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Figure. Sample of instantaneous wind field: 120 grid point box  

surrounding a wind monitoring site (red dot in centre). 
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Introduction   
POAMA (Predictive Ocean Atmosphere Model for Australia) is an intra-seasonal to 
inter-annual climate prediction system based on coupled ocean and atmosphere 
general circulation models (Alves et al., 2003). The first version (POAMA-1) was 
developed jointly between the Bureau of Meteorology Research Centre (BMRC), the 
former division of CSIRO Marine Research (CMR) and the Managing Climate 
Variability (MCV) program.  POAMA-1 became operational in October 2002. The 
main focus for POAMA-1 was the prediction of Sea Surface Temperature (SST) 
anomalies associated with El Niño/Southern Oscillation. 
 
POAMA continues to be developed. A new version POAMA1.5 was implemented in 
the Bureau operations in June 2007, with real-time forecasts produced from July 
2007. POAMA-1.5 uses the same coupled model as in POAMA-1 (with some 
enhancements) and contains a new atmospheric/land initialization system.  
 
This paper summarises the POAMA-1.5 system and its SST skill performance based 
on 10-member ensemble hind-casts over a 27 year period. To gain insight into skill 
improvement in POAMA-1.5 an intercomparison with POAMA-1 is also carried out.  

 
POAMA 1.5 
 
(a) The System 
The POAMA-1.5 system is an interim version between POAMA-1 and POAMA-2. It 
uses some modules from POAMA-1 and new modules developed for POAMA-2. The 
main modules in POAMA-1.5 that have evolved from POAMA-1 include the ocean 
model ACOM2 (Australian Community Ocean Model version 2), the atmospheric 
model BAM3 (the Bureau of Meteorology Research Centre Atmospheric Model 
version 3) and the OASIS2 (Ocean Atmosphere Sea Ice Soil version 2) coupler. These 
modules include some re-tuning and improvements. One improvement is the inclusion 
of stress/current coupling i.e. the windstress calculation in the atmospheric model 
takes into account ocean surface currents from the ocean model. This change has lead 
to smaller model SST biases particularly along the equatorial Pacific.  
 
A major new component is an Atmosphere-Land Initialization (ALI) scheme. In this 
scheme an atmosphere/land re-analysis (initial conditions for the coupled forecasts) is 
produced by running the atmospheric model from 1980 to present forced with 
observed SST (Atmospheric Model Intercomparision Project (AMIP) style). At the 
same time the 3D atmospheric analyses is nudged to pre-existing analyses (e.g. 
European Center for Medium range Weather Forecasting 40 Years ReAnalysis, 
ERA40), (Simmons and Gibson, 2000) in hind-cast-mode or the Bureau Numerical 
Weather Prediction (NWP) in real-time. The land surface is left to adjust to 
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atmospheric forcing. This allows the same land and atmosphere model to be used for 
initialization and coupled forecasts and also allows consistency between real-time 
forecasts and hind-casts.  
 
The ocean data assimilation scheme is the same as in POAMA-1. It assimilates 
temperature measurements into ACOM2 in the top 500 m every 3 days. Current 
corrections are then calculated by applying the geostrophic relation to the temperature 
corrections. 
 
A comprehensive hind-cast set has been produced for 27 years (1980-2006).  Each 9 
month forecast was initialized on the 1st day of each month using a 10 member 
ensemble. Each member’s atmospheric initial conditions differ by taking 6 hourly 
successive ALI analyses prior to the nominal start time. 
 
(b) Skill 
In this section results from POAMA-1.5 (version 1.5b) ten member ensemble- mean 
anomalies that cover January 1980 to December 2006 are used for skill assessment. 
The model anomalies are formed by subtracting the model climatology from 
individual hind-casts. By doing this the anomalies are supposedly bias-free. The 
model climatology is defined as the mean of the hind-casts over all 10 members and 
over all 27 years for each initial month, calculated as a function of lead time. In the 
following we define lead one month as the monthly mean of the first month, therefore 
the forecasts go out to a total lead time of nine months. Verification data are from the 
Reynolds OI.v2 SST (Reynolds et al., 2002) from December 1981 onwards. Prior to 
this they are from HadISST (Rayner et al., 2003).  
 

 
Figure 1. Nino3 anomaly correlation (left panel) and RMS error (right panel), based on the ensemble 
mean of 10 hind-casts each month from 1980-2006, as a function of lead time. POAMA-1.5 is shown in 
solid green and persistence is shown in solid red. The dashed lines on right panel show observed Nino3 

SST standard deviation (0.96ºC) in red and standard deviation from the model in green. The x-axis 
shows forecast lead time in months. 

 
Figure 1 compares the anomaly correlation (ACC) skill and root-mean-square (RMS) 
error for Nino3 SST anomaly from POAMA-1.5 and from persistence. POAMA-1.5 
forecasts beats persistence at all lead times. The anomaly correlation is above 0.6 and 
the RMS error is less than 0.8ºC for all lead times. The correlations are even higher 
for SST anomaly indices for the Nino3.4 and Nino4 regions (figures not shown). The 
correlation of 0.6 is often used as a threshold value for a forecast being useful. The 
result in Figure 1 indicates that the POAMA 1.5 has useful SST prediction skill across 
central to east Equatorial regions for lead times up to 9 months.  
 
SST skill at lead time 6 months for the forecasts and persistence is displayed in Figure 
2. At this lead time POAMA1.5 skill clearly beats persistence almost everywhere 
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within the tropical and subtropical Pacific and Indian Oceans. However, the forecast 
skill varies regionally. The highest skill is in the central and eastern Pacific, with 
POAMA values reaching over 0.7. This skill is mainly associated with the prediction 
of El Niño/La Niña. In the western Pacific there are two distinct regions of skill with 
correlation over 0.6: one near the Solomon Islands, and the other in the northwest 
Pacific east of the Philippines. Elsewhere the skill is relatively lower, including in the 
tropical Indian Ocean. 

 

 
Figure 2. SST anomaly correlation at 6 month lead time for POAMA-1.5  

forecasts (left) and persistence (right). 
 
These results indicate that the new operational POAMA-1.5 system has practical and 
useful SST prediction skill for lead times up to three seasons across large areas of the 
tropical Pacific Ocean. Over the Indian Ocean skill from POAMA-1.5 beats 
persistence but is lower than the skill level in the Pacific.  
 
Comparison with POAMA-1 
POAMA-1 was the first version of the POAMA model and its hind-cast period is 
shorter (1987-2001). In addition, there is only one hind-cast ensemble member 
available for POAMA-1. It is well known that simply increasing an ensemble size 
improves hind-cast skill as the ensemble mean is usually a more accurate predictor 
than individual ensemble members. To make comparison compatible between the two 
versions we restrict data from POAMA-1.5 to the same time period as POAMA-1, 
i.e., use those hind-casts from 1987-2001 only. In addition, to avoid ambiguity in 
dealing with single member and multi-member hind-casts skill is assessed based on a 
single ensemble member in this section. 
 
Figure 3 summarises Nino3 SST anomaly correlation skill from POAMA-1 and 
POAMA-1.5. The skill of POAMA-1.5 for all members for lead times up to 6 months 
and most members for lead times up to 9 months is higher than that of POAMA-1. As 
a result the skill averaged over the ten one-member-hind-casts (ie the average of the 
skill of each member rather than the skill of the ensemble mean) of POAMA-1.5 beats 
the skill of the one member hind-cast of POAMA-1 for all lead times, most noticeably 
in the first five months. 
 
The short-time period and single member ensemble from POAMA-1 make it difficult 
to obtain a reliable skill comparison. However, since Nino3 skill in POAMA-1 is 
lower than every single member (measured individually) of POAMA-1.5 in the first 5 
months, it is likely that the POAMA-1.5 skill improvement is statistically significant. 
In addition, some aspects of POAMA-1.5 were clearly improved. For instance, better 
defined atmospheric initial conditions in POAMA-1.5 through the use of ALI  
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certainly has a positive impact on skill at short to medium lead times. On the other 
hand, the introduction of ocean current feedback in surface wind-stress calculation 
could be another factor influencing skill at medium to longer lead times by reducing 
model SST biases. This is indeed the case as the SST bias in POAMA-1.5 is smaller 
than POAMA-1 (figure not shown). 
 

 
 
 
Conclusion 
This paper describes the new POAMA-1.5 system, assesses its forecast skill 
performance for SST, and compares skill with the earlier version POAMA-1.  
 
The results demonstrate that SST skill measured by anomaly correlation from the new 
system is higher than 0.6 up to 9 months lead time over a large part of the equatorial 
Pacific Ocean. This conclusion is based on 10 member hind-casts initialized every 
month over 27 years, and therefore can be considered as highly robust. 
 
The comparison with an early POAMA-1 version suggests that the skill improvement 
in the new version is the combined result of improved initialization and improved 
coupling physics. This reinforces the notion that with continuing efforts into the 
development of better data assimilation and better climate models, seasonal prediction 
skill will continue to improve.  
 
The POAMA-1.5 system shows higher skill for El Niño SST, even when looking at 
individual ensemble members. Furthermore, the new ALI initialization scheme for 
atmosphere and land provides a buffer between the Bureau’s NWP system and 
POAMA and between ERA40 and POAMA. The real-time forecasts are therefore 
much more consistent with the hind-casts and the system as a whole will be more 
robust.  
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Introduction 
Vertically propagating gravity waves (GWs) transfer momentum and energy to the 
upper levels of the atmosphere. The momentum flux deposition of GWs is responsible 
for the reversal of the temperature gradient in the stratosphere (Andrews et al., 1987). 
It also plays an important role in driving the quasi-biennial oscillation in the tropics 
(e.g., Manzini and McFarlane, 1998; Scaife et al., 2002) and dynamical driving of the 
equator to pole residual mean meridional circulation (Haynes et al., 1991). The 
horizontal scales of these waves are too small to be resolved by current general 
circulation models (GCMs). Hence, their effects are parameterized to obtain more 
realistic simulation of the atmosphere. Numerous observational studies (Allen and 
Vincent, 1995) have led to the development of several parameterization schemes 
based on different physical regimes. Parameterization of orographic GWs with zero 
phase speed was developed first (Palmer et al., 1986) and more recently, 
parameterizations have been developed which represent continuous spectrum GWs 
(e.g., Hines 1997a, b; Warner and McIntyre 1999). Several spectral schemes have 
been tested in comprehensive GCMs (e.g., Manzini et al., 1997; Scaife et al., 2000).   
 
In this paper we attempt a more physically realistic parameterization of GWs by 
coupling the effects of an orographic scheme with a broad spectrum scheme. We 
intend to show that the effects of coupling the two different GW schemes are different 
from physically adding the effects of waves from the two different regimes. Three 
GW schemes are studied in a quasi single column model based on the architecture of 
the Unified Model (UM) (Swinbank et al., 1998). A description of the model is given 
in the next section  
 
The first scheme is the UM’s orographic GW scheme (ORO) where, wave drag is 
applied up to 23 km and a Rayleigh friction scheme (RAY) is applied from 36 km to 
the model top (Gregory et al., 1998). The second scheme is based on the premise that 
GWs have a continuous broad spectrum and is called Doppler Spread 
Parameterization (DSP) following (Hines, 1997a, b). The third scheme extends the 
DSP scheme to a more physically realistic scheme which couples the orographically 
driven GWs in the UM with the broad spectrum waves of the DSP scheme. This 
scheme is based on (Hines, 1997b) where, the effects of the orographic waves are fed 
back into the broad spectrum waves and they continuously interact with each other. 
Detailed description of the treatment of the orographic GW is given in the next 
section. In this study, this last scheme is called the Coupled Interactive Broad 
Spectrum and Orographic (CIBO) scheme (Hines, 1997b).  
 
Experiments 
The quasi-single column test bed has nine grid points as shown in Figure 1. It has a 
staggered Arakawa-B horizontal grid and uses hybrid pressure-sigma coordinates 
with 55 levels. The test bed is set up in this order to resolve orographic features in the 
grid. 



                            

 

BMRC Res. Lett. No. 8, Page 8 

 

 
Figure 1. Horizontal grid structure of the quasi single column 

 test bed depicting the position of variables. 
 
In the present work, only a selected part of the model responsible for GWD 
parameterization is incorporated in the test bed. To carry out idealized test cases, 
realistic values of background wind and temperature profiles (Swinbank and O’ Neill, 
1994) are used in the test bed and are kept constant throughout the experiment. The 
wind and temperature profiles were varied to represent a westerly phase of quasi-
biennial oscillation (QBO) and mid-latitude winter and summer (see figures 2 and 3). 
A preliminary experiment was conducted using the QBO wind profile to find out the 
most effective launch height of the broad spectrum GWs. The results showed that 
when the waves are launched from ground, they deposited more momentum and 
energy at the model’s uppermost level than when they are launched from the 
tropopause. When the waves are launched from the model’s surface, the net zonal 
momentum flux transported by the GWs is negative and finite just above the 
tropopause. This negative momentum flux facilitates deceleration of the mesospheric 
winds. Whereas, when the GWs are launched from the tropopause itself, the value of 
momentum flux is zero just above the tropopause and so there is a substantially 
weaker damping of the mesospheric winds. In the rest of the cases the GWs were 
launched at 750 m above sea-level in accordance with the UM’s GW launch height. 
In this paper only the winter mid-latitude results are shown in detail.  
 

 
 

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

 

 
Figure 3. Standard profiles of meridional wind (m/s), BV frequency (1/s) and temperature (K)  

used in the test-bed. 
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To create orographic features in the test-bed, UM’s standard orographic data is 
introduced in only one, grid-point of the test-bed which is the central grid point. In 
our case an elevation of approximately 5000 m to 5500 m and the surrounding points 
are 500 m in height. In addition to this, the effect of a low mountain of altitude 1200 
m was also studied. It should be noted here that this process simply simulates the 
effect of orography and gives an indication of the magnitude of forcing on one grid 
point. Also, when the schemes are incorporated in the UM, the forcing values are 
comparable to the values seen in the test-bed (Chattopadhyay, 2003). 
 
To simulate the coupling of orographic waves to broad spectrum waves, the stress and 
orientation of the orographic waves near ground are added to the broad spectrum 
stress and orientation. Hence the spectrum launched from the ground in CIBO already 
has a spectral imbalance unlike the DSP scheme. In addition to this, the effects of 
`hydraulic jump’ and `lee waves’ (Webster, 1997) are also fed back into the scheme. 
The GW induced winds contribute significantly to the background wind in the CIBO 
scheme. Here, the waves dissipate when the root mean square values of winds 
induced by the waves is comparable to the horizontal phase speed of the wave 
spectrum. This process of dissipation of GWs in the CIBO scheme is different from 
the UM’s GW scheme where the orographic waves deposit momentum and energy to 
the background wind when they satisfy a `saturation regime’ (Webster, 1997). The 
UM’s scheme works from the surface to 23 km up in the atmosphere.  
 
The experiments are designed in the following order: 

·  The UM’s GWD scheme, ORO+RAY, is compared with the DSP scheme. 
·  The UM’s orographic part of GWD scheme, ORO, is added to the DSP 

(DSP+ORO) and is compared with ORO+RAY and DSP 
·  The coupled broad spectrum and orographic scheme, CIBO is compared with 

DSP and DSP+ORO 
 

The DSP, ORO and CIBO waves are all launched from the same height, which is 750 
m above ground. The total RMS wind speed associated with the broad spectrum 
waves at launch height for DSP and CIBO is set at 1.414 ms-1. The horizontal wave 
number of broad spectrum waves in DSP and CIBO is given by 6.7x10-6 m-1 and the 
minimum vertical wave number for the spectrum is 3.33x10-4 m-1. The adjustable 
parameters � 1 = 1.5 and � 2 = 0.4. In addition to these experiments, the total RMS 
wind speed associated with the broad spectrum waves and the minimum vertical wave 
number for the spectrum have also been varied for tuning. It was found that the GW 
forcing obtained by using the presented values of these parameters compared best 
with the published literature e.g., Manzini et al. (1997) and they are typical of broad 
spectrum GW scheme following (Hines, 1997a, b). 
 
Results, Discussion and Conclusion  
Results presented in this section are profiles of momentum flux and drag due to GWs 
on the test-bed. The profiles have been calculated on each grid-point and results from 
only one grid point are presented here. The drag profiles are calculated on the wind 
points and then interpolated back to mass points. The zonal momentum flux profiles 
for the experiments, CTL, DSP, DSP+ORO and CIBO schemes are shown on the left 
column of Figure 4 and the zonal acceleration is shown on the right. It should be 
noted that the values of momentum flux and acceleration in Figure 4 changes only 
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with the dissipation of GWs. The larger the values of momentum flux and 
acceleration, the stronger the damping of the background wind. 
 

 
 

 
Figure 4. (a) Zonal Momentum flux (10-3 Pa) in ORO+RAY, (b) zonal Acceleration (m/s/day) in 
ORO+RAY, (c) zonal momentum flux (10-3 Pa) in DSP, (d) zonal acceleration (m/s/day) in DSP, 

 (e) Zonal Momentum flux (10-3 Pa) in DSP+ORO, (f) zonal Acceleration (m/s/day) in DSP+ORO,  
 (g) zonal momentum flux (10-3 Pa) in CIBO and (h) zonal acceleration (m/s/day) in CIBO 

 
The results for the case of a typical mid-latitude winter hemisphere wind profile 
indicate that although there is a significant amount of damping produced by 
ORO+RAY in the troposphere (below 10 km), the damping produced by ORO+RAY 
in the upper stratosphere (above 40 km) is much less compared to DSP, DSP+ORO 
and CIBO. DSP+ORO not only produce the same damping in the troposphere, the 
magnitude of acceleration is far stronger in the upper stratosphere and lower 
mesosphere (approximately 60 km) compared to ORO+RAY. Note that momentum 
flux value for ORO+RAY above 23 km is zero (Figure 4a) as the UM’s GWD 
scheme only extends up to 23 km and then is replaced by Rayleigh friction scheme. 
Also, the vertical profile of the momentum flux in DSP+ORO scheme, Figure 4(e, f) 
is different from the one in DSP, Figure 4(c, d), as the momentum flux due to ORO is 
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added to the DSP. A resultant acceleration in the tropopause in addition to the 
acceleration in the upper stratosphere can be noticed owing to the orographic 
acceleration in DSP+ORO, which is nonexistent in DSP. 
 
Results obtained using a typical mid-latitude summer hemisphere wind profile shows 
that the zonal momentum flux was not strongly affected by the introduction of 
orographic waves, see Figure 5. Furthermore, changes in the height of orography does 
not significantly affect the CIBO GW momentum in the mesosphere in the presence 
of a mid-latitude summer hemisphere wind profile (Chattopadhyay, 2003). Although 
there is a change in momentum flux at the tropopause in CIBO, its effect is not seen 
in the GWD profile (Figure 4). This is because the atmosphere is denser at that level 
and the zonal acceleration of the wind is indirectly proportional to the density of the 
atmosphere. The results indicate that in the presence of mountains the CIBO spectrum 
becomes predisposed to instability due to coupling of the orographic component 
(Hines, 1997b). As a result when the CIBO wave reaches the upper most model 
levels, its strength reduces considerably and the acceleration produced by it is weaker 
than that of DSP. In another experiment using the same wind profile but with a low 
mountain height, Figure 6, it was found that the GW spectrum starts dissipating at a 
lower level compared to the case with a high mountain. This is due to the relatively 
weaker orographic spectrum generated by the low mountain as compared to the 
higher mountain 
 

 
 

Figure 5. Zonal momentum flux (Pa) and acceleration (m/s/day) in CIBO using 
 typical summer hemisphere wind profile 

 
 

 
 

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

 
The wave dissipation process in ORO and CIBO schemes use `hydraulic jump’ and 
`lee waves’ to produce the bulk of the tropospheric damping (Gregory et al., 1998). In 
the lower stratosphere, damping is produced by a `saturation regime’ in ORO, which 
is not physically realistic as it dumps all the waves at the tropopause (approximately 
10 km). However, in the CIBO scheme, there is a gradual damping of wind from the 
lower stratosphere to the model’s upper most level. This process of wave dissipation 
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leads to weaker damping of wind at the model’s upper most levels in CIBO compared 
to DSP, but stronger damping at the same levels as ORO+RAY. Similar phenomenon 
has also been observed in the UM when the schemes are incorporated and as a result, 
CIBO has produced more stratospheric sudden warmings in northern hemisphere 
winter than DSP+ORO. The effect of the CIBO scheme is greatly pronounced in the 
middle atmosphere in the presence of a winter wind profile than with a summer wind 
profile (Chattopadhyay, 2003), which has also been discussed by (Osprey, 2001). 
 
It can be concluded from this study that the effect of coupling is different from the 
effect of physically adding the ORO and the DSP scheme. In DSP + ORO, broad 
spectrum and orographic waves individually produce momentum flux and damping. 
But a more physically realistic approach to account for both broad spectrum and 
orographic waves is to couple them. When the waves are coupled, they interact with 
each other and their evolution and eventual dissipation is different from when they are 
added. Also, the CIBO scheme is more physically realistic because the orographic 
waves and the broad spectrum waves are not treated separately but the effect from 
one is continuously fed back into the other. To study the effects of DSP+ORO and 
CIBO in a GCM, the schemes are implemented in the UM. Results from those 
experiments will be presented in another paper. 
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Introduction 
In Australia state government agencies have responsibility for the management of a 
large percentage of forests and other remaining native vegetation.  The type of land 
tenure (multiple-use forestry in state forests, nature conservation and recreation in 
national parks and other conservation areas) largely determines the management 
strategy followed.  State legislation concerning fire protection and emergency 
response in rural areas requires that agencies include fire in their land management 
objectives.  By utilising controlled fires, ignited when fuel and weather conditions fall 
within prescribed limits (i.e., prescribed burning), agencies seek to achieve  a variety 
of objectives including fuel hazard reduction and forest regeneration.  The scale of 
prescribed fires ranges from the very small, such as areas adjacent to high value built 
assets, to the extremely large, where aerial incendiaries can ignite thousands of 
hectares in a single day.  

 

To assist in the management of smoke from prescribed burning operations, the 
Australian Bureau of Meteorology (the Bureau) provides smoke dispersion forecasts 
to fire agencies and land managers. The initial forecasting system was developed over 
several years as part of a joint Australasian Fire Authorities Council-Bureau of 
Meteorology research project to assist in planning prescribed burns that began in 
2001. Subsequently, the establishment of the Bushfire Co-operative Research Centre1 
has allowed further refinement and development of the system, with an ultimate goal 
of providing quantitative forecasts of particulate and gaseous pollutant levels found in 
smoke. The system currently produces twice daily forecasts based on the operational 
Numerical Weather Prediction (NWP) forecasts initialised at 00 and 12 UTC for all 
states of Australia and the Northern Territory.  The primary intended audience is land 
managers undertaking prescribed burning operations; however, the system has also 
been applied to wildfire and hazardous substance incidents.  The smoke dispersion 
forecast system comprises output from the HYSPLIT dispersion model (Draxler and 
Hess. 1997) that utilises gridded meteorological inputs from the Bureau’s mesoLAPS 
(Puri et al.. 1998) suite of numerical weather prediction models. Graphical output, 
together with some additional text provided by local Bureau forecasters, is delivered 
to users via a series of restricted-access (password protected) web pages. The smoke 
forecast system, including a number of case studies used for model validation, is 
described in detail in Wain and Mills (2006). 

 
Smoke dispersion forecasts have been available for almost five years. While informal 
feedback has generally been positive and there has been continued liaison with end-
users, no formal performance reporting process has been in place. Recently a survey 
was undertaken to gain end-user’s perceptions of current system performance, and to 
ascertain their needs for training, additional products or changes to current products.  
This paper describes the results of that survey. 
                                                 
1 http://www.bushfirecrc.com 
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Survey methodology 
The user survey was designed as an interview, to enable better interaction between the 
researchers and the respondents, and easy presentation and discussion of additional 
information such as graphical displays. A good framework for an interview process 
assessing the role and usability of forecasts in a regional context is discussed in 
Pulwarty and Redmond (1997).  The present survey focused on a single-sector (smoke 
management), but the consequences of smoke decisions can potentially impact a 
variety of stakeholders including business, transportation, agriculture and the general 
public. 

 
The survey consisted of 42 questions, and the interviews took between 1-1.5 hours to 
complete. The interviewees consisted of 16 end-users at various levels of 
responsibility from the three states (Victoria, Tasmania and Western Australia) with 
the longest experience in using smoke forecasts. Though sixteen individuals is a small 
sample, it was not intended to analyze statistical inference from the survey, but rather 
to assess the utilization of the forecasts and determine user information needs. The 
survey focused on five aspects of information utilization: 
 

1. Usefulness - what decisions were being made and how the smoke 
forecasts were included in the decision-making process. 

2. Requirements – awareness of regulatory standards for smoke and 
particulate concentrations, forecast accuracy required, specific 
information needed for decision-making. 

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

4. Other needs - how components of the smoke forecast system could 
be improved, training, utilization of  additional forecast 
information. 

5. Barriers to use – forecast adequacy, potential conflicts to usage, 
and forecast value. 

There was deliberate redundancy built in to some of the questions, where much the 
same information was asked in different sections of the survey in order to see if an 
alternative or more considered response was gained in a different context.  
 
Interview results 
Usefulness:  
The degree to which forecasts are considered valuable by land and fire managers will 
determine the ultimate success or failure of the smoke dispersion forecast system. To 
be useful, a forecast must aid decision-making. The smoke managers interviewed 
strive to minimize all potential impacts of smoke in addition to meeting ecological or 
commercial objectives by burning. Managers need to be aware of potential impacts of 
smoke within their areas of responsibility so they are able to properly apply the 
information contained in a smoke forecast, minimising any adverse effects. In 
surveying respondents about potential impacts, responses such as health, visibility, 
receipt of public complaints and economic effects were received. Smoke managers 
have considerable accountability since too many public-impact smoke events could 
severely impact support for a prescribed burn/fire management program. Safety can 
refer to both health and hazard - road, aircraft and marine transportation was 
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specifically mentioned as potentially impacted by smoke.  Direct economic impacts 
can include a disruption of transportation, the cancelling of public events and 
diminished tourism.  Agriculture is another potentially impacted area.  For example, 
there have been a number of recent complaints in Western Australia that smoke is 
reducing the grape quality in vineyards. 

Managers are utilising the smoke forecasts in their decision-making process. All 
respondents interviewed have used the smoke forecasts, and nearly two-thirds (62%) 
use them on a daily basis during the prescribed burning season.  The primary 
judgment made, based in part on the smoke forecast, is to burn or not to burn.  Smoke 
forecasting was seen by 62% of those surveyed as an important part of decision-
making, while 81% said the forecast influenced their decision-making. The value of 
the smoke forecasts is seen as enhancing or reinforcing decision-making, which 
effectively means supporting a decision towards which other management priorities 
are leaning.  The timeliness and accuracy of forecasts are also seen as valuable by 
nearly all of the managers.   
 
Requirements 
Fine smoke particulates have been identified as being easily ingested into the human 
respiratory system (Kolbe & Gilchrist, 2007). Australia’s National Environmental 
Protection Measures (NEPM)2 provides national guidelines for levels of particulates 
in air. Most, though not all, respondents were aware of the NEPM guidelines for 
particulates smaller than 10� m (PM10), and strive to meet this guideline. Similar 
guidelines for even smaller particles will likely become of greater concern in the near 
future. Several respondents also reported additional environmental constraints set by 
state based agencies that they endeavour to meet. 
 
All respondents desired high forecast accuracy given the importance of the decisions 
being made based upon these forecasts. For example, one respondent noted that 
delaying a late season silvicultural burn until the next burning season may have a 
ripple effect on subsequent forestry operations for the entire length of the forest 
rotation period. Specific information indicated by the respondents as a requirement 
include: 
 

·  Plume rise/height 
·  Transport/trajectory paths 
·  Dispersion forecasts 
·  Concentration value forecasts 
·  Background residual smoke 

concentrations 
 

·  Meteorological elements 
o wind fields 
o inversion height 
o mixed layer depth 
o time that sfc inversion is replaced 

·  Forecast confidence 

 
Standards 
The interviewees defined accuracy as agreement between the shape and arrival time 
of the observed smoke plume, and the smoke forecast produced by the model. This is 
not a quantitative assessment of accuracy, but only qualitative in that the observed 
smoke plume refers to a coarse visual sighting of the smoke, and then relating this to 
geographic location on the forecast map.  To a large extent, this becomes a perception 
of how well the smoke forecasts are performing.  This perception may be further 

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

Despite this vote of confidence, users identified a number of situations when the 
smoke forecast model was prone to inaccuracy. Low wind speed periods, mesoscale 
wind circulations (e.g., sea breeze) and trough movement were recognised as 
conditions when the forecast could not be relied upon to accurately reflect the path of 
smoke transport. These instances are known problems for the numerical weather 
prediction model and the subject of active research. 
 
Questions regarding uncertainty from a standards perspective were given. All 
respondents desire forecast uncertainty information to be provided by a Bureau 
forecaster either via a text product or by phone discussion. This is a human-construed 
forecast confidence statement from the forecaster rather than a quantitative probability 
statement. However, a high percentage of those surveyed (81%) said they would use a 
probability-based smoke forecast if provided. The approaches of Draxler (2003) or the 
use of NWP ensembles as input to a number of alternative dispersion forecasts could 
also be employed. The current forecast lead-time (18-24 hours prior to burning) and 
forecast interval (hourly) were both considered satisfactory by all respondents; 
however, the ability to produce a longer-lead forecast, up to four days, was indicated 
as a desirable planning aid. 

 
Other Needs 
Respondents were asked how the provision of additional (unspecified) information 
would change their usage of smoke forecasts. The general response was that the 
forecasts were already sufficiently valuable so the usage would not change. However, 
50% also said having additional information may increase their confidence in, or 
improve their understanding of, the forecast. 

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

 
Barriers to use 
Lack of formalized training in the use of the smoke forecasts was clearly identified as 
a barrier to use, and many respondents deemed the available assistance to be less than 
adequate.  This shortcoming was also identified as part of the users “other needs”. 
Access to forecasts and the distribution of forecasts is considered to be adequate by a 
large percentage of users (87%).  A similar number also believe that the forecasts in 
their current form are sufficiently accurate to use regularly (see above).  Most of the 
respondents indicated that there were no significant inconsistencies that made the 
smoke forecasts difficult to use on a regular basis. 

 
The majority of respondents indicated that an understanding of past forecast 
performance is important, as is the quantitative verification of the forecast system.  
The latter is particularly valued as proof of the scientific basis of decisions made 
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using the smoke forecasts, providing a defensible decision-making process.  These 
respondents also noted that having quantitative verification information would be of 
value, but there was clear recognition of difficulties in acquiring quantitative 
observations of smoke concentrations.  Measurements of the spatial distribution of 
smoke concentrations are not taken as part of most prescribed burns, though key 
receptor locations (e.g., population centres) may be visually monitored for potential 
impact.  However, the respondents indicated that quantitative forecast skill 
information would not necessarily increase user confidence in the product, but would 
rather provide supporting evidence for its usefulness.  A large number (81%) of 
respondents indicated that demonstrating the value of smoke forecasts is very 
important, particularly as they also noted that other operational and political factors 
can readily outweigh the smoke forecast in the decision-making process. 

 
While 62% of respondents find the current information content of the forecasts 
adequate, nearly half of the respondents indicated a desire for additional forecast 
information.  This information is extremely useful for product improvements and 
further strengthening the relationship between the research and decision-making 
communities.  The respondents provided a number of suggestions for enhancements 
to the operational product suite, including: 
 

·  More descriptive forecaster comments. 
Users considered contact with the Bureau forecasters to be an important part of 
the smoke forecasting – prescribed burning process.  To minimise the use of 
what is a finite resource (i.e., forecasters’ time) it was suggested that more 
information could be provided as a text comment on the web page. 

·  Accounting for smoke persistence into the next forecast. 
Current forecasts assume a clean airshed at the beginning of each forecast.  
Many fires are not extinguished in one day and continue to generate smoke.  
Under calm conditions residual smoke can remain in the area of the original 
burn for several days.  Model changes to account for residual smoke would be a 
highly desirable improvement; burners typically do consider residual smoke in 
their decision-making process. 

 
·  Height of smoke plume. 

Current forecasts use a fixed plume height of 1500 metres for the initial plume 
rise, which is not always a correct value (see case examples in Wain and Mills, 
2006).  Users asked for a more dynamic plume height specification.  Such a 
system is already under development, and a new diurnally-varying plume height 
will shortly be included in the operational forecasts.  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 to obtain all the meteorological 
information they require.  These are currently not linked to the smoke page.  
Ultimately, a display system that provides all of the relevant meteorological 
information and the smoke forecast as GIS layers is seen as desirable. 

 
The current method of information access and distribution was rated as adequate.  The 
current displays were considered adequate for use by 75% of those questioned, but a 
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number of display enhancements were also suggested, in particular 3-D (volumetric) 
displays being favoured.   
 
Discussion and Conclusions 
The overall impression received from the interviewees is that the smoke forecasting 
system is fulfilling a basic need and is generally performing well, but there were a 
number of areas that could be improved upon. One clear area users identified as 
requiring attention was training in the use and interpretation of the smoke forecasts.  
Overall there is very little smoke forecast assistance or training directly available 
within the organisations. Many users were aware of the modular training course 
available on CD, but not all had reviewed it in detail. To enable proper use of the 
smoke forecasts, the training modules need to be updated and more widely 
distributed. The recent inclusion of this training module as a web-link should make 
this process easier. A formal method of smoke management training, incorporating 
the training module content, is currently under active development. 

 
The smoke forecasts are already considered to be of high value by users. No 
additional information is needed to change usage, although the additional training 
identified above should broaden the effective user base. New related scientific studies 
will improve and support decisions, and provide education to other associated parties 
including politicians and the public. Implementation of NWP model improvements as 
they become available should (hopefully) address some of the situations where 
forecast shortcomings have been identified. 

 
Expert assistance is desired via discussions with forecasters. This occurs in most 
states, but not always in a formal framework. Bureau forecasters involved in smoke 
and fire weather forecasting should be able to provide advice and guidance in a 
consistent manner. Currently, the burners typically contact the forecaster; however, it 
might be desirable for a forecaster to participate in a formal conference call discussing 
the burn implementation and day’s activities.  This will require the development of a 
suitable policy framework, forecaster training and appropriate resource allocation. It 
is also recognized that the forecaster’s time is a finite resource, and the publication of 
some more universally applicable comments regarding fire weather elements on the 
smoke forecast web pages could be mutually beneficial. 

 
Information on the vertical distribution of smoke is also desired. Many users 
expressed a desire to be able to view a 3-dimensional perspective of the forecast 
smoke plume. Current display methods cannot satisfy this need, so new methods must 
be found. Users have suggested Google Earth as a possible solution, and a recent 
update of the HYSPLIT program has included this as an output option; however, there 
is a still a large amount of development work required before this can provide the 
desired degree of information. The use of a gaming engine as a spatial visualization 
tool has potential application for smoke forecasts.  Such a product is being developed 
by the CRC for Spatial Information (Stock et al., 2005), but this application will not 
be readily available for some time. 

 
The likelihood of increasingly more stringent regulatory requirements for biomass 
burning byproducts, particularly fine particulates in the PM2.5 range, means there is a 
demonstrable need for quantitative smoke forecasts made using an atmospheric 
chemistry transport model. Unfortunately, the emissions, fuel accumulation and 
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vegetation data required for the development of a quantitative emissions model is as 
yet unavailable for most of the country. Obtaining this information is perhaps the 
biggest obstacle to the continued development of the smoke forecasting program.  In 
addition, quantitative verification of such concentration forecasts is problematic.  
Aerosol sampling points are sparsely located, usually in major cities away from most 
prescribed burning locations, while the resolution of remotely sensed satellite data 
close to the ground is poor. How this data deficiency can be rectified is as yet unclear. 

 
This smoke management user survey has provided a great deal of information about 
the use of smoke dispersion forecasts by land managers in Australia, the values placed 
upon the products and the improvements that are required to better satisfy user needs. 
The response from users was very gratifying and clearly identified the path ahead. 
This is in no small part due to the close involvement of the users in the initial project 
planning. Indeed, one strong theme identified is the continuing need for close links 
between developers, forecasters and practitioners to ensure that smoke forecasts 
continue to provide excellent guidance that is put to effective use by a well-informed 
user group. 
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Abstract  
The covariance in space and autocovariance in time of sea surface salinity (SSS) in the 
Indian Ocean is derived from daily mean fields from the BLUElink ReANalysis version 
2.1. In particular we separate these relationships into seasonal/interannual and mesoscale 
signals. The relationships are used to assess the adequacy of the current and proposed 
observing systems for salinity to produce analyses of salinity and to constrain salinity in 
an ocean prediction system. Ocean circulation from sub-mesoscale through to climate 
scales responds to the spatial and temporal variability of both temperature and salinity. 
Ocean salinity also plays an active role and is a key indicator of the global hydrologic 
cycle. The Indian Ocean has very prominent source regions such as the Bay of Bengal 
(32 psu) and the Red Sea (44 psu) providing important contributions to the total 
circulation of this basin. This paper briefly describes a study that aims to provide a better 
understanding of the spatial and temporal scales of sea surface salinity in the Indian 
Ocean from a mesoscale resolving ocean reanalysis. 

 
Introduction  
The circulation and distribution of salinity is the least observed and most poorly 
understood ocean state variable with a wide range of sources and sinks. Ocean salinity 
varies mainly due to precipitation and evaporation, river inputs in to the region, saline 
discharge from semi-enclosed seas and gulfs and brine rejection from sea-ice 
formation. The Indian Ocean has very prominent source regions such as Bay of 
Bengal (BoB) and the Red Sea providing important contributions to the overall 
salinity. BoB has river inputs from five of the world’s 50 largest rivers (Brahmaputra, 
Ganges, Irrawaddy, Godavari and Mahanadi) (Dai and Trenberth, 2002) and is also 
subject to an immense amount of fresh water influx due to heavy precipitation (~2 m 
yr-1) (Prasad, 1997). In contrast, the Arabian Sea loses fresh water (~1 m yr-1) through 
intense evaporation (Prasad, 1997) and receives high salinity water from the Red Sea 
and Persian Gulf. This imbalance combined with the seasonally reversing ocean 
circulation of the basin makes the Indian Ocean an interesting area to study ocean 
salinity. 
 
A major constraint to the study of sea surface salinity is poor spatial and temporal 
coverage of observations. In fact about 27% of one degree squares in the ice-free 
oceans have never been sampled for SSS (Bingham et al., 2002). The Argo program 
has already revolutionised our understanding of salinity having recently introduced a 
global ocean observing system of ~3000 automatic CTD profiling floats that routinely 
samples salinity below the surface. The European Space Agency is scheduled to 
launch the Soil Moisture and Ocean Salinity (SMOS) mission in 2008/09. This 
mission will provide 10-30 day average of remotely sensed Sea Surface Salinity (SSS) 
data with an accuracy of 0.1 psu at 200 x 200 km horizontal resolution (Font et al., 
2004). There have been a number of studies addressing the scales of SSS variability 
(Delcroix et al., 1998, Henin et al., 1998, Cronin and McPhaden, 1999 and Delcroix et 
al., 2005). The majority are concentrated on the Pacific Ocean. In this paper we 
outline some properties of SSS variability scales in the Indian Ocean using daily mean 
fields from the BLUElink ReANalysis version 2.1 (BRAN2.1; Schiller et al., 2008).  
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Data and Methods 
BRAN2.1 daily mean fields, which span 14 years from 1993-2006 were used in this 
study. The reanalysis resolves eddies in the region 90E-180E, 60S-10N at a resolution 
of 0.1°´ 0.1° and is eddy permitting in the remaining parts of the Indo-Pacific oceans 
at a resolution of 0.9°´ 0.1°. To estimate the decorrelation scales, we apply a low-pass 
spectral filter to the data, in order to separate the mesoscale and the seasonal signals. 
Auto-covariance analyses were done at every point in the spatial domain and temporal 
decorrelation scales were calculated by measuring the 0.5 cutoff, which is found to be 
consistent with the results of Gille and Kelly (1996). To find the spatial decorrelation 
scale, we used the conventional correlation coefficient calculation for a particular 
point with all other points in the spatial domain. The closed contour for the 0.5 
correlation coefficient was then fitted to an ellipse (Fitzgibbon et al., 1999). This 
elliptical fitting enables us to calculate the relative 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. Most of the mesoscale variability is in the 
4-14 day range, with a clear separation along 90E meridian which separates the zonal 
resolution. This is a model artefact where Rossby waves and eddies transition from 
eddy resolving to eddy permitting and have higher spatial scales and slower 
propagation speeds leading to increased time correlation. This is apparent in the 
middle latitude as Rossby wave propagation is westward from higher resolution to 
coarser. Close to the equator such transitions are not visible, which is due to the 
increased Rossby radius of deformation being resolved in coarse grid regions. The 
seasonal time correlation is mainly concentrated in and around the 100 day mark. 
There are some patches of longer correlations in the Antarctic circumpolar region, the 
equatorial region and some places in the Philippine Sea. These high patches are the 
combined effect of various model adjustments by persistent salt increment, 
precipitation-evaporation (pme) and climatological restoring (figures not shown). The 
 

 
 

Figure 1. Time decorrelation of SSS in the Indian Ocean in days 
 (a) the mesoscale signal (b) the seasonal signal 
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equatorial wave guide, where Rossby and Kelvin waves take about 2-3 months to 
traverse the Indian Ocean (Prasanna Kumar et al.,  2000), is also clearly seen in the 
seasonal plot. This shows that the model is able to produce Rossby and Kelvin wave 
signatures even in the SSS data, further work can be done in this regard.        
 
(b) Spatial decorrelation scales 
The ellipses in Figure 2 represent the size of spatial variability of SSS in the Indian 
Ocean. In the Arabian Sea, most of the mesoscale features in SSS are in between the 
10 degree and 20 degree latitude band. The high salinity water coming from the Red 
Sea plays a major role in this region. The equatorial region shows larger correlated 
structures as expected, because of the equatorial wave guide. The coast of Arabia also 
shows large structures, even though the East Arabian Current is strong during the SW 
monsoon period. In the Bay of Bengal much of the small scale features are found in 
the Andaman Sea and along the coast of Taiwan. The smaller structures in this region 
are the results of heavy river runoff (advection and local), a large amount of 
precipitation and the strong mesoscale response to these sources. The size of 
correlation structures increases towards the equator and around the Sri Lankan coast. 
The SW Indian Ocean behaves much like the Atlantic and Pacific, with high sea 
surface salinity found in the subtropical region where evaporation exceeds 
precipitation. This subtropical region is of high mesoscale activity with an extension 
towards south Madagascar. The Agulhas region, which is famous for its eddy activity 
and strong currents (Wilhelmus et al., 2004) is also characterised by small SSS 
correlation structures.  In the SE Indian Ocean plot you can clearly see the change of 
size of SSS structures along the 90E meridian, with small structures to the east of it 
where the model is eddy resolving. The subtropical region of this plot shows very 
high eddy activity, but towards the equator and Polar Regions the spatial structures 
become larger. Contrary to the high amount of precipitation in the Indonesian region, 
SSS correlation structures are quite large and may be due to its semi-enclosed 
topography.         
 
Conclusion 
Most of the mesoscale variability in the Bay of Bengal, the Indonesian Through Flow 
and off the west coast of Australia have time decorrelation scales less than 10 days. 
This will limit the relative impact of SMOS on assimilation as reduction of 
observation errors to the order of 0.1 psu requires significant temporal and spatial 
averaging. Spatial correlation analysis shows small-scale features in the Bay of 
Bengal, off the Taiwan coast of the South China Sea, off the west coast of Australia 
and in the Agulhas region. The small features off the Taiwan coast are speculated to 
be difficult to resolve in SMOS data because of its comparatively coarse spatial 
resolution and the contamination of data from coastal influences (Sonia et al., 2007). 
There are significant errors in many of the sources of freshwater. For example river 
discharge is poorly metered at the river mouths. Precipitation from NWP models has a 
very low level skill. Control of errors in sea surface salinity in the BLUELink Ocean 
Model Analysis and Prediction System (Brassington et al., 2007) is performed by 
restoring to a climatological mean that also contain significant errors. SMOS therefore 
may still reduce the errors in analysis and prediction systems and increase our 
understanding of sea surface salinity. The regions with long seasonal time 
decorrelations will also be constrained once SMOS data become available.   
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Figure 2. Spatial maps of fitted ellipses in (a) Arabian Sea – NW Indian Ocean (b) Bay of Bengal – NE 

Indian Ocean (c) SW Indian Ocean and (d) SE Indian Ocean. 
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Abstract 
Forecasting wind fluctuations for the purposes of easing grid integration of wind farms 
is an active research area. While Numerical Weather Prediction models cannot be used 
to capture the highest frequency variability, they may still be of considerable value in 
predicting lower frequency variability. The aim of this project was to assess the 
amplitude of mesoscale variability in the Bureau’s mesoscale models, and to assess the 
applicability of using the spatial kinetic energy spectra calculated directly from NWP 
wind fields as a tool for forecasting temporal wind variability. The work was 
undertaken as part of an Australian Greenhouse Office sponsored project to develop 
forecasting tools for wind farm applications.  

 

 
Introduction 
MA-LAPS (Mesoscale Assimilation Local Area Prediction System) is a mesoscale 
model that has been recently developed in BMRC. MA-LAPS differs from the 
Bureau’s previous generation mesoscale model, MesoLAPS, in that it is initialised by 
its own data assimilation cycle performed at its native resolution of 10km. In contrast, 
MesoLAPS is initialised by interpolating the 37.5km LAPS analysis to the 
MesoLAPS resolution of 12.5km. 
 
MA-LAPS has been quantitatively shown to provide more accurate forecasts than 
MesoLAPS (eg. Vincent et al. 2008). By inspection of time series at a single 
gridpoint, the observation can be made that MA-LAPS appears to exhibit higher 
frequency variability than MesoLAPS, and that further, this variability seems to be 
realistic. An example is in  
Figure 2, where the MA-LAPS forecast is not only better than the MesoLAPS forecast 
in terms of amplitude and timing of the main features, but also appears to realistically 
capture some high frequency variability in the 10m wind speed. 
 

 
 

Figure 2. Timeseries plots of the 48 hour 10m wind forecast initiated  
20070608 00UTC at two locations. 
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The above observation that MA-LAPS forecasts contain features at higher resolution 
is largely qualitative. The purpose of this investigation is to attempt to quantify the 
spectral power of the MA-LAPS model output, and to compare it with that of 
MesoLAPS. MA-LAPS will also be compared with CLAPS, the 37.5 km model in 
which it is nests. The analysis technique will then be applied to the problem of 
forecasting wind variability, using the conjecture that spatial variability in 
wavenumber space should reflect the temporal variability at a single point in 
frequency space. 
 
Spectral representation of atmospheric Kinetic Energy 
Universal spectral energy density functions for wind and potential temperature were 
derived from aircraft measurements from a large field study of over 6900 aircraft 
flights by Gage and Nastrom (1986). Their results indicated a spectral slope of around 
-3 for scales greater than 700 km, and of -5/3 for scales less than 500 km. They 
compared their observational results, which were measured in the spatial domain 
(taking account of the Doppler shift due to aircraft movement) with earlier studies 
which showed similar results for temporal data measured at a single point in space. 
Their results confirmed that, using a Taylor transformation, frequency and 
wavenumber spectra can be seen as good approximations of one another. In the 
context of the present study, their conclusions regarding wavenumber and frequency 
spectra suggest that the spatial variance of the NWP wind field may be used as a tool 
for forecasting the temporal variance at a point location. 
 
Several recent studies have emphasised the value of using spectral representation of 
mesoscale models as a diagnostic tool. For example, Skamarock (2004) used spectra 
of kinetic energy density to study the relative spectral energy at high frequencies in 22 
km, 10 km and 4 km versions of the Weather Research and Forecast (WRF) model, 
and found that the slopes of model spectra matched closely with results from 
observational studies such as that of Gage and Nastrom (1986). Skamarock (2004) 
discussed the 'effective resolution' of mesoscale models as the resolution at which the 
spectra tailed off and diverged from observed values. He found that for the WRF 
model, an effective resolution of 7� x could be identified, where � x was the model 
grid spacing. 
  
Fourier Transforms of Model Fields 
Model spectra were calculated using a two dimensional Discrete Fourier Transform. 
Given a two dimensional wind field ( )( )),,(,,, tyxvtyxuu =

�
, the two dimensional 

discrete Fourier transform at time t is: 
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Then the kinetic energy per unit mass of the field in spectral space at time t is: 
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( ) ( ) ( )( )22 ,,,,
2
1

,, tnmvtnmutnmE +=  , Equation 2. (Zdunkowski and Bott 2003, p. 328-332) 

 
Since this expression is a two dimensional field of kinetic energy at time t, summation 
over shells of constant wave-number radii 22 nmk ++++====  yields a one dimensional 
relationship between kinetic energy per unit mass and wave-number at time t (Figure 
2).  
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, , Equation 3. (as in Denis et al. 2002) 

 
 

 

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

 

 
A window function using polynomial segments to reduce both the model field and its 
first derivative to zero at the domain boundaries was 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 analysis (t = 0) and the 24 hour forecast (t = 24) 10 m wind 
fields are presented here for three versions of the Bureau’s LAPS model: CLAPS, 
MesoLAPS and MA-LAPS. The specifications of the models are summarised in Table 
1. The results described here use the pre-operational research versions of CLAPS and 
MA-LAPS, but these systems have since become operational. 
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The kinetic energy spectra for the four models were calculated for a 14 day period 3 
January 2007 to 16 January 2007 over the domain indicated in Figure 3.  In each case, 
the spectra are calculated up to the Nyquist wavelength for the relevant model; 75 km 
for CLAPS, 20 km for MA-LAPS and 25 km for MesoLAPS. The plots (Figure 4) 
compare spectra for the model pairs MesoLAPS-CLAPS, MA-LAPS-CLAPS and 
MesoLAPS-CLAPS respectively. 
 

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

Model Name Resolution Initial Conditions Vertical 
Levels 

Status 

CLAPS 37.5 km Assimilation at 37.5 km 61 Research/Operational 
MA-LAPS 10 km Assimilation at 10 km 61 Research/Operational 
MesoLAPS 12.5 km Interpolated from 37.5 km 

operational LAPS model3 
29 Operational 

 
 
The following observations may be made from Figure 4: 
 
1. At low wavenumbers, all three models show a -3 slope, which agrees with the 
observed value. 
  
2. CLAPS shows a slight transition to a shallower slope at high wavenumbers in its 
24 hour forecast but not in its analysis. MA-LAPS shows a transition to a shallower 
slope of nearly -5/3 in both its forecast and its analysis. MesoLAPS shows no sign of 
a transition to a shallower slope. 
 
3. MA-LAPS shows nearly identical spectral power in both its forecast and its 
analysis fields, while both CLAPS and MesoLAPS show a spectral deficit at high 
wave numbers in the analysis and ‘spin-up’ spectral power during the forecast. We 
see that at wavelengths greater than about 400km, there is a sharp decline in the 
CLAPS spectra compared to that of MA-LAPS. This is due to the digital filter that is 
applied to CLAPS in order to filter out fast moving gravity waves from the analysis. 
The digital filter integrates the model backwards and forwards in time, damping the 
high frequency signals at each time step (Kalnay, 2003, p. 195). It is clear that in the 
24 hour forecast, CLAPS has regained the variance that was removed by the digital 
filter, and shows the same spectral density as MA-LAPS up to its Nyquist 
wavelength. It is interesting to conjecture that since the -5/3 slope disappears with 
digital filtering, then the apparent ‘transition to mesoscale’ portion of the spectrum is 
actually due to gravity wave activity. Alternatively, it may illustrate that the higher 
resolution data assimilation of MA-LAPS has allowed it to capture some realistic 
mesoscale variance in its analysis. 
 
4. The effect of the false spectral signal introduced by the interpolated initial 
condition of MesoLAPS is evident in the bump in the analysis spectra past the 
CLAPS Nyquist frequency.  
   

                                                 
3 LAPS is the operational predecessor to CLAPS. LAPS runs at the same horizontal resolution as 
CLAPS; the main difference between the two models is in the improved assimilation of satellite data 
that has been implemented in CLAPS (Tingwell et al. 2008).  
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Figure 4. Kinetic Energy Spectra Comparing 
 a) MesoLAPS and CLAPS b) CLAPS and MA-LAPS and 
c) MA-LAPS and MesoLAPS 
 

 
Increase in spectral power – forecast ‘spin-up’ 
As shown in the previous section, CLAPS and MesoLAPS exhibit greater spectral 
density at high frequencies in the 24 hour forecast field than in the analysis field. 
Figure 5 shows the analysis, t = 6, t = 12, t = 18, and t = 24 spectra for CLAPS, 
MesoLAPS and MA-LAPS. The plots show that CLAPS continues to increase in high 
wavenumber variability for at least the first 18 hours of the forecast. In contrast, 
MesoLAPS achieves most of its forecast ‘spin-up’ in the first 6 hours of the forecast, 
after which the variance does not increase further. As discussed above, MA-LAPS 
shows nearly identical spectral power in its analysis and 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 digital filtering. It is likely that the increased 
number of vertical levels also explains some of the difference between MesoLAPS 
and MA-LAPS. The differences between model spin-ups are not conclusively 
understood, and would be an interesting area of further investigation. 
 
Application to Wind Farm Variability Forecasting 
Since we have observed the k-5/3 section of the spectra to be in reasonable agreement 
with observed mesoscale spectra, it is logical to assume that the amplitude of the -5/3 
sloping part of the spectra contains useful information about the mesoscale variability.  
 
To test this hypothesis, a square of 120 by 120 gridpoints (that is, 12o or 
approximately 1200 km square) was defined surrounding a wind farm monitoring site 
in coastal Victoria. The spatial 10 m MA-LAPS wind field was extracted hourly for a 
17 day period, and the degree of mesoscale variability was determined by integrating 
the spectra between the wavelengths 90 km and 500 km at each hour. This range of 
wavelengths falls within Orlanski’s (1975) definitions of meso-�  scale (20 km - 200 
km) and meso-�  scale (200 km – 2000 km). According to that classification, the 
meso-�  scale includes thunderstorms, internal gravity waves, clear air turbulence and 
urban effects, while the meso-�  scale includes nocturnal low-level jets, squall lines, 
inertial waves, cloud clusters, and mountain and lake disturbances.  
 
An example of a 10 m wind speed field from MA-LAPS is shown in Figure 6, with 
the wind monitoring site shown by the red dot. The 17 day time series was created by 
integrating the mesoscale wavelengths for 408 fields similar 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 fields was normalised by the mean wind 
speed, and compared with a 3 hour moving standard deviation of 10 minute 
observational data. The two curves are shown in Figure 7. Note that the mesoscale 
kinetic energy has been divided by an appropriate scaling factor in order to co-locate 
the two plots on the vertical axis. 
 
It is reasonable to compare these two quantities since a 3 hour period corresponds to a 
wavelength of about 110 km, from Taylor’s hypothesis assuming a representative 
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wind speed of 10 ms-1. Taylor’s hypothesis implies that the temporal variation seen at 
a single point is due to the spatial variability that is being advected past the point 
(Mizuno & Panofsky 1975). It relies primarily on eddies (circulations) moving with 
the mean flow, and we do not suggest here that we can perfectly relate spatial 
variance to temporal variance at a point, particularly for longer wavelength features 
which will certainly undergo deformation and amplification or decay as well as 
advection as they approach the wind farm site. However, the comparison between the 
forecast spatial variance and the point observation of temporal variance yields a 
correlation of 0.5, and from this one can see that three out of the four major peaks in 
wind variability during the 17 day period have been identified. There is clearly useful 
information about the variability of the wind being captured 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 site in NSW with complex topography. 
The results here were less successful, with a correlation of only 0.3.  It is suggested 
that at this site there was more influence of phenomena occurring outside the effective 
resolution of the model. Another possibility is that the spatial fields contain a 
significant base level of variability due to the topography around this elevated site. 
The topographically-induced variability (i) makes it harder to detect variability due to 
atmospheric dynamics and (ii) will be unrelated to temporal variability at an 
individual location because the variability due to topography will be fixed in space. 
 
The information that is contained in the spatial NWP fields should also exist in an 
NWP derived time series of wind speed at a single point – that is, the spatial or 
temporal model output should contain the same frequency signal. The benefit of using 
a spatial field is that it does not need to be extracted at any great frequency in order to 
determine a high wavenumber (corresponding to high frequency) measure of 
variability. Although the measure of spatial variance was extracted only hourly, it was 
representative of variability over shorter periods. Further, the benefit of this technique 
is that it uses a great deal more data than a time series based on a single site, which 
should result in greater statistical stability.  
 
Conclusions 
This paper has described the technique of calculating kinetic energy spectra from 
NWP fields, and showed results of applying the technique to three versions of the 
Bureau’s LAPS suite that vary in initialisation and horizontal and vertical resolution. 
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The results suggest that the high resolution data assimilation of MA-LAPS, the most 
recent version of the Bureau’s Mesoscale model, leads to better representation of the 
variance at high wavenumbers in the analysis field. The reasons for the apparently 
better performance of MA-LAPS when compared to MesoLAPS in the 24 hour field 
are not entirely clear, but are likely to be due to the better analysis and the increased 
number of vertical levels. 
 
The mesoscale kinetic energy of the model has also been shown to be a useful tool for 
forecasting wind variability at a point location. This interesting result both helps to 
validate that the model is in fact capturing some meteorologically realistic variance at 
high wavenumbers, and points to a useful technique of wind variability forecasting, 
particularly for applications that are highly sensitive to short-term fluctuations, such 
as wind energy prediction.  
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Abstract 
Oceanic upper mixed layer heat content is thought to play a role in the dynamics of 
tropical cyclones (TCs). Hurricane studies in the Gulf of Mexico have shown ocean-
atmosphere feedbacks regulate storm intensity through variations in surface heat fluxes 
(Hong et al., 2000). An investigation of the role of upper ocean heat content and its 
relationship to tropical cyclone (TC) intensity in the Australian region has not yet been 
carried out. SST alone has been shown to be a poor indicator of storm intensity (Holland, 
1997). The use of coupled ocean-atmosphere models for hurricane or tropical cyclone 
(TC) prediction has led to improved forecasts of TC intensity (Bender and Ginis, 2000; 
Bender et al., 1993; Schade and Emanuel, 1999). Resolving mesoscale (~10-100 km 
scales) variability of the upper ocean is important to provide an adequate dynamical 
boundary layer that conditions appropriate feedback mechanisms to the atmosphere 
(Jacob and Shay, 2003; Wu et al., 2005). Ultimately it is air-sea fluxes that govern the 
thermodynamic equilibrium and these are not well understood in extreme conditions 
(Bao, et al., 2000). In this study, we use the best available estimate of the pre-storm upper 
ocean state, from the BLUElink Reanalysis (BRAN2.1) dataset, to determine the 
potential available heat content to all recorded TCs in the Australian region, 
corresponding to the reanalysis period (1998-2006), which intensified to category 4 or 5 
on the Saffir-Simpson scale over the deep ocean. This study addresses different measures 
of upper ocean heat content (OHC) and how useful they potentially are for understanding 
the ocean’s role in TC intensity in the Australian region. We also investigate a measure of 
OHC related to TC induced mixed-layer depths. Signals between TC intensity and 
different measures of upper OHC, during TC intensification phase, are studied. The 
results are mixed and not conclusive for all cases studied here, however, there are some 
indications of positive correlations between TC intensity and various measures of OHC. 

 
Introduction 
Large scale climatological factors that contribute to the formation and support of 
tropical cyclones (TCs) include warm SSTs usually above 26oC and a relatively deep 
oceanic mixed layer, large low-level cyclonic absolute vorticity, low vertical wind 
shear over the disturbance, mean upward motion and high mid-level humidities (Gray, 
1968; DeMaria and Kaplan, 1994; Dare and Davidson, 2004). Once formed, however, 
the existence of a TC depends mainly on supply of energy from the ocean through 
surface latent and sensible heat fluxes (Bao et al., 2000). Most TCs that move over 
land rapidly decay due to increased boundary layer shear and diminished surface heat 
fluxes. TCs frequently reintensify when moving back out to sea.  
 
Tropical cyclones leave behind wakes of cold surface water resulting from turbulent 
entrainment of cooler water into the mixed layer (Shay and Chang, 1997). This 
cooling has an important feedback on TC intensity, the degree to which is partly 
determined by TC translation speed (Ren et al., 2004). The difference between the 
change in heat content before and after a TC has passed and surface heat fluxes can be 
used to estimate the heat energy a TC derives from the ocean. The ocean heat content 
OHC of the upper layers of the ocean has been shown in various case studies to be 
more relevant for the ocean’s role in tropical cyclone intensity than SST alone (Bender 
and Ginis, 2000; Hong et al., 2000; Leipper and Volgenau, 1972). Hurricane Opal 
(1995) dramatically intensified when passing over a region of anomalously high OHC 
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in the Gulf of Mexico, although the cause of its intensification is still a matter of 
controversy (Shapiro and Moller, 2003).  
 
The northern Australian region experiences about 13 tropical cyclones per season with 
about 40% making landfall (Dare and Davidson, 2004). The most active months for 
TCs are from December to March. Additional to this being the Austral summer it is 
also the period when the South Equatorial Current and Indonesian Through Flow are 
active in transporting heat into the Coral Sea and north-east Indian Ocean 
respectively. In all category 3-5 Australian region tropical cyclone cases the lowest 
central pressure (LCP, less than 970 hPa) was observed over the ocean (Dare and 
Davidson, 2004). The role of mesoscale ocean variability in the process of TC 
intensification in the Australian region remains to be investigated.  
 
OHC is usually quantified from the surface to either fixed depths or isotherm depths 
and is a relative measure requiring the use of a reference temperature. In the case of 
using isotherm depths, the isotherm temperature becomes the reference temperature 
and the isotherm depth the reference depth. A definition of OHC thought to be related 
to tropical cyclone intensity is tropical cyclone heat potential (TCHP). This is used 
widely in various ways (Law and Hobgood, 2007; Cione and Uhlhorn, 2003; Bao, et 
al., 2000; Leipper and Volgenau, 1972) with various degrees of success. TCHP is 
defined as the heat content between the surface and the depth of the 26oC isotherm. 
The arbitrary reference to 26oC comes from the fact that many studies have shown 
that tropical cyclones do not form at, and are not supported by, SSTs less than 26oC 
(eg. Emanuel et al., 2004). All of the TCs examined here satisfy this and frequently 
exceed this criterion. An issue with TCHP is that very warm shallow layers can have 
the same TCHP as very deep isothermal layers slightly above 26oC and a TC will 
possibly respond differently to these different scenarios. We expect the depth to which 
a TC drives vertical mixing that brings cooler water to the surface and the underlying 
thermodynamic properties of the water are probably more important as a guide to the 
potential energy a TC can derive from the ocean.  
 

 
Figure1. Tropical cyclone case studies used in the analysis. 

Colour scale represents normalised intensity for each TC track. 
Circles represent starting locations. 
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The stable stratification of the ocean ensures that feedback from the ocean is always 
negative, however, the rate of surface cooling varies considerably, being controlled by 
variations in vertical temperature gradients and stability of the surface stratification. 
 
Various measures of heat content, defined in the next section, calculated from 
BRAN2.1 (Oke et al, 2008; Schiller et al, 2007) for ten TC case studies (Figure 1) are 
shown in Figure 2. This illustrates the variety and complexity of possibilities and the 
fact that it is not clear which measures of OHC, if any, are the most appropriate to 
use. The measures HC50, HC100 and HC200 use uniform depth levels and these 
would probably be inappropriate since tropical cyclones may possibly ‘feel’ OHC to 
storm dependent depths. As an alternative, the depth used in an OHC measure could 
be specified from an analysed TC wind field. This modified OHC would be calculated 
with a spatially varying depth that matches the expected ocean layer of influence. 
 

 
Figure 2. Pre-storm SST, ocean heat content measures and isotherm depths for TC case studies from 
BRAN2.1. HC20o,HC26o – OHC between surface and 20oC & 26oC isotherms respectively (HC26o is 
same as TCHP), HC50m,HC100m,HC200m – depth-averaged OHC between surface and 50,100 & 

200 m depths respectively, D20,D26 – depth of 20oC & 26oC isotherms respectively.  
Units: OHC (kJ cm-2) SST(C), isotherm depths (m) 

 
This idea is used in this study is to evaluate OHC based on estimating TC induced 
mixed-layer depths and to differentiate the relationships between this measure, TCHP, 
SST on TC intensity using ten tropical cyclone case studies in the Australian region. 
The cases are selected based on TCs reaching category 4 or 5, on intensification phase 
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occurring over the deep-ocean, and availability and reliability of ocean reanalysis 
data.  
 
 
Data and Methods 
The TC cases we use are shown in Figure 1. Although TC Zoe was not strictly in the 
Australian Region, it is included because it is documented as being the most intense 
southern hemisphere TC ever observed. TC Ingrid intensified three times during its 
life, however, only the first intensification, which occurred over the deep ocean in the 
Coral Sea, is used in this analysis.  
 
Best track data from the Joint Typhoon Warning Centre (JTWC) is used. This consists 
of time, geographic location of TC centre, maximum wind speed (based on 1 minute 
means), central pressure, ambient pressure, eye width and radius of last closed isobar. 
Time resolution is 6 hourly. One disadvantage in using the JTWC dataset is that it 
contains frequent discontinuities and is relatively low precision, which tends to 
introduce scatter into the results. This may possibly be improved by time interpolation 
and curve-fitting, however, we decided for the first approach here to use the original 
data. Maximum wind speed, central pressure, ambient pressure are used to construct 
an analytical Holland (1980) wind field for each time and location along the TC path. 
Radius of maximum winds (RMW) was not available for particular TCs so it was 
assumed in these cases that RMW was 25% greater than eyewall radius. Sensitivity to 
this was tested and is commented on later. The Holland method creates a vortex 
pressure field that is symmetrical and scaled to observations. This field is used to 
calculate cyclostrophic gradient winds which are adjusted to surface winds by 
assuming surface winds are 0.7 times the magnitude of gradient winds. This 
approximation is valid for outer regions of the TC, however, in the high wind inner 
region the ratio increases by up to ~ 0.95 (see Kepert, 2001). The effects of cyclone 
asymmetry were excluded in order to reduce complexity. Using the surface winds, 
derived for every timestep along the cyclone track, the Ekman depth of the wind-
driven mixed layer (DE) is found using equations (1) and (2) following Pond and 
Pickard (1983) 
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with the following values CD = 1 x 10-3, � a  = 1.15 kg m-3, � s  = 1026 kg m-3,  T=86164 
s. f represents latitude and U10 wind speed at 10 m above the surface.  
 
Figure 3 illustrates the regions used to integrate heat content using mixed layer depths 
and the Holland wind field. Plan view shows contact area and section X-X shows a 
depth profile through the vortex eye. The area between the eyewall and the last closed 
isobar is used as the contact area. OHC is determined for each water column under 
this area to DE using equation (3). 
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where Cp is specific heat capacity of seawater = 4184 J kg-1 C-1, �  is insitu density, T 
is temperature, Tref is reference temperature, which is arbitrarily set to zero oC, and z is 
depth being positive downwards. The setting of Tref to zero rather than some other 
value has minor influence on OHC variability through � (� z) because ��  << � . Salinity 
from BRAN2.1 is used to calculate �  using the equation of state of seawater. In the 
case of TCHP, the reference temperature is set to 26oC instead of zero as described by 
equation 4 and the 26oC isotherm depth (D26) becomes the bottom boundary. 
 

 
Figure 3. Diagram illustrating regions of integration. Plan view shows contact area. Section X-X 

shows profile of mixed layer depth DE.  Hatched areas are regions of integration. Symbols: z(depth), 
RMW(radius of maximum winds), LCI(last closed isobar), CW(contact width), EW(eyewall),  

h(sea-level), A(area). 
 
We use a modified TCHP in which the depth used is the smaller of DE or D26. The 
impact of this alteration on the results is discussed later. Where topographic depths 
are shallower than DE or D26, the heat content is calculated from surface to bottom 
depth.  
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Integrated OHC & TCHP, which is an estimate of the available potential energy the 
ocean can provide to the TC, and defined as the sum of all the heat content found in 
the water columns under the TC, is found along with contact area mean SST. This is 
done for each position along the individual TC tracks, during intensification phase. 
Different cyclone wind profiles are used every time step. Results for all TC case 
studies are combined and a linear regression analysis is performed against maximum 
observed wind speed, which is taken to be the proxy for TC intensity. The BRAN2.1 
ocean state that is used is taken from one day before TC arrival in each case in an 
attempt to use pre-storm ocean conditions and avoid any interference caused by the 
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forcing in BRAN2.1 that consists of ECMWF fluxes which generally under-represent 
TCs in terms of intensity. 
 
The sensitivity of OHC to wind region and the Holland vortex structure was tested by 
changing the RMW by 50% and also by varying the size of the area under the cyclone 
used for heat content half way between the last closed isobar and the eyewall. We 
found that the results in general are only slightly variant (the trends are similar) under 
these changes because most of the signal for OHC comes from the inner high wind 
core of the TC.  
 
It should be noted that the available energy from the ocean is just one ingredient that 
determines a tropical cyclone’s potential intensity and actual intensity is influenced by 
a variety of additional factors such as wind shear, dry air entrainment and synoptic 
forcing. Therefore without addressing atmospheric factors only some conclusions can 
be drawn from analysing heat content signals from the ocean. 
 
Results and Discussion 
A visual inspection of the results in Figure 4 shows there is a positive correlation 
between OHC and TC intensity, during intensification phase, for all but one case 
(Floyd) using the depth-dependant definition for OHC, however, a significant amount 
of scatter is present. This is addressed later. The upper ocean thermal structure prior to 
the arrival of TC Floyd appeared to favour intensification, with areas of relatively 
high heat content ahead of its path. According to information provided, however, TC 
Floyd intensified prior to coming in contact with this area and moderated while 
passing over, hence the negative correlation. It may be that in this case the simple 
approach to defining the contact area does not work or that atmospheric factors were 
responsible for the intensification and overruled any effect upper ocean thermal 
structure may have had. In this particular OHC measure, DE is a function of wind 
speed, which is also used as the measure of intensity, therefore the results may have a 
positive feedback due to the fact that these parameters are not entirely independent.  
 

 
Figure 4. Analysis of relationship between maximum wind speed and integrated (a) OHC, (b) TCHP 

and (c) SST in TC intensification phase. Straight lines are fitted trend lines.  
Crosses relate to first seven cases, circles to last three. 

 
We expect the influence of the ocean on TC intensity will reduce with depth because 
of the increased time required for the heat to be transported to the surface. This has 
not as yet been addressed. We investigate how our definition of DE influences the 
results later. A negative correlation is found for all cases in terms of mean contact 
area SST and wind speed. This correlation can be explained by the fact that the 
general meridional displacement of the TCs studied here (except for TC Ingrid) from 
genesis to maximum intensity, is poleward into environments with lower SSTs. This 
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suggests that SST would not have been a favourable proxy for intensification of these 
TCs. SST is thought to contain certain minimum and maximum thresholds for TC 
development and intensity rather than drive intensity itself (Holland, 1997). The 
concept of a minimum 26oC threshold SST is supported in these results which also 
show that the SST environments differ for each TC case with warmer conditions in the 
genesis phase.  
 
The correlation between maximum wind speed and TCHP is positive in 40% of cases 
(Ingrid, Beni, Inigo and Zoe) but negative in the remaining 60% of cases. TCHP 
shows this in the signal because it is restricted by D26.

 When D26 is shallow, the signal 
behaves more like the signal for SST than OHC. The 4 cases that registered a positive 
correlation between TCHP and maximum wind speed were the TCs that occurred over 
the warmest SST environments. If TCHP was not limited by DE then more of the cases 
would register greater negative trends because D26 is generally deeper in TC genesis 
locations. A number of sources give the signals the high degree of scatter. These 
include (i) the ocean mixed layer depth from the reanalysis data (ii)  coarseness in best 
track data driving discrete changes in DE, (iii)  the discretely changing contact area 
from the storm profile and (iv) when the contact area contains horizontal fronts. 
Despite this, the results suggest that there is a signal with a positive correlation 
between TC intensity and OHC, but as mentioned above, this might be due to the 
incestuous relationship between DE, intensity and OHC  
 
To test how DE influences the results we performed a depth-averaged analysis with 
the following modification to the equations for OHC and TCHP. In these equations 
the depth-dependence is removed by normalising by the average depth. 
 

dAdzTT
Dz

COHC
A

z

Dz
ref

E
p

E

� � -= r
)0(

)(

)(
)(

1  (5) � � -=
A

z

Dz

p dzdAT
Dz

CTCHP r
)0(

)( 2626

)26(
)(

1  (6) 

 
The depth-averaged results are given in Figure 5.  
 

 
Figure 5. Analysis of relationship between maximum wind speed and depth averaged and horizontally 

integrated (a) OHC and (b) TCHP in TC intensification phase. Straight lines are fitted trend lines. 
Crosses relate to first seven cases, circles to last three. 

 
Figure 5a shows that there is still a positive correlation with OHC for many of the 
cases when depth-dependence is removed, however, the scatter is still a concern and 
leads us to believe that a more continuous representation of the TC and the ocean 
mixed-layer depth is required in order to draw firm conclusions. Figure 5b shows the 
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scatter in TCHPis greatly reduced suggesting that the most of it comes from discrete 
changes in D26. 
 
The analysis and sensitivity tests were carried out with the measures of OHC shown 
in Figure 1. In addition to the storm depth dependent measures we tested non-storm 
depth dependent measures. Table 1 shows the standard deviations for each case and 
illustrates that the scatter in the measures is reduced when depth dependence is 
removed. The linear trendlines for these experiments (not shown) are mixed with 
more than 50% of cases registering positive correlations in some of the shallower 
fixed depth heat content measures e.g. HC20m and HC50m. The result tended to 
become more uncertain the deeper the isotherm fixed depth level due to scatter 
introduced by differential vertical ocean thermal structure. 
 
Table 1. Standard deviations for various heat content measures following TC tracks. A – storm depth 

dependent measures, B – non-storm depth dependent measures. 

 
Results of this preliminary investigation suggest that the ocean plays a role in the 
intensification of TCs in the Australian region which should be considered further. 
There are refinements that could be made to enhance the diagnostic method such as 
parameterizing the dependence of mixed layer depth on TC translation speed, 
including TC asymmetry, more accurately defining the contact area, improvements to 
the surface wind field and including more TC case studies. The basic diagnostic 
method proposed here could be used as a forecasting guide by incorporating ocean 
and tropical cyclone forecast information to provide an indication of the likely upper 
ocean thermal structure ahead of the forecasted path and the likeliness for 
intensification or modulation.  
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