating the valuesmoke forecasts is very
important, particularly as they also noted thateotbperational and political factors
can readily outweigh the smoke forecast in thesi@etmaking process.

While 62% of respondents find the current informaticontent of the forecasts
adequate, nearly half of the respondents indicatetksire for additional forecast
information. This information is extremely usefidr product improvements and
further strengthening the relationship between tégearch and decision-making
communities. The respondents provided a nhumbasugfestions for enhancements
to the operational product suite, including:

More descriptive forecaster comments.

Users considered contact with the Bureau forecastebe an important part of
the smoke forecasting — prescribed burning proceBs.minimise the use of
what is a finite resource (i.e., forecasters’ tinftejvas suggested that more
information could be provided as a text commenthenweb page.

Accounting for smoke persistence into the nextdase

Current forecasts assume a clean airshed at thenoeg of each forecast.
Many fires are not extinguished in one day and iooet to generate smoke.
Under calm conditions residual smoke can remaithe area of the original
burn for several days. Model changes to accountefsidual smoke would be a
highly desirable improvement; burners typically eimsider residual smoke in
their decision-making process.

Height of smoke plume.

Current forecasts use a fixed plume height of Iis@fres for the initial plume
rise, which is not always a correct value (see exsenples in Wain and Mills,
2006). Users asked for a more dynamic plume hesgktification. Such a
system is already under development, and a newallyrvarying plume height
will shortly be included in the operational foretsas Further options for plume
rise specification will continue to be developed.

Direct link with other meteorological information.

At present users must visit several web pages tairolall the meteorological
information they require. These are currently hioked to the smoke page.
Ultimately, a display system that provides all bé trelevant meteorological
information and the smoke forecast as GIS layeseén as desirable.

The current method of information access and tistion was rated as adequate. The
current displays were considered adequate for ysé% of those questioned, but a
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number of display enhancements were also suggeast@dyticular 3-D (volumetric)
displays being favoured.

Discussion and Conclusions

The overall impression received from the interviesvés that the smoke forecasting
system is fulfilling a basic need and is genergiyforming well, but there were a
number of areas that could be improved upon. Oearchrea users identified as
requiring attention was training in the use aneérnptetation of the smoke forecasts.
Overall there is very little smoke forecast assisgaor training directly available

within the organisations. Many users were awarehef modular training course

available on CD, but not all had reviewed it inalletTo enable proper use of the
smoke forecasts, the training modules need to beaated and more widely

distributed. The recent inclusion of this trainimgpdule as a web-link should make
this process easier. A formal method of smoke mamagt training, incorporating

the training module content, is currently undenactievelopment.

The smoke forecasts are already considered to bhighf value by users. No
additional information is needed to change usa@igpagh the additional training
identified above should broaden the effective bsese. New related scientific studies
will improve and support decisions, and providecadion to other associated parties
including politicians and the public. Implementatiof NWP model improvements as
they become available should (hopefully) addressmies@f the situations where
forecast shortcomings have been identified.

Expert assistance is desired via discussions vatbchsters. This occurs in most
states, but not always in a formal framework. Buréaecasters involved in smoke
and fire weather forecasting should be able to ideoadvice and guidance in a
consistent manner. Currently, the burners typicadigtact the forecaster; however, it
might be desirable for a forecaster to participate formal conference call discussing
the burn implementation and day’s activities. TWill require the development of a
suitable policy framework, forecaster training appropriate resource allocation. It
is also recognized that the forecaster’s timefigite resource, and the publication of
some more universally applicable comments regariregweather elements on the
smoke forecast web pages could be mutually beaéfici

Information on the vertical distribution of smoke also desired. Many users
expressed a desire to be able to view a 3-dimealsiperspective of the forecast
smoke plume. Current display methods cannot satis$yneed, so new methods must
be found. Users have suggested Google Earth assbj® solution, and a recent
update of the HYSPLIT program has included thiam®&utput option; however, there
is a still a large amount of development work reggiibefore this can provide the
desired degree of information. The use of a ganmeimgine as a spatial visualization
tool has potential application for smoke forecas®sich a product is being developed
by the CRC for Spatial Information (Stoek al, 2005), but this application will not

be readily available for some time.

The likelihood of increasingly more stringent reggoly requirements for biomass
burning byproducts, particularly fine particulateshe PM2.5 range, means there is a
demonstrable need for quantitative smoke forecastsle using an atmospheric
chemistry transport model. Unfortunately, the eioiss, fuel accumulation and
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vegetation data required for the development ofiantjtative emissions model is as
yet unavailable for most of the country. Obtainiihgs information is perhaps the

biggest obstacle to the continued development ®@fsthoke forecasting program. In
addition, quantitative verification of such conaaetibn forecasts is problematic.
Aerosol sampling points are sparsely located, Wguralmajor cities away from most

prescribed burning locations, while the resolutadnremotely sensed satellite data
close to the ground is poor. How this data deficyecan be rectified is as yet unclear.

This smoke management user survey has provideda deal of information about

the use of smoke dispersion forecasts by land nemeag Australia, the values placed
upon the products and the improvements that amérezljto better satisfy user needs.
The response from users was very gratifying andrigledentified the path ahead.

This is in no small part due to the close involveia the users in the initial project

planning. Indeed, one strong theme identified & ¢bntinuing need for close links

between developers, forecasters and practitionerensure that smoke forecasts
continue to provide excellent guidance that istputffective use by a well-informed

user group.
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Abstract

The covariance in space and autocovariance in ¢ifvse=a surface salinity (SSS) in the
Indian Ocean is derived from daily mean fields frima BLUEIlink ReANalysis version
2.1. In particular we separate these relationsinfosseasonal/interannual and mesoscale
signals. The relationships are used to assessdiguacy of the current and proposed
observing systems for salinity to produce analyffesalinity and to constrain salinity in
an ocean prediction system. Ocean circulation feum-mesoscale through to climate
scales responds to the spatial and temporal vitjabf both temperature and salinity.
Ocean salinity also plays an active role and i®w ikdicator of the global hydrologic
cycle. The Indian Ocean has very prominent souegions such as the Bay of Bengal
(32 psu) and the Red Sea (44 psu) providing importontributions to the total
circulation of this basin. This paper briefly debes a study that aims to provide a better
understanding of the spatial and temporal scaleseaf surface salinity in the Indian
Ocean from a mesoscale resolving ocean reanalysis.

Introduction

The circulation and distribution of salinity is theast observed and most poorly
understood ocean state variable with a wide rafigewces and sinks. Ocean salinity
varies mainly due to precipitation and evaporatiorer inputs in to the region, saline
discharge from semi-enclosed seas and gulfs ange brejection from sea-ice
formation. The Indian Ocean has very prominent @®uegions such as Bay of
Bengal (BoB) and the Red Sea providing importamtrdoutions to the overall
salinity. BoB has river inputs from five of the ais 50 largest rivers (Brahmaputra,
Ganges, Irrawaddy, Godavari and Mahanadi) (Dai Bmehberth, 2002) and is also
subject to an immense amount of fresh water influg to heavy precipitation (~2 m
yr) (Prasad, 1997). In contrast, the Arabian Seasléresh water (~1 m ¥ through
intense evaporation (Prasad, 1997) and receivdsdalinity water from the Red Sea
and Persian Gulf. This imbalance combined with $seasonally reversing ocean
circulation of the basin makes the Indian Ocearindégresting area to study ocean
salinity.

A major constraint to the study of sea surfacengglis poor spatial and temporal
coverage of observations. In fact about 27% of degree squares in the ice-free
oceans have never been sampled for SSS (Bingham @002). The Argo program
has already revolutionised our understanding ahisalhaving recently introduced a
global ocean observing system of ~3000 automatid @filing floats that routinely
samples salinity below the surface. The Europeaac&pAgency is scheduled to
launch the Soil Moisture and Ocean Salinity (SMQ#&¥sion in 2008/09. This
mission will provide 10-30 day average of remotysed Sea Surface Salinity (SSS)
data with an accuracy of 0.1 psu at 20000 km horizontal resolution (Font et al.,
2004). There have been a number of studies addgettse scales of SSS variability
(Delcroix et al., 1998, Henin et al., 1998, Croaimd McPhaden, 1999 and Delcroix et
al., 2005). The majority are concentrated on theifltaOcean. In this paper we
outline some properties of SSS variability scatethe Indian Ocean using daily mean
fields from the BLUElink ReANalysis version 2.1 (BRI2.1; Schiller et al., 2008).
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Data and Methods

BRAN2.1 daily mean fields, which span 14 years frb®93-2006 were used in this
study. The reanalysis resolves eddies in the re@d180E, 60S-10N at a resolution
of 0.1°" 0.1° and is eddy permitting in the remaining partsh&f tndo-Pacific oceans
at a resolution of 0°90.1°. To estimate the decorrelation scales, we apjpdyvgpass
spectral filter to the data, in order to separhermesoscale and the seasonal signals.
Auto-covariance analyses were done at every poitite spatial domain and temporal
decorrelation scales were calculated by measun@@15 cutoff, which is found to be
consistent with the results of Gille and Kelly (899To find the spatial decorrelation
scale, we used the conventional correlation caefftccalculation for a particular
point with all other points in the spatial domaifhe closed contour for the 0.5
correlation coefficient was then fitted to an edkp(Fitzgibbon et al., 1999). This
elliptical fitting enables us to calculate the tea size, anisotropy and orientation of
SSS spatial correlation at a subset of points.

Results and Discussion

(a) Time decorrelation scales

Figure 1 shows the time decorrelation plots. Mdshe mesoscale variability is in the
4-14 day range, with a clear separation along 9@Edwan which separates the zonal
resolution. This is a model artefact where Rosshyes and eddies transition from
eddy resolving to eddy permitting and have highpatial scales and slower
propagation speeds leading to increased time edioel This is apparent in the
middle latitude as Rossby wave propagation is wastwrom higher resolution to
coarser. Close to the equator such transitionsnatevisible, which is due to the
increased Rossby radius of deformation being resbin coarse grid regions. The
seasonal time correlation is mainly concentrateénd around the 100 day mark.
There are some patches of longer correlationsdrAtitarctic circumpolar region, the
equatorial region and some places in the Philipdea. These high patches are the
combined effect of various model adjustments bysigggnt salt increment,
precipitation-evaporation (pme) and climatologiestoring (figures not shown). The

Figure 1. Time decorrelation of SSS in the Indian Ocearaysd
(a) the mesoscale signal (b) the seasonal signal
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equatorial wave guide, where Rossby and Kelvin wataé&e about 2-3 months to
traverse the Indian Ocean (Prasanna Kumar et28l00), is also clearly seen in the
seasonal plot. This shows that the model is ablgaduce Rossby and Kelvin wave
signatures even in the SSS data, further work easobe in this regard.

(b) Spatial decorrelation scales

The ellipses in Figure 2 represent the size ofiglpeaariability of SSS in the Indian
Ocean. In the Arabian Sea, most of the mesoscatarés in SSS are in between the
10 degree and 20 degree latitude band. The highitgaiater coming from the Red
Sea plays a major role in this region. The equaltsggion shows larger correlated
structures as expected, because of the equataiad guide. The coast of Arabia also
shows large structures, even though the East AraBiarent is strong during the SW
monsoon period. In the Bay of Bengal much of thalsstale features are found in
the Andaman Sea and along the coast of Taiwansitadler structures in this region
are the results of heavy river runoff (advectiord docal), a large amount of
precipitation and the strong mesoscale respons¢hdéee sources. The size of
correlation structures increases towards the eqaatt around the Sri Lankan coast.
The SW Indian Ocean behaves much like the Atlaatid Pacific, with high sea
surface salinity found in the subtropical region end evaporation exceeds
precipitation. This subtropical region is of higlesoscale activity with an extension
towards south Madagascar. The Agulhas region, wiki€amous for its eddy activity
and strong currents (Wilhelmus et al., 2004) i atkaracterised by small SSS
correlation structures. In the SE Indian Ocean pba can clearly see the change of
size of SSS structures along the 90E meridian, wsntlall structures to the east of it
where the model is eddy resolving. The subtropiegion of this plot shows very
high eddy activity, but towards the equator andaP&egions the spatial structures
become larger. Contrary to the high amount of pitation in the Indonesian region,
SSS correlation structures are quite large and bwydue to its semi-enclosed
topography.

Conclusion

Most of the mesoscale variability in the Bay of Bah the Indonesian Through Flow
and off the west coast of Australia have time detation scales less than 10 days.
This will limit the relative impact of SMOS on assiation as reduction of
observation errors to the order of 0.1 psu requsigsaificant temporal and spatial
averaging. Spatial correlation analysis shows ssulle features in the Bay of
Bengal, off the Taiwan coast of the South China, 8#athe west coast of Australia
and in the Agulhas region. The small features lodf Taiwan coast are speculated to
be difficult to resolve in SMOS data because ofatsnparatively coarse spatial
resolution and the contamination of data from aasfluences (Sonia et al., 2007).
There are significant errors in many of the soummiefeshwater. For example river
discharge is poorly metered at the river mouthscipitation from NWP models has a
very low level skill. Control of errors in sea sagé salinity in the BLUELink Ocean
Model Analysis and Prediction System (Brassingtbrale 2007) is performed by
restoring to a climatological mean that also cansagnificant errors. SMOS therefore
may still reduce the errors in analysis and premflictsystems and increase our
understanding of sea surface salinity. The regiovith long seasonal time
decorrelations will also be constrained once SM@ta decome available.
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Figure 2. Spatial maps of fitted ellipses in (a) ArabiamSeNW Indian Ocean (b) Bay of Bengal — NE
Indian Ocean (c) SW Indian Ocean and (d) SE Indiaean.
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Abstract

Forecasting wind fluctuations for the purposesasfig grid integration of wind farms

is an active research area. While Numerical Wed®hnediction models cannot be used
to capture the highest frequency variability, tmegy still be of considerable value in
predicting lower frequency variability. The aim &iis project was to assess the
amplitude of mesoscale variability in the Bureamssoscale models, and to assess the
applicability of using the spatial kinetic energyestra calculated directly from NWP
wind fields as a tool for forecasting temporal windriability. The work was
undertaken as part of an Australian Greenhousee®f#ponsored project to develop
forecasting tools for wind farm applications.

Introduction

MA-LAPS (Mesoscale Assimilation Local Area Predicti System) is a mesoscale
model that has been recently developed in BMRC. IWRS differs from the
Bureau’s previous generation mesoscale model, M&BS!. in that it is initialised by
its own data assimilation cycle performed at itBuearesolution of 10km. In contrast,
MesoLAPS is initialised by interpolating the 37.5kiPAPS analysis to the
MesoLAPS resolution of 12.5km.

MA-LAPS has been quantitatively shown to providerenaccurate forecasts than
MesoLAPS (eg. Vincent et al. 2008). By inspectiohtilme series at a single
gridpoint, the observation can be made that MA-LA&pearsto exhibit higher
frequency variability than MesoLAPS, and that ferththis variability seems to be
realistic. An example is in

Figure2, where the MA-LAPS forecast is not only bettenthiae MesoLAPS forecast
in terms of amplitude and timing of the main feagyrbut also appears to realistically
capture some high frequency variability in the :®md speed.

Figure 2. Timeseries plots of the 48 hour 10m wind foreaaitiied
20070608 O0UTC at two locations.



BMRC Res. Lett. M. 8, Page 28

The above observation that MA-LAPS forecasts conteatures at higher resolution
is largely qualitative. The purpose of this invgation is to attempt to quantify the
spectral power of the MA-LAPS model output, and cmmpare it with that of

MesoLAPS. MA-LAPS will also be compared with CLAP&e 37.5 km model in

which it is nests. The analysis technique will them applied to the problem of
forecasting wind variability, using the conjectutbat spatial variability in

wavenumber space should reflect the temporal viéitiakat a single point in

frequency space.

Spectral representation of atmospheric Kinetic Enegy

Universal spectral energy density functions fordvand potential temperature were
derived from aircraft measurements from a largéd fegudy of over 6900 aircraft

flights by Gage and Nastrom (1986). Their resultidated a spectral slope of around
-3 for scales greater than 700 km, and of -5/3skales less than 500 km. They
compared their observational results, which wereasueed in the spatial domain
(taking account of the Doppler shift due to aircmn@iovement) with earlier studies

which showed similar results for temporal data mess at a single point in space.
Their results confirmed that, using a Taylor transfation, frequency and

wavenumber spectra can be seen as good approxmmatioone another. In the

context of the present study, their conclusionamigg wavenumber and frequency
spectra suggest that the spatial variance of thé>NWwd field may be used as a tool
for forecasting the temporal variance at a poioatmn.

Several recent studies have emphasised the valusiraj spectral representation of
mesoscale models as a diagnostic tool. For exarBgmarock (2004) used spectra
of kinetic energy density to study the relativectps energy at high frequencies in 22
km, 10 km and 4 km versions of the Weather ReseanchForecast (WRF) model,
and found that the slopes of model spectra matatlesely with results from
observational studies such as that of Gage andrdwagtl986). Skamarock (2004)
discussed the 'effective resolution' of mesoscaldets as the resolution at which the
spectra tailed off and diverged from observed alu¢e found that for the WRF
model, an effective resolution of X could be identified, wherex was the model
grid spacing.

Fourier Transforms of Model Fields
Model spectra were calculated using a two dimerdi@iscrete Fourier Transform.
Given a two dimensional wind fieldi = (u(x, y,t),v(x,y,t)), the two dimensional
discrete Fourier transform at times:

u(mn,t) = (u(mn,t),v(mn,t))

where
N-1 -2pxnM-1 - 2pym
umn,t)=—— e N e M u(xy,t), Equation 1.
n=0 m=0
N-1 -2pxnMm-1 - 2dym
vimnt)=—— e N e M v(xy,t)
n=0 m=0

Then the kinetic energy per unit mass of the fieldpectral space at tintés:
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E(m,n,t) =%(u(m, n,t)? +v(m, n,t)z) , Equation 2(Zdunkowski and Bott 2003, p. 328-332)

Since this expression is a two dimensional fiel#ioétic energy at timg summation

over shells of constant wave-number radiz+m?+n? yields a one dimensional
relationship between kinetic energy per unit mass wave-number at timie(Figure
2).

\/ﬁ:k+Dk
E(k,t) = n l(u(m, n,t)2 +v(m, n,t)z), Equation 3(as in Denis et al. 2002)
vm?+n? =k 2

Figure 3. Schematic of an
integration element over a constant
wavenumber radius.

A window function using polynomial segments to regliboth the model field and its
first derivative to zero at the domain boundaries\applied to raw model data prior
to calculating the spectra, as shown in Figure 3.

Figure 4. Window functions applied
to raw model data prior to
calculating the Fourier Transform.

Results

Kinetic energy spectra for analysts{0) arid the 24 hour forecast(24) 10 m wind
fields are presented here for three versions ofBheeau’s LAPS model: CLAPS,
MesoLAPS and MA-LAPS. The specifications of the medee summarised in Table
1. The results described here use the pre-operatiesearch versions of CLAPS and
MA-LAPS, but these systems have since become opeaht
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The kinetic energy spectra for the four models waleulated for a 14 day period 3
January 2007 to 16 January 2007 over the domaioatet! in Figure 3. In each case,
the spectra are calculated up to the Nyquist wagghefor the relevant model; 75 km
for CLAPS, 20 km for MA-LAPS and 25 km for MesoLAP$he plots (Figure 4)
compare spectra for the model pairs MesoLAPS-CLAM3;LAPS-CLAPS and
MesoLAPS-CLAPS respectively.

Table 1.Three versions of the LAPS suite used in this éxjee.

Model Name Resolution Initial Conditions Vertical Status

Levels
CLAPS 37.5 km Assimilation at 37.5 km 61 Researg@i@tional
MA-LAPS 10 km Assimilation at 10 km 61 Research/@pienal
MesoLAPS 12.5 km Interpolated from 37.5 km 29 Operational

operational LAPS mod&l

The following observations may be made from Figure 4

1. At low wavenumbers, all three models show alepes which agrees with the
observed value.

2. CLAPS shows a slight transition to a shallowleps at high wavenumbers in its
24 hour forecast but not in its analysis. MA-LAR®WSs a transition to a shallower
slope of nearly -5/3 in both its forecast and ralgsis. MesoLAPS shows no sign of
a transition to a shallower slope.

3. MA-LAPS shows nearly identical spectral power lath its forecast and its
analysis fields, while both CLAPS and MesoLAPS shmwpectral deficit at high
wave numbers in the analysis and ‘spin-up’ spegoater during the forecast. We
see that at wavelengths greater than about 400kene tis a sharp decline in the
CLAPS spectra compared to that of MA-LAPS. Thisug do the digital filter that is
applied to CLAPS in order to filter out fast moviggavity waves from the analysis.
The digital filter integrates the model backwards &rwards in time, damping the
high frequency signals at each time step (Kaln@932p. 195). It is clear that in the
24 hour forecast, CLAPS has regained the variamaewas removed by the digital
filter, and shows the same spectral density as M®E up to its Nyquist
wavelength. It is interesting to conjecture thaicsi the -5/3 slope disappears with
digital filtering, then the apparent ‘transition feesoscale’ portion of the spectrum is
actually due to gravity wave activity. Alternatiyglit may illustrate that the higher
resolution data assimilation of MA-LAPS has allowedo capture some realistic
mesoscale variance in its analysis.

4. The effect of the false spectral signal introdud®y the interpolated initial
condition of MesoLAPS is evident in the bump in taealysis spectra past the
CLAPS Nyquist frequency.

3 LAPS is the operational predecessor to CLAPS. LARS at the same horizontal resolution as
CLAPS; the main difference between the two models the improved assimilation of satellite data
that has been implemented in CLAPS (Tingwell eRaD8).
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Figure 4. Kinetic Energy Spectra Comparing
a) MesoLAPS and CLAPS b) CLAPS and MA-LAPS and
¢) MA-LAPS and MesoLAPS

Increase in spectral power — forecast ‘spin-up’

As shown in the previous section, CLAPS and Meso®&AdXhibit greater spectral
density at high frequencies in the 24 hour forededtl than in the analysis field.
Figure 5 shows the analysisF= 6,t = 12,t = 18, andt = 24 spectra for CLAPS,
MesoLAPS and MA-LAPS. The plots show that CLAPS guargs to increase in high
wavenumber variability for at least the first 18uh® of the forecast. In contrast,
MesoLAPS achieves most of its forecast ‘spin-upthe first 6 hours of the forecast,
after which the variance does not increase furtAsrdiscussed above, MA-LAPS
shows nearly identical spectral power in its anialgsd forecast cycles due to its high

Figure 5. Model spin-up for CLAPS, MesoLAPS and MA-
LAPS.
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resolution assimilation and absence of digitakfilig. It is likely that the increased
number of vertical levels also explains some of difeerence between MesoLAPS
and MA-LAPS. The differences between model spin-@ps not conclusively
understood, and would be an interesting area ti¢uinvestigation.

Application to Wind Farm Variability Forecasting

Since we have observed tki#® section of the spectra to be in reasonable agreemen
with observed mesoscale spectra, it is logicalsBume that the amplitude of the -5/3
sloping part of the spectra contains useful infdramaabout the mesoscale variability.

To test this hypothesis, a square of 120 by 120pgiids (that is, 12 or
approximately 1200 km square) was defined surroygndiwind farm monitoring site
in coastal Victoria. The spatial 10 m MA-LAPS windlfl was extracted hourly for a
17 day period, and the degree of mesoscale vatjabhs determined by integrating
the spectra between the wavelengths 90 km and Bs0@tkeach hour. This range of
wavelengths falls within Orlanski’'s (1975) defioitis of meso- scale (20 km - 200
km) and meso- scale (200 km — 2000 km). According to that cliésaiion, the
meso- scale includes thunderstorms, internal gravity eg\clear air turbulence and
urban effects, while the mesoscale includes nocturnal low-level jets, squalk$,
inertial waves, cloud clusters, and mountain akd @isturbances.

An example of a 10 m wind speed field from MA-LARSshown in Figure 6, with
the wind monitoring site shown by the red dot. THedhy time series was created by
integrating the mesoscale wavelengths for 408disldhilar to that shown in Figure 6.

Figure 6. Sample
instantaneous wind field:
120 grid point box
surrounding a wind
monitoring site (red dot in
centre).

The mesoscale variability from the spatial fieldsswermalised by the mean wind
speed, and compared with a 3 hour moving standandatibn of 10 minute
observational data. The two curves are shown inrEigu Note that the mesoscale
kinetic energy has been divided by an approprieddirgy factor in order to co-locate
the two plots on the vertical axis.

It is reasonable to compare these two quantitiesesa 3 hour period corresponds to a
wavelength of about 110 km, from Taylor's hypothesssuming a representative
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wind speed of 10 s Taylor's hypothesis implies that the temporaliaton seen at
a single point is due to the spatial variabilitytths being advected past the point
(Mizuno & Panofsky 1975). It relies primarily ondds (circulations) moving with
the mean flow, and we do not suggest here that ave perfectly relate spatial
variance to temporal variance at a point, partityléor longer wavelength features
which will certainly undergo deformation and amighition or decay as well as
advection as they approach the wind farm site. Hewedhe comparison between the
forecast spatial variance and the point observatibiemporal variance yields a
correlation of 0.5, and from this one can see thiage out of the four major peaks in
wind variability during the 17 day period have bégentified. There is clearly useful
information about the variability of the wind beirmgptured by NWP spatial wind
fields.

Figure 7. Normalised Kinetic
Energy for mesoscale
wavelengths (90-500km) and
the observed moving standard
deviation of wind speed (3
hour window). Data points

are calculated hourly for a 17
day period.

The calculation was repeated for an elevated sitéSW with complex topography.
The results here were less successful, with a ediwal of only 0.3. It is suggested
that at this site there was more influence of ph&gea occurring outside the effective
resolution of the model. Another possibility is thine spatial fields contain a
significant base level of variability due to thgpégraphy around this elevated site.
The topographically-induced variability (i) makesdrder to detect variability due to
atmospheric dynamics and (i) will be unrelated teanporal variability at an
individual location because the variability dugdpography will be fixed in space.

The information that is contained in the spatial NYi#ds should also exist in an
NWP derived time series of wind speed at a singlmtp- that is, the spatial or
temporal model output should contain the same &eBgy signal. The benefit of using
a spatial field is that it does not need to beastad at any great frequency in order to
determine a high wavenumber (corresponding to higlguency) measure of
variability. Although the measure of spatial vadarwas extracted only hourly, it was
representative of variability over shorter peridgsrther, the benefit of this technique
Is that it uses a great deal more data than a demes based on a single site, which
should result in greater statistical stability.

Conclusions

This paper has described the technique of calcgldtinetic energy spectra from
NWP fields, and showed results of applying the mégpie to three versions of the
Bureau’s LAPS suite that vary in initialisation ahdrizontal and vertical resolution.



BMRC Res. Lett. M. 8, Page 34

The results suggest that the high resolution dagengation of MA-LAPS, the most
recent version of the Bureau’s Mesoscale modetisi¢a better representation of the
variance at high wavenumbers in the analysis fi€lte reasons for the apparently
better performance of MA-LAPS when compared to M&d®S in the 24 hour field
are not entirely clear, but are likely to be dudhe better analysis and the increased
number of vertical levels.

The mesoscale kinetic energy of the model has asa bhown to be a useful tool for
forecasting wind variability at a point location. i¥hnteresting result both helps to
validate that the model is in fact capturing sormetaurologically realistic variance at
high wavenumbers, and points to a useful technafusind variability forecasting,
particularly for applications that are highly séi& to short-term fluctuations, such
as wind energy prediction.
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Abstract

Oceanic upper mixed layer heat content is thoughplay a role in the dynamics of
tropical cyclones (TCs). Hurricane studies in thelf®f Mexico have shown ocean-
atmosphere feedbacks regulate storm intensity tfrosariations in surface heat fluxes
(Hong et al., 2000). An investigation of the role upper ocean heat content and its
relationship to tropical cyclone (TC) intensity time Australian region has not yet been
carried outSSTalone has been shown to be a poor indicator ofnstiotensity (Holland,
1997). The use of coupled ocean-atmosphere modelluiricane or tropical cyclone
(TC) prediction has led to improved forecasts of in@nsity (Bender and Ginis, 2000;
Bender et al., 1993; Schade and Emanuel, 1999)o\N&eg mesoscale (~10-100 km
scales) variability of the upper ocean is importamtprovide an adequate dynamical
boundary layer that conditions appropriate feedbawchanisms to the atmosphere
(Jacob and Shay, 2003; Wu et al., 2005). Ultimaielg air-sea fluxes that govern the
thermodynamic equilibrium and these are not welllaratood in extreme conditions
(Bao, et al., 2000). In this study, we use the beatlable estimate of the pre-storm upper
ocean state, from the BLUEIlink Reanalysis (BRAN2d3jtaset, to determine the
potential available heat content to all recordedsTid the Australian region,
corresponding to the reanalysis period (1998-2086)ch intensified to category 4 or 5
on the Saffir-Simpson scale over the deep oceais.sthdy addresses different measures
of upper ocean heat content (OHC) and how useéyl fotentially are for understanding
the ocean’s role in TC intensity in the Australiegion. We also investigate a measure of
OHC related to TC induced mixed-layer depths. Sgrizetween TC intensity and
different measures of upper OH@uring TC intensification phase, are studied. The
results are mixed and not conclusive for all cagadied here, however, there are some
indications of positive correlations between T@irgity and various measures@ifiC.

Introduction

Large scale climatological factors that contribtwethe formation and support of
tropical cyclones (TCs) include warm SSTs usuallywab®d’C and a relatively deep
oceanic mixed layer, large low-level cyclonic albselvorticity, low vertical wind
shear over the disturbance, mean upward motiorheyidmid-level humidities (Gray,
1968; DeMaria and Kaplan, 1994; Dare and David2004). Once formed, however,
the existence of a TC depends mainly on supply efgnfrom the ocean through
surface latent and sensible heat fluxes (Bao g2@00). Most TCs that move over
land rapidly decay due to increased boundary lagear and diminished surface heat
fluxes. TCs frequently reintensify when moving bacit to sea.

Tropical cyclones leave behind wakes of cold surfaager resulting from turbulent
entrainment of cooler water into the mixed layehg® and Chang, 1997). This
cooling has an important feedback on TC intensitg, degree to which is partly
determined by TC translation speed (Ren et al., RODde difference between the
change in heat content before and after a TC hageg@asd surface heat fluxes can be
used to estimate the heat energy a TC derives fnenad¢ean. The ocean heat content
OHC of the upper layers of the ocean has been showarious case studies to be
more relevant for the ocean’s role in tropical oyd intensity tha®STalone (Bender
and Ginis, 2000; Hong et al., 2000; Leipper andgéahu, 1972). Hurricane Opal
(1995) dramatically intensified when passing oveegion of anomalously higpHC
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in the Gulf of Mexico, although the cause of it¢emsification is still a matter of
controversy (Shapiro and Moller, 2003).

The northern Australian region experiences aboutd#cal cyclones per season with
about 40% making landfall (Dare and Davidson, 2004 most active months for
TCs are from December to March. Additional to thesnly the Austral summer it is
also the period when the South Equatorial Curredtladonesian Through Flow are
active in transporting heat into the Coral Sea amatth-east Indian Ocean
respectively. In all category 3-5 Australian regiwopical cyclone cases the lowest
central pressure (LCP, less than 970 hPa) was \@¢litever the ocean (Dare and
Davidson, 2004). The role of mesoscale ocean vétiabn the process of TC
intensification in the Australian region remainsminvestigated.

OHC is usually quantified from the surface to eith@edl depths or isotherm depths
and is a relative measure requiring the use ofexeece temperature. In the case of
using isotherm depths, the isotherm temperaturerbes the reference temperature
and the isotherm depth the reference depth. A idefinof OHC thought to be related
to tropical cyclone intensity is tropical cycloneat potential TCHP). This is used
widely in various ways (Law and Hobgood, 2007; @and Uhlhorn, 2003; Bao, et
al., 2000; Leipper and Volgenau, 1972) with varialegrees of successCHP is
defined as the heat content between the surfacehandepth of the 26 isotherm.
The arbitrary reference to Z6 comes from the fact that many studies have shown
that tropical cyclones do not form at, and are sugiported bySSE less than 2&
(eg. Emanuel et al., 2004). All of the TCs examinedklsatisfy this and frequently
exceed this criterion. An issue WITICHP is that very warm shallow layers can have
the sameTCHP as very deep isothermal layers slightly abovéC2énd a TC will
possibly respond differently to these differentreg@s. We expect the depth to which
a TC drives vertical mixing that brings cooler waiethe surface and the underlying
thermodynamic properties of the water are probatibye important as a guide to the
potential energy a TC can derive from the ocean.

Figurel. Tropical cyclone case studies used in the analysis
Colour scale represents normalised intensity farte@C track.
Circles represent starting locations.
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The stable stratification of the ocean ensuresfdedback from the ocean is always
negative, however, the rate of surface coolingegaconsiderably, being controlled by
variations in vertical temperature gradients amabiity of the surface stratification.

Various measures of heat content, defined in thet section, calculated from
BRANZ2.1 (Okeet al, 2008; Schilleet al, 2007) for ten TC case studies (Figure 1) are
shown in Figure 2. This illustrates the variety aothplexity of possibilities and the
fact that it is not clear which measures@HC, if any, are the most appropriate to
use. The measures HC50, HC100 and HC200 use unidepth levels and these
would probably be inappropriate since tropical opels may possibly ‘feel’ OHC to
storm dependent depths. As an alternative, thehdeggd in an OHC measure could
be specified from an analysed TC wind field. This hed OHC would be calculated
with a spatially varying depth that matches theeex@d ocean layer of influence.

Figure 2. Pre-storm SST, ocean heat content measures ai@iso depths for TC case studies from
BRAN2.1HC2(0°,HC26° — OHC between surface and’20& 26°C isotherms respectively (HC26
same as TCHPHC50mHC100mHC200m- depth-averaged OHC between surface and 50,100 &
200 m depths respective20,D26— depth of 28 & 26°C isotherms respectively.
Units: OHC (kJ crif) SST(C), isotherm depths (m)

This idea is used in this study is to evaluatdC based on estimating TC induced
mixed-layer depths and to differentiate the relalips between this measuf&HP,
SSTon TC intensity using ten tropical cyclone casdalistiin the Australian region.
The cases are selected based on TCs reaching catlegoBy on intensification phase
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occurring over the deep-ocean, and availability eglchbility of ocean reanalysis
data.

Data and Methods

The TC cases we use are shown in Figure 1. AlthougEde&Cwas not strictly in the
Australian Region, it is included because it iswoented as being the most intense
southern hemisphere TC ever observed. TC Ingrid sifited three times during its
life, however, only the first intensification, whioccurred over the deep ocean in the
Coral Sea, is used in this analysis.

Best track data from the Joint Typhoon Warning @@ TWC) is used. This consists
of time, geographic location of TC centre, maximumarspeed (based on 1 minute
means), central pressure, ambient pressure, eyh amd radius of last closed isobar.
Time resolution is 6 hourly. One disadvantage imgishe JTWC dataset is that it
contains frequent discontinuities and is relativedyv precision, which tends to
introduce scatter into the results. This may pogsiBlimproved by time interpolation
and curve-fitting, however, we decided for thetfeppproach here to use the original
data. Maximum wind speed, central pressure, amipiesgsure are used to construct
an analytical Holland (1980) wind field for eachné& and location along the TC path.
Radius of maximum winds (RMW) was not available farticular TCs so it was
assumed in these cases that RMW was 25% greateetavall radius. Sensitivity to
this was tested and is commented on later. The hbbllaethod creates a vortex
pressure field that is symmetrical and scaled tseolations. This field is used to
calculate cyclostrophic gradient winds which arqusigtd to surface winds by
assuming surface winds are 0.7 times the magnitideradient winds. This
approximation is valid for outer regions of the T@wever, in the high wind inner
region the ratio increases by up to ~ 0.95 (seeeKef001). The effects of cyclone
asymmetry were excluded in order to reduce comylekising the surface winds,
derived for every timestep along the cyclone trable, Ekman depth of the wind-
driven mixed layer Dg) is found using equations (1) and (2) followingnBoand
Pickard (1983)

C Jec.r T
D, =—-U 1 C, =—Z%b"a’ 2
= Jsingf) (1) N 4r 00127 @

with the following value<p = 1 x 10°, 5 = 1.15 kg n¥, s = 1026 kg rit* T=86164
S. f represents latitude ardi, wind speed at 10 m above the surface.

Figure 3 illustrates the regions used to integha&i@ content using mixed layer depths
and the Holland wind field. Plan view shows contata and section X-X shows a
depth profile through the vortex eye. The area betwbe eyewall and the last closed
isobar is used as the contact ai®@&lC is determined for each water column under
this area tdg using equation (3).

z(0)
OHC=C, = (T-T,)rdzdA 3)

z(Dg)
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whereC, is specific heat capacity of seawater = 41845®4, isinsitu density,T

is temperatureT e is reference temperature, which is arbitrarilyteetero®C, andz is
depth being positive downwards. The settingTgf to zero rather than some other
value has minor influence ddHC variability through ( z) because << . Salinity
from BRAN2.1 is used to calculateusing the equation of state of seawater. In the
case ofTCHP, the reference temperature is set td2iistead of zero as described by
equation 4 and the 26 isotherm depthXz¢) becomes the bottom boundary.

Figure 3. Diagram illustrating regions of integration. Plarlew shows contact area. Section X-X
shows profile of mixed layer depth Hatched areas are regions of integration. Symbn{depth),
RMW(radius of maximum winds), LClI(last closed isph@W(contact width), EW(eyewall),
h(sea-level), A(area).

We use a modified TCHP in which the depth used asstimaller ofDg or Dys. The
impact of this alteration on the results is disedskter. Where topographic depths
are shallower thae or Dog, the heat content is calculated from surface tioobo
depth.

z(0)
TCHP=C, (T - 26)rdzdA (4)

2(Dg)

IntegratedOHC & TCHP, which is an estimate of the available potentialrgnehe
ocean can provide to the TC, and defined as thedfuati the heat content found in
the water columns under the TC, is found along wahtact area meaBST.This is
done for each position along the individual TC tsgcturing intensification phase.
Different cyclone wind profiles are used every tistep. Results for all TC case
studies are combined and a linear regression asasyperformed against maximum
observed wind speed, which is taken to be the pfoxyC intensity. The BRAN2.1
ocean state that is used is taken from one day@@&fG arrival in each case in an
attempt to use pre-storm ocean conditions and aaydinterference caused by the
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forcing in BRANZ2.1 that consists of ECMWEF fluxes whigenerally under-represent
TCs in terms of intensity.

The sensitivity ofOHC to wind region and the Holland vortex structureswested by
changing th(RMWby 50% and also by varying the size of the aredeuthe cyclone
used for heat content half way between the lastecldsobar and the eyewall. We
found that the results in general are only slightlyiant (the trends are similar) under
these changes because most of the signaDHE comes from the inner high wind
core of the TC.

It should be noted that the available energy framdcean is just one ingredient that
determines a tropical cyclone’s potential intenaitygl actual intensity is influenced by
a variety of additional factors such as wind shelay, air entrainment and synoptic
forcing. Therefore without addressing atmospheratdias only some conclusions can
be drawn from analysing heat content signals frioenacean.

Results and Discussion

A visual inspection of the results in Figure 4 skotliere is a positive correlation
betweenOHC and TC intensity, during intensification phase, &lr but one case
(Floyd) using the depth-dependant definition @AC, however, a significant amount
of scatter is present. This is addressed later. ppenpcean thermal structure prior to
the arrival of TC Floyd appeared to favour intewmsifion, with areas of relatively
high heat content ahead of its path. Accordinghformation provided, however, TC
Floyd intensified prior to coming in contact withis area and moderated while
passing over, hence the negative correlation. i bwthat in this case the simple
approach to defining the contact area does not wotkat atmospheric factors were
responsible for the intensification and overrulady aeffect upper ocean thermal
structure may have had. In this particular OHC meg®De is a function of wind
speed, which is also used as the measure of ityetisrefore the results may have a
positive feedback due to the fact that these paensiare not entirely independent.

Figure 4. Analysis of relationship between maximum wind djaeel integrated (a) OHC, (b) TCHP
and (c) SST in TC intensification phase. Straigted are fitted trend lines.
Crosses relate to first seven cases, circles tothase.

We expect the influence of the ocean on TC intensgillyreduce with depth because
of the increased time required for the heat torbesported to the surface. This has
not as yet been addressed. We investigate how &funitcbn of De influences the
results later. A negative correlation is found &r cases in terms of mean contact
areaSSTand wind speed. This correlation can be explaingdhle fact that the
general meridional displacement of the TCs stude@ liexcept for TC Ingrid) from
genesis to maximum intensity, is poleward into sesvinents with loweSSB. This



BMRC Res. Lett. M. 8, Page 41

suggests thaSTwould not have been a favourable proxy for intecesiion of these
TCs. SSTis thought to contain certain minimum and maximthmesholds for TC
development and intensity rather than drive intgngself (Holland, 1997). The
concept of a minimum 26 thresholdSSTis supported in these results which also
show that th&sSTenvironments differ for each TC case with warmerdiions in the
genesis phase.

The correlation between maximum wind speed BGHIP is positive in 40% of cases
(Ingrid, Beni, Inigo and Zoe) but negative in thEmaining 60% of case3.CHP
shows this in the signal because it is restricie®4 WhenDy is shallow, the signal
behaves more like the signal 6TthanOHC. The 4 cases that registered a positive
correlation betweemCHP and maximum wind speed were the TCs that occuwed o
the warmesgSTenvironments. ITCHP was not limited byDe then more of the cases
would register greater negative trends becdiygas generally deeper in TC genesis
locations. A number of sources give the signals high degree of scatter. These
include(i) the ocean mixed layer depth from the reanalydia (@& coarseness in best
track data driving discrete changesDa, (iii) the discretely changing contact area
from the storm profile andiv) when the contact area contains horizontal fronts.
Despite this, the results suggest that there isgaalk with a positive correlation
between TC intensity an@HC, but as mentioned above, this might be due to the
incestuous relationship betweBsg, intensity and OHC

To test howDe influences the results we performed a depth-aeeramalysis with
the following modification to the equations f@HC and TCHP. In these equations
the depth-dependence is removed by normalisingéwaverage depth.

z(0) 1 z(0) 1

(T-T,)rdmA (5) TCHP=C
az0p) ADe f ®) " na(0s) ADz6)

OHC=C, (T- 26)rdzdA  (6)

The depth-averaged results are given in Figure 5.

Figure 5. Analysis of relationship between maximum wind speed arild depraged and horizontally
integrated (a) OHC and (b) TCHP in TC intensification phaseight lines are fitted trend lines.
Crosses relate to first seven cases, circles to last three.

Figure 5a shows that there is still a positive eation with OHC for many of the

cases when depth-dependence is removed, howeeescdtter is still a concern and
leads us to believe that a more continuous reptaen of the TC and the ocean
mixed-layer depth is required in order to draw ficonclusions. Figure 5b shows the
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scatter iInTCHPIs greatly reduced suggesting that the most obrbes from discrete
changes ie.

The analysis and sensitivity tests were carriedvatit the measures of OHC shown
in Figure 1. In addition to the storm depth dependeeasures we tested non-storm
depth dependent measures. Table 1 shows the stameldedions for each case and
illustrates that the scatter in the measures isigedl when depth dependence is
removed. The linear trendlines for these experimémts shown) are mixed with
more than 50% of cases registering positive cdiogla in some of the shallower
fixed depth heat content measures e.g. HC20m anB80rC The result tended to
become more uncertain the deeper the isotherm fdeguth level due to scatter
introduced by differential vertical ocean thernalsture.

Table 1 Standard deviations for various heat content measures foljoWC tracks. A — storm depth
dependent measures, B — non-storm depth dependentreseasu

Zoe Jim Inigo Beni Floyd Fiona Ingrid  Erica @sc  Wati Mean
A OHC 0.2604 0.1596 0.2215 0.1688 0.1435 0.2467 @.089.1083 0.1487 0.074f 0.1631
TCHP 0.0615 0.1375 0.0748 0.1002 0.0923 0.0677 68.030.0639 0.0104 0.044p 0.0689
HC20 0.0128 0.0188 0.0178 0.0402 0.0397 0.0142 0.01530358 0.0069 0.021 0.0223
HC26 0.0025 0.0112 0.0032 0.0040 0.0087 0.0042 0.00220080 0.0028 0.0077 0.0095
g | HC20m 0.0087 0.0419 0.0082 0.0341 0.0138 0.0320 060.0 0.0585 0.0147 0.0284 0.0247
HC50m 0.0312 0.1287 0.0357 0.0501 0.0802 0.0468 238.0 0.0669 0.0373 0.0508 0.05%1
HC100m | 0.0324 0.1294 0.0443 0.0619 0.0831 0.06120392. 0.0771 0.0520 0.0989 0.0680
HC200m | 0.0360 0.2350 0.0866 0.0922 0.0963 0.1130450. 0.2553 0.0744 0.1124 O.llﬁ?

Results of this preliminary investigation suggdsttthe ocean plays a role in the
intensification of TCs in the Australian region wiishould be considered further.
There are refinements that could be made to enhwecdiagnostic method such as
parameterizing the dependence of mixed layer depthTC translation speed,

including TC asymmetry, more accurately defining ¢batact area, improvements to
the surface wind field and including more TC casgdists. The basic diagnostic
method proposed here could be used as a forecagtidg by incorporating ocean
and tropical cyclone forecast information to pra&vah indication of the likely upper

ocean thermal structure ahead of the forecastett pad the likeliness for

intensification or modulation.

References
Bao, J.W., Wilczak, J.M., Choi, J.K. and Kantha, L.B000. Numerical Simulations of Air-Sea

Interaction under High Wind Conditions Using a Coupled Modegtudy of Hurricane Development.
Monthly Weather Review28: 2190-2210.

Bender, M.A. and Ginis, I., 2000. Real-Case Simulatioh${urricane-Ocean Interaction Using A

High-Resolution Coupled Model: Effects on Hurrican Intenditpnthly Weather Revigwl28: 917-
946.

Bender, M.A., Ginis, I. and Kurihara, Y., 1993. NumafliSimulations of Tropical Cyclone-Ocean
Interaction With a High-Resolution Coupled Modéburnal of Geophysical ResearcB8(D12):
23245-23263.

Cione, J.J. and Uhlhorn, E.W., 2003. Sea Surface €mtyre Variability in Hurricanes: Implications
with Respect to Intensity Chanddonthly Weather Revievt31: 1783-1796.



BMRC Res. Lett. M. 8, Page 43

Dare, R.A. and Davidson, N.E., 2004. Characteristicgropical Cyclones in the Australian Region.
Monthly Weather Reviewt32: 3049-3065.

DeMaria, M. and Kaplan, J., 1994. Sea Surface Teryrerand the Maximum Intensity of Atlantic
Tropical CyclonesJournal of Climate7: 1324-1334.

Emanuel, K.A., DesAutels, C., Holloway, C. and Korty, #004. Environmental Control of Tropical
Cyclone IntensityJournal of the Atmospheric Scienc64(7): 843-859.

Gray, W.M., 1968. Global View of the Origin of Tropidaisturbances and Stormiglonthly Weather
Review 96, 669-700.

Holland, G.J., 1980. An Analytic Model of the Wind ande$dure Profiles in Hurricaneslonthly
Weather Revieyl08: 1212-1218.

Holland, G.J., 1997. The Maximum Potential Intensity of pical Cyclones.Journal of the
Atmospheric Sciencgs4: 2519-2541.

Hong, X., Chang, S.W., Raman, S., Shay, L.K. andliio R., 2000. The Interaction between
Hurricane Opal (1995) and a Warm Core Ring in the @GLiNexico. Monthly Weather Revigw28:
1347-1365.

Jacob, D.S. and Shay, L.K., 2003. The Role of Ocelsligisoscale Features on the Tropical Cyclone-
Induced Mixed Layer Response: A Case Studwrnal of Physical Oceanography3: 649-676.

Kepert, J., 2001. The Dynamics of Boundary Layer 2étsin the Tropical Cyclone Core. Part 1:
Linear TheoryJournal of the Atmospheric SciencB8: 2469-2484.

Law, K.T. and Hobgood, J.S., 2007. A Statistical ModeFtwecast Short-Term Atlantic Hurricane
Intensity.Weather and Forecastin@2, 967-980.

Leipper, D.F. and Volgenau, D., 1972. Hurricane Hedema@l of the Gulf of MexicoJournal of
Physical Oceanography: 218-224.

Oke, P. R., et al., 2008. The Bluelink ocean data assionlatstem (BODAS)Dcean Modelling21,
46-70.

Pond, S. and Pickard, G.L., 1983. Introductory Dynami®ceanography "2 Ed., Butterworth-
Heinemann, Oxford, 329 pp.

Ren, X., Perrie, W., Long, Z. and Gyakum, J., 2084nosphere-Ocean Coupled Dynamics of
Cyclones in the Midlatitudesdonthly Weather Review32: 2432-2451.

Schade, L.R. and Emanuel, K.A., 1999. The OcearfacEbf the Intensity of Tropical Cyclones:
Results from a Simple Coupled Atmosphere-Ocean Mdaaeitnal of the Atmospheric Sciencé$:
642-651.

Shapiro, L.J. and Moller, J.D., 2003. Influence of Aspheric Asymmetries on the Intensification of
Hurricane Opal: Piecewise PV Inversion Diagnosis of a GMddel Forecast]J. Atmos. Sci.131,
1637-1649.

Shay, L.K. and Chang, S.W., 1997. Free SurfacecEffen the Near-Inertial Ocean Current Response
to a Hurricane: A Reuvisitlournal of Physical Oceanograph®7: 23-39.

Schiller, A., et al., 2007. Eddy-resolving ocean circulatiothénAsian-Australian region inferred from
an ocean reanalysis effoRrogress in Oceanographin press.

Wu, L., Wang, B. and Braun, S.A., 2005. Impacts of@ea Interaction on Tropical Cyclone Intensity
ChangeMonthly Weather Reviewt33: 3299-3314.



