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Executive Summary
Background

The Urban Water Research Association of Australia research grant WR-22 has been used to
investigate whether numerical models of the atmosphere may be used as tools for quantitative
precipitation forecasting, over catchment size regions, for extreme precipitation events. This
report documents the investigation and its outcomes.

The concept of PMP, or Probable Maximum Precipitation, is used by hydrologists and
meteorologists involved in the design of structures, such as dams or bridges, where the need is
to compute extreme rainfall (and hence flood) events. The concept is that the PMP is an upper
bound for rainfall at a site. It is thus seen as a single deterministic number (governed by
physical principles) that would never be exceeded. However, there have been several
occasions on which observed rainfalls have exceeded PMP estimates valid at the time; the
occurrence of such events led to a re-evaluation of the PMP methodologies and resulted in the
development of the generalised techniques that are now used throughout Australia.

A more practical problem associated with an increase in past PMP estimates is that, if the
original PMP estimates are subsequently revised upwards, this will involve expensive remedial
works to upgrade under-designed spillways. In recent times hydrologists have called for a
reappraisal of the philosophies underlying dam safety practices (e.g. Laurenson and Pearse,
1991).

Consequently, there has been pressure to validate independently and to improve the current
PMP methodology. The major rationale for this project was to provide the first steps towards
using numerical modelling techniques to enhance the current PMP procedures.

Aims of this Research Project

The aim of this research project has been to develop a technique, using numerical mesoscale
atmospheric models, to evaluate independently the assumptions used in the simple two
parameter conceptual model that is used for Probable Maximum Precipitation calculations.
These assumptions are:

(1) the precipitation is linearly related to the precipitable water;

(2) the precipitation efficiency of the storm does not change as the moisture available to the
storm increases;

(3) terrain “modulates” the distribution of the precipitation but does not affect the synoptic-
scale dynamics of the storm.

The following steps are used to evaluate the assumptions detailed above:

(1) use a numerical model of the atmosphere to simulate recent large storms;
(2) compare the model results with the observed rainfall and storm development;

(3) carry out sensitivity analyses to determine the maximum precipitation efficiency of the
storms;




(4) develop a hypothetiéal “worst case storm” that would allow a comparison between the
model generated Depth-Duration-Area (DDA) curves and the DDA curves calculated
using the maximisation relationship of the current generalised technique.

Numerical Models of the Atmosphere

Numerical models of the atmosphere solve the three-dimensional equations of motion, the
thermodynamic equation and the moisture equation. This is achieved by converting these
equations to finite difference form and solving them on a regular three-dimensional grid that
covers the geographic region of interest. As the grid spacing used in the solution of these
equations is decreased, the corresponding time step must be decreased to maintain
computational stability.

Extreme precipitation events are usually convective in nature requiring the updraft/downdraft
cores t‘e),‘ be resolved. Observations show that in major convective systems, ranging from
thunderstorms to tropical cyclones, the updraft/downdraft cores are on the scale of 3-3 km or
less (e.g. Zipser and Lemone, 1980). The characteristics of these cores require that the model
be non-hydrostatic. On the other hand, these cores are embedded in larger synoptic systems.
The computing requirements to model the full extent of the synoptic system at a horizontal
resolution of 1-2 km is prohibitive. The model must therefore be nested, that is, the large scale
flow must be modelled at lower resolution and used to force the boundaries of the high
resolution simulation (see Figure 1, page 8). The model orography must be realistic and
consistent with the resolution used in the simulation.

It is essential that the model represents realistically sub-grid scale processes. These include the
parameterisation of the important surface processes, such as evaporation and heating. The
parameterisation of radiation must therefore include the diurnal heating and cooling cycle, as
well as the interaction of the long and short wave radiation with the clouds. Mixing in the
boundary layer must be parameterised to take account of turbulence and shallow convection.
The parameterisation of deep convection requires the use of a convective parameterisation
scheme that is suitable for use at horizontal grid resolutions of 5-10 km. Finally the model
needs to represent the cloud and rain generating processes in the atmosphere.

In addition, the initial conditions need to be thermodynamically and physically consistent to
prevent instabilities and errors developing as the simulation proceeds. For example, if the
thermodynamic fields and mass fields are inconsistent, then the model may experience an initial
“shock” that may develop and dominate the solution. Good meteorological observations and
analyses are therefore essential for the simulation exercise, being needed both to initialise the
model and to validate the simulation prior to the maximised simulations. In Australia the most
dense meteorological networks are on the eastern seaboard; for this reason, this is a preferred
region to test the technique.

The Colorado State University Regional Atmospheric Modeling System (RAMS) meets the
requirements discussed above and was the tool chosen to test the applicability of the modelling
technique to PMP applications. These techniques have been tested on four case studies: (i) an
east-coast low, (ii) an upper-level cut-off low, (i) a west Australian tropical cyclone, and (iv)
an east Australian tropical cyclone. For each of these case studies we have investigated the
effect increases in the moisture availability have on the precipitation produced by the storm, on
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the precipitation efficiency of the storm and on the depth-duration-area analyses for the storm.
We have also investigated the effect of terrain on the precipitation produced by the east-coast
low and upper-level cut-off low.

Study Results

In this report we have shown that numerical models can be used for quantitative precipitation
forecasting (QPF) of southeastern Australian storms (storms (i} and (ii)) and may provide
useful results at a horizontal resolution 5-10 km. A number of similarities exist between the
two case studies presented here. Both case studies show that the systems are 70-80% efficient
at generating moderate rainfall (rainfall rates less than 25 mm hr') and that heavy rainfall
production is 80-90% efficient. In the case of southeastern Australian storms long-lived, rain
processes under conditions of moderate rainfall are important contributors to the total
precipitation produced by the storm. Increases in the moisture availability result in the rainfall
beginning earlier, lasting longer and being more continuous.

Terrain effects are shown to influence both the amount of rainfall that occurs over the higher
terrain and the distribution of rainfall due to the “convergence component” of the storm. This
is due to changes in the movement of the storm or changes in the low-level wind field (e.g.
blocking) when terrain effects are neglected. The temporal variation of the precipitation for
these simulations also illustrates that changes in the moisture field feeds back to the dynamics
by affecting both the intensity and movement of the storm.

We have also shown that the numerical model is able to reproduce many of the high resolution
features of tropical cyclones provided that high quality analyses are available with which to
initialise the model We have found that sophisticated initialisation (“vortex bogussing”)
techniques should be employed to simulate such features as the formation of a radius of
maximum winds,. the “spin-up” of the tropical cyclone and a better prediction of the track.
Despite these shortcomings, the model is able to provide an adequate prediction of the

precipitation field, even at a horizontal resolution of 15 km, against which to test some of the
PMP estimation assumptions.

For _tropical cyclones Connie and Aivu, both moderate and heavy rainfall are generated
efﬁc%el:ltly. For all simulations, the generation of heavy rainfall is almost 100% efficient. The
precipitation efficiency shows little sensitivity to increases in the moisture available to the

storm. As the moisture available to the storm is increased, the heavy rainfall becomes more
continuous and longer lived.

Study Conclusions

Five conclusions with implications for the estimation of PMP may be drawn from the work
presented in this report.

1. As the mpis?ure availability is increased the precipitation efficiency of the storms does not
ch@ge significantly. For each case study presented, the production of heavy rainfall
(rainfall rates greater than 25 mm hr') is between 80% and 100% efficient. This supports

thffi s_imple model that assumes implicitly that extreme precipitation storms have the highest
efficiency. '




2. As moisture availability is increased the duration of the heavy rainfall increases, i.e. it begins
earlier and is more continuous. Life cycles are not considered in the simple model;
however, the results presented here and the recent paper of Zhao et al. (1997) suggest that
the duration of the storm increases as the moisture availability increases. An increase in the
duration of heavy rainfall will result in higher total rainfall.

3. As moisture availability changes, the spatiat distribution of the area over which more than
50% of the total rainfall occurs as heavy rainfall changes. Zhao et al. (1997) also found that
the areal coverage of rainfall varies nonlinearly with the precipitable water.

4. The control simulation may be thought of as giving the depth-area curve for the actual
storm, while the enhanced-moisture simulation provides the depth-area curves for a storm
maximised by the moisture while conserving its dynamic integrity. The enhanced moisture
storm is associated with a moisture-adjustment factor and the current PMP methodology
would multiply the depth-area curves of the control simulation by this factor. If the depth-
area,curve for the increased moisture simulation lies above that of the control simulation,
then"the maximisation relationship of the current PMP technique under-estimates the
precipitation simulated by the model. The simulations reported here indicate that this may
occur and hence the precipitation is not linearly related to the precipitable water. Where
this was the case, for the case studies presented in Section 3, the model produces between
15% and 35% more precipitation than the current storm maximisation technique for areas of
50 to 70 km’. For areas of 500 km’, the model produces between 5% and 15% more
precipitation then the current storm maximisation technique.

5. The topography affects the distribution of the “convergence component” of the
precipitation due to feedback effects to the dynamics of the storm system.

‘Despite these deficiencies in the assumptions used to estimate PMP, we believe that there is no
operational replacement available at present for the current PMP methodology. However,
improvements in the estimation of PMP may soon be possible if increased effort is placed on
(amongst other things) the numerical modelling of extreme rainfall events. These
improvements are only possible if the results of these efforts are communicated to, and
accepted by, the hydrological community.

Suggested Extensions to this Work

As computing capabilities increase, it will become possible to model extreme storms at
increasingly higher resolution. The advances in computing hardware make it possible to
examine whether increasing the horizontal resolution of the simulated storms affects the above
conclusions. In addition, more case studies should be attempted to determine if the above
conclusions hold true for these cases.

The natural extension of this project is to use the model-predicted precipitation fields to
provide an “observed” precipitation field and then subject them to the analysis given to the
extreme storms that constitute the GSAM database. After the application of identical
maximisation factors, the results of the maximised storm should be compared with that of the
equivalent simulated “increased moisture” storm.
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When this project began 5 years ago it was possible only to perform these simulations on very
expensive supercomputers. The continual increase in computing capabilities means that these
simulations may now be performed on moderately sized (and priced) workstations. In
addition, a number of re-analysis projects are in progress (e.g. National Centers for
Environmental Prediction (INCEP) in the USA and at the European Centre for Medium-Range
Weather Forecasts (ECMWE)) to upgrade the old analyses using state-of-the-art general
circulation models and including observations that were not available when the models were
originally run. These re-analysis projects are thus providing an improved dataset with which to
initialise mesoscale numerical models. In the NCEP case the re-analysis extends back to 1970s
and so a larger storm database will be available soon.

Finally, the physical parameterisation schemes incorporated into mesoscale numerical models
are continually improving, resulting in high quality simulations of these events at increasingly
higher horizontal resolution. However, these models are very complex and require a skilled

meteorological modeller to manage them and to interpret the results - they cannot be used as a
“black box”.

Consequently, we believe that it is becoming possible to perform simulations of a greater
number of extreme rainfall events and to provide skilful quantitative precipitation forecasts of
them. By utilising a “team approach”, in which hydrometeorologists and meteorological

modellers work together, it is now possible to use mesoscale numerical models as tools for
hydrological planning.
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1. Introduction

The Urban Water Research Association of Australia research grant WR-22 has been used to
investigate whether numerical models of the atmosphere may be used as tools for quantitative
precipitation forecasting, over catchment size regions, for extreme precipitation events. This
report documents the investigation and its outcomes.

1.1 Statement Of Problem

The concept of PMP, or Probable Maximum Precipitation, is used by hydrologists and
meteorologists involved in the design of structures, such as dams or bridges, where the need is
to compute extrere rainfall (and hence flood) events. The concept is that the PMP is an upper
bound for rainfall at a site. It is thus seen as a single deterministic number (governed by
physical principles) that would never be exceeded. However, there have been several
occasions on which observed rainfalls have exceeded the PMP estimates valid at the time; the
occurrence of such events led to a re-evaluation of the PMP methodologies and resulted in the
development of the generalised techniques that are now used throughout Australia.

A more practical problem associated with an increase in PMP estimates is that, if the original
PMP estimates are subsequently revised upwards, this will involve expensive remedial works
to upgrade under-designed spillways. In recent times hydrologists have called for a reappraisal
of the philosophies underlying dam safety practices (e.g. Laurenson and Pearse, 1991). In the
United States, a recent study (National Research Council, 1994) noted the importance of
developing improved hydrometeorological analysis procedures for assessing extreme
precipitation. Stewart (private communication, 1997) notes the need to “develop a consistent
methodology for estimating PMP that accounts for the natural variability of climate and our
relatively short historical records.”

Consequently, there has been pressure to validate independently and to improve the current
PMP methodology. The major rationale for this project was to provide the first steps towards
using numerical modelling techniques to enhance the current PMP procedures.

1.2 Background

Because of the potential hazards associated with over-topping of large dams, a high degree of
security in the calculation of the spillway design flood is required. The Australian National
Committee On Large Dams (ANCOLD, 1986) defines the Annual Exceedance Probability
(AEP) to be the probability that a particular flood value will be exceeded in any year.

In Australia, the AEP of the design flood is estimated from the frequency analysis of flood
records, all of which are typically less than 100 years in duration. This method of analysis can
provide reliable AEP estimates only down to about 10” and certainly insufficient security for a




large dam. The design of large dams is based on the much more conservative estimate of the
Probable Maximum Flood (PMF), which in turn depends on the estimate of the PMP.

PMF is estimated using a design storm method based on the PMP. In turn, PMP has been
historically estimated in a variety of ways using techniques that maximise recorded storms.
When the storms maximised are only those that occur on the catchment under consideration
the method is cafled the “in-situ maximisation” method. When storms that occur in adjoining
and geographically similar regions to the catchment area are also considered the method is
called the “transposition and maximisation method”.

Hart (1982) shows the physical basis for storm maximisation is based on a simple two
parameter model of the storm, derived as follows. A storm is considered to consist of a
convergent mass flow at low levels that rises and diverges in an upper outflow layer. The
water vapour budget equation associated with the storm can be written as

| E-p= j %w.(qvﬂffgﬁ (1)

i
®
Al
A

where E is evaporation, P is precipitation, ¢ is specific humidity, V' is the horizontal wind
vector, g is the acceleration due to gravity and the vertical integration is carried out over the
depth of the atmosphere. For major storms it is assumed that the evaporation term £, the
rate of water vapour storage term (dg/d?), and the moisture gradient in the vicinity of the

storm are negligible. With these assumptions Equation (1) can be rewritten as

p= —qu. e @)
g

that is, the rainfall rate is approximately equal to the vertically integrated product of the mass
convergence and the specific humidity. If the model is further simplified to comprise an inflow
layer Ap, and an outflow layer Ap, with uniform divergences D, and D, and specific

humidities g, and g, , the precipitation, P, reduces to

P= _( Q1Ap1D1 - Q2Ap2D2 j . 3)
g

From considerations of mass continuity, Ap,D,=Ap,D, and ¢, >>g,, and hence the
precipitation is approximated by

P= _qlAplDl .
g

“)

To calculate the maximised precipitation the product of the moisture inflow and mass
convergence needs to be maximised. The term g,Ap, is the effective precipitable water, w,,
for a storm and this can be maximised by using 24-hour persisting dew points to calculate a
maximum effective precipitable water, w, . The maximised precipitation is then calculated by
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adjusting the observed rainfall by a moisture adjustment factor w, /w, . However, as pointed

out by Weisner (1970), it is common practice to calculate the moisture adjustment factor from
the actual precipitable water in a saturated atmospheric column, and the maximised precipitable
water (W,,, ) as given by the maximum 24-hour persisting dew points. The dew point uniquely

defmes the mixing ratio at cloud base and therefore the precipitable water in the saturated
column. This indirect technique arises because there is usually no way of characterising the
exireme mass convergence, so the observed rainfall is taken as an implicit measure of this
quantity. It is assumed that extreme precipitation storms have the highest efficiency. The
maximised precipitation is thus calculated from the precipitable water w, derived from the
observed dew point, the maximised precipitable water w and the observed rainfall P

max ?

(normally in the form of Depth, Duration and Area [DDA] curves) as

P =(W—"“)><P . (5)

w

More recently, a technique known as the “generalised method™ has been developed to calculate
the PMP. Generalised methods use rainfalls recorded over a large region and from a large
database of storms. The storm database is generalised by separating out that portion of the
rainfall attributable to regional meteorological conditions from that which may be considered
to be due to site-specific (e.g. topography) characteristics. These techniques help overcome
the problems associated with the shortness of Australia’s rainfall record and provide regionally
consistent (Pearce and Kennedy, 1994) estimates of the PMP. The Australian Bureau of
Meteorology has developed three generalised methods that are applicable to the country. The
first is the Generalised Short Duration Method (GSDM), the second is the Generalised
Tropical Storm Method (GTSM) and the third is the Generalised Southeastern Australia
Method (GSAM). The GSDM is applicable for small areas up to 1000 km® and for time
periods up to 6 hours. The GTSM and the GSAM are used for larger areas of the order of 10*

A brief description of the GSAM is given below, since it provides an introduction to the
research described in this report. The GSAM was developed for use in large catchments in
southeast Australia. The GSAM is based around a catalogue of 110 storms covering the
period from 1889 to 1990. Following the creation of the GSAM storm catalogue, each storm
was gridded and temporal distributions of the total storm rainfall determined. These temporal
distributions are defined as “the maximum percentages of the total storm rainfall that fell within
the standard durations and the standard areas”. The depth-area curve for the total storm
duration was calculated and the depths at the standard areas were determined by interpolation.
These were then multiplied by the percentage depths from the temporal distributions to
produce a set of depth-area curves at standard durations and areas. The technique of moisture
maximisation requires knowledge of the moisture content of the storm. The precipitable water
is used as a measure of this quantity and is determined from the 1000 hPa dewpoint
temperature representative of the storm. The estimation of the dewpoint temperature is very
subjective and Minty ef al. (1996) estimate that an accuracy of about 2°C only is possible.

The storm database is generalised by identifying and removing the site-specific features of each
storm so that the storm may be transposed to other locations. These features are storm type,
spatial distribution, topographic influences and moisture content. By dividing the country into




various regions and zones, the effects of storm type were removed from the database. The
spatial distribution of each storm was removed by quantifying each storm in terms of a set of
depth-duration-area curves. A unique feature of the GSAM is the technique developed to
estimate the topographic component of the rainfall. It is assumed that precipitation results
from the convergence and vertical motion of moisture air and that these motions are due to
either synoptic-scale disturbances or topographic influences. Precipitation due to synoptic-
scale disturbances, such as frontal lifting, and any atmospheric process unaffected by terraim, is
termed the “convergence component” of the storm. The remainder of the precipitation is
attributed to topographic influences and termed the “topographic component”. The recorded
storm rainfall was separated into convergence and topographic components and the

convergence component maximised using (5), where w, is the extreme precipitable water

associated with the extreme 24 hr persisting dewpoint temperature recorded for the storm
location and time of year. Moisture maximisation thus removes the storm-specific feature of
moisture content. The site-specific feature of moisture content is removed by standardising the
moistiire content to the standard extreme dewpoint temperature for the zone and season, in a
manger. analogous to storm maximisation. Standardisation is only valid for the convergence
component of the storm. The final step in generalising the database is to draw an enveloping
curve to the maximised, standardised convergence component depth-area curves for each
season and duration. For each season, these curves are representative of a single hypothetical
storm of maximum moisture content and maximum efficiency.

To apply the method to a particular catchment, the convergence component for each season is
obtained from the envelope value for the appropriate season and catchment size, then
multiplied by the moist adjustment factor corresponding to the season. The catchment PMP
convergence component is defined as the maximnm of these depths across all seasons. To
account for the topographic influence of the chosen catchment, the catchment PMP
convergence component is then multiplied by the catchment PMP topographic enhancement
factor to produce the PMP value for each duration. The reader is referred to Minty et al.
(1996) for a complete discussion of the development of the generalised method for southeast
Australia.

1.3 Objectives

The aim of this research project has been to develop a technique, using numerical mesoscale
atmospheric models, to evaluate independently the assumptions used in the simple two
parameter conceptual model that is used for PMP calculations.

These assumptions are :

(1) the precipitation is linearly-related to the precipitable water (ie. P, = [_v_vl) X P);
w

(2) the precipitation efficiency of the storm does not change as the moisture available to the
storm increases;

(3) terrain modulates the distribution of the precipitation but does not affect the synoptic-scale
dynamics of the storm.

The relationship between the precipitable water and the precipitation (assumption 1) is
particularly important since it is this relationship that underlies the foundations for both
moisture maximisation and storm transposition. The report of the National Research Council
(1994) also concludes that the scientific foundations of the traditional PMP procedures, such
as moisture maximisation and storm transposition, require detailed study. That report points to
numerical models as key tools for enhancing PMP procedures.

The following steps are used to used to evaluate the assumptions detailed above.

(1) use a numerical model of the atmosphere to simulate recent large storms;
(2) compare the model results with the observed rainfall and storm development;

(3) carry out sensitivity analyses to determine the maximum precipitation efficiency of the
storms;

(4) develop a hypothetical “worst case storm” that would allow a comparison between the
model generated Depth-Duration-Area (DDA) curves and the DDA curves calculated
using the maximisation relationship of the current generalised technique.

1.4 Guide to this report

Section 2 describes the methodology used to evaluate the above assumptions. The
requirements of a numerical model that simulates extreme precipitation events are also
discussed in that section. Four case studies have been completed. Case studies of two
southeastern Australian storms are presented in Section 3 and case studies of two tropical
cyclones are presented in Section 4. For each case study, the simulated storm is validated and
other simulations are presented to determine the semsitivity of the storm to changes in the
mojsture availability. Precipitation efficiencies and depth-duration-area analyses are calculated
for each storm and its increased moisture counterpart. The outcomes and future applications
of this work are discussed in Section 5. A glossary of acronyms is provided in Section 9.




2. Methodology

In this Section it will be assumed, (i) that it is possible to model accurately extreme storms
using a mesoscale numerical model of the atmosphere, and (i) the model can simulate
realistically the amount and distribution of precipitation on the catchment scale. We will
address the validity of these assumptions in Sections 3 and 4.

Step 1: Model Validation

The first step is to show that the numerical mode] being used is capable of simulating observed
extreme storms and then to compare the simulated Depth-Duration-Area (DDA) curves with
observations. The model simulations need to be classified according to synoptic systems. In
developing this methodology, the current Bureau of Meteorology generalised storm categories
of (a)yishort duration thunderstorms, (b) southeastern Australian storms and (c) tropical storms
are the appropriate classifications. Short duration thunderstorms that lead to flash flooding
peed to be validated against observed extreme thunderstorms. By contrast, in those areas of
northern Australia where the flooding is generated by synoptic depressions or tropical
cyclones, a different family of simulations will be required and the modelling constraints might
well be different.

Step 2: Comparison with the simple two parameter moisture maximisation model

The fundamental assumption in the two parameter physical model is that both parameters (the
moisture inflow and the low-level convergence) are independent. A major aim of this project is
to use the numerical simulation to test the validity of this assumption. It is assumed that in an
extreme storm the low-level convergence is maximised but that the moisture is not, so the
maximised storm can be derived by maximising the moisture inflow. The modelling studies are
able to test directly this hypothesis by repeating the simulation after maximising the moisture
inflow to the storm. In addition, the increased model rainfall can be compared with the
maximised precipitation calculated from the generalised technique (see Equation 5). In this
study, the moisture values have been increased by uniformly increasing the temperatures of the
atmosphere everywhere, while maintaining the relative humidities. In this way the system is
still in dynamic balance but the specific humidity, and hence precipitable water, has been
increased. The maximisation factor is defined as the ratio of the precipitable water for the
increased moistare simulation to the precipitable water for the control simulation. The
maximisation factor is détermined for those portions of the storm for which the atmosphere 1s
saturated. This method is comparable to the technique used to maximise storms in the current
generalised approach.

Step 3: Sensitivity to increases in the moisture availability and topography.

An advantage of using numerical models is that the model is able to simulate complex, non-
linear processes that cannot be represented realistically otherwise. Such process include, for
example, changes in the convective processes as the moisture available to the storm increases,
and the effect of terrain on the wind field and hence on the location and timing of the rainfall.
By performing an ensemble of simulations in which the moisture availability to the storm is
changed, it is possible to determine some of these effects. Similarly, it is possible to perform
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simulations in which the effects of terrain are removed to investigate the development of the
modelled storm under these hypothetical conditions.

2.1 Requirements of a model for PMP studies

In the previous Section it was implicitly assumed that extreme precipitation events can be
modelled with the current generation of numerical mesoscale atmospheric models. Numerical
models of the atmosphere solve the three-dimensional equations of motion, the thermodynamic
equation and the moisture equation. This is achieved by converting these equations to finite
difference form and solving them on a regular three-dimensional grid that covers the
geographic region of interest. As the grid spacing used in the solution of these equations is
decreased, the corresponding time step must be decreased to maintain computational stability.
In this section we will examine the requirements for a numerical model that simulates extreme
precipitation events.

(a) Resolution and Orography

Extreme precipitation events are usually convective in nature requiring the updraft/downdraft
cores to be resolved. Observations show that in major convective systems, ranging from
thunderstorms to tropical cyclones, the updraft/downdraft cores are on the scale of 3-5 km or
less (e.g. Zipser and Lemone, 1980). The characteristics of these cores requires that the model
be non-hydrostatic. On the other hand, these core are embedded in larger synoptic systems.
The computing requirements to model the full extent of the synoptic system at a horizontal
resolution of 1-2 km is prohibitive. The model must therefore be nested, that is, the large scale
flow must be modelled at lower resolution and used to force the boundaries of the high

resolution simulation (see Figure 1). The model orography must be realistic and consistent
with the resolution used in the simulation.

(b) Physical Processes

It is essential that the model represents realistically sub-grid scale processes. These include the
parameterisation of the important surface processes, such as evaporation and heating. The
parameterisation of radiation must therefore include the diurnal heating and cooling cycle, as
well as the interaction of the long and short wave radiation with the clouds. Mixing in the
boundary layer must be parameterised to take account of turbulence and shallow convection.
The parameterisation of deep convection requires the use of a convective parameterisation
scheme that is suitable for use with horizontal grid resolutions of 5-10 km. Finally, the model
needs to represent the cloud and rain generating processes in the atmosphere.

(c) Realistic Analyses

In addition, the initial conditions need to be thermodynamically and physically consistent to
prevent instabilities and errors developing as the simulation proceeds. For example, if the
thermodynamic fields and mass fields are inconsistent, then the model may experience an initial
“shock” that may develop to dominate the solution. Good meteorological observations and
analyses are therefore essential for the simulation exercise, being needed both to initialise the
storm and to validate the simulation prior to the maximised sirnulations. In Australia the most




dense meteorological networks are on the eastern seaboard; for this reason, this is a preferred
region to test the technique.

Figure 1: The 2-way nested regions used in the RAMS simulation of Tropical Cyclone Connie.

2.2 Colorado State University Regional Atmospheric Modeling System

The Colorado State University Regional Atmospheric Modeling System (RAMS) meets most
of the requirements discussed above and was the tool chosen to test the applicability of the
modelling technique to PMP applications. Details of the RAMS mode] can be found in
Tremback ef al. (1986). It was necessary to couple RAMS to a convective pararneterisation
scheme that was suitable for use at resolutions of the order of 10 km. The convective
parameterisation scheme chosen was that of Frank and Cohen (1983, 1987).

The model has been used to simulate the passage of a cold front over the Thomson Dam
catchment area in Victoria where it gave a good distribution of the rainfalt (Ryan and Abbs,
1991). Figure 2 shows the observed and mode! results for the Thomson Dam simulation.
Further observational and modelling studies by Abbs and Jensen (1992) have shown that the
model reatistically calculates both the in-cloud structure of the clouds that form over Mount
Baw Baw and the rainfall into the Thomson River catchment area. These results show that for
this simulation, RAMS correctly models the atmospheric portion of the water cycle for this
storm. The simulations described herein require large computing resources, both in terms of
central processing power and data storage. Examples of these requirements are given in the
appendix.

Figure 2: (a) The observed rainfall and associated orography for the 24-hour period between 0000
UTC 25/7/88 and 0000 UTC 26/7/88. Isohyet interval is 10 mm. The dashed box corresponds to the
model domain shown in (b). (b) The model predicted accumulated rainfall for the 24-hour period from
0000 UTC on 25/7/88 to 0000 UTC on 26/7/88. Isohyet interval is 5 mm.

9




3. Southeastern'Australian Storms

This Section shows that extreme storms, representative of the GSAM, can be simulated using a
mesoscale atmospheric model. The events chosen for this study are the east coast low of 5 to
8 August, 1986 and the upper-level cut-off low of 28 April to 1 May, 1988. Both of these
events caused significant spill from the Warragamba Dam (Dodds, 1997 - private
communication). See Figure 3 for locations mentioned in the text.

East coast lows have been identified as the major cause of flood-producing rains on the east
coast of Australia. These intense extratropical cyclones are characterised by heavy rajnfall and
strong winds, often of tropical cyclone strength. Holland et al. (1987) identified three types of
east coast lows that occur typically in autumn or winter with an average frequency of one or
two per year. Because east coast lows are generally of sub-synoptic scale and develop rapidly,
they are difficult to forecast and operational quantitative prediction forecasts have been poor.
Leslic.et al. (1987) investigated the predictability of east coast lows and showed that the initial
development of these systems could be forecast in a numerical model of 150 km horizontal
resolution. However, they found that higher resolution is required to capture fully the
intensity, structure and track of the system. In later studies, Hess (1990), McInnes and Hess
(1992) and Golding and Leslie (1993) demonstrated the sensitivity of model resuits to
improvements in both the model resolution and physical parameterisations.
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Figure 3: Map showing locations mentioned in the text. Shading indicates terrain above 250 m.
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The meteorology of the formation and development of the east coast low of 5 to 8 August,
1986 has been described in detail by both Lynch (1987) and Burean of Meteorology (1987).
This east coast low produced the worst flooding to occur in Sydney for more than a century.
The heavy rain extended to the Central Tablelands and Illawarra districts and caused major
flooding of the principal river systems of the Sydney basin over this period. The Sydney
rainfall for the 24 hours ending 9 am on 6 August was 328 mm. (Bureau of Meteorology,
1987), with the most intense phase of the rainfall occurring on 5 August. The rainfall was
associated with a low-pressure system that had formed off the coast near Port Macquarie
during the evening of the 4th, then moved SSW to near Norah Head by 0900 on the 5th. The
low remained in this approximate area for the next 18 hours. Intensity-frequency-duration
curves for Sydney Central showed that, for short durations, the intensities were not exceptional
but that, for durations beyond 8 hours, the average intensity exceeded the 1 in 100-year event
(Bureau of Meteorology, 1987).

A second type of cut-off low is referred to by forecasters as an “upper-level cut-off low”.
These systems have a closed circulation at the 500 hPa level but there is no manifestation at the
surface. They are usually associated with intense thunderstorm activity rather than the large
scale stratiform rain and strong winds that occur with east coast lows (Mclnnes et al., 1992).
The upper-level cut-off low of 28 April to 1 May, 1988 produced heavy rainfall along the coast
and Illawarra escarpment to the south of Sydney. The rainfall was much lighter in the Blue
Mountains, west of Sydney. The most intense phase of the storm occurred in the 24 hours
ending at 0000 UTC on 30 April. The rainfall was associated with an upper-level cut-off low
which was evident at 700 hPa from 0000 UTC on 27 April until 1200 UTC 30 April. After
this, the weakened and moved eastwards away from the coastline.

3.1 Model Initialisation

In the simulations discussed here, the numerical model has been initialised using European
Centre for Medium-Range Weather Forecasts (ECMWF) analyses that are available at a
resolution of 2.5 degrees latitude and longitude for the entire globe. These analyses have been
interpolated horizontally and vertically to the coarsest mesh; they also provide the temporal
forcing on the lateral boundaries of the coarsest mesh. Three levels of interactive grid nesting
were used, the coarsest having a horizontal grid spacing of approximately 60 km and the finest
having a grid spacing of approximately 7 km. Ideally, higher resolution would have been
desirable, but computing constraints made this difficult to achieve.

The terrain used on all meshes was interpolated from a 1/40th degree data set. The sea surface
temperatures (SST) were obtained from the ECMWF analyses and enhanced in the waters off
New South Wales with data from the weekly SST analyses of the Royal Australian Navy. In
these simulations the microphysics parameterisation was activated on all grids. In addition to
the microphysics scheme, the convective parameterisation scheme developed by Frank and
Cohen (1985, 1987) was used on the two finest meshes. Companion simulations made as part
of our study showed that in both cases it was necessary to use a convective parameterisation
scheme on the finest grid to initiate convective development in locations close to those
observed. In these simulations the convective scheme is phased out as the convection matures.
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3.2 1986 East Coast Low: 4-6 August

3.2.1 Validation

ECMWF Analyses Model predictions

{ —b
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Figure 4: Mean-sea-level pressures (hPa) from the ECMWF analyses for (a) 0000 UTC, 5 August, (b)
1200 UTC, 5 August and (c) 0000 UTC, 6 August and model predicted mean-sea-level pressures for
(d) 0000 UTC, 5 August, (e) 1200 UTC, 5 August and (f) 0000 UTG, 6 August.
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For the east coast low study, the model simulation commenced at 1200 UTC on 4 August and
was run for the next 36 hours, finishing at 0000 UTC 6 August. Figure 4 compares the
ECMWF mean-sea-level pressure analyses with the mean-sea-level pressures predicted by the
model for 0000 UTC and 1200 UTC on the 5th and 0000 UTC on the 6th. The main feature
to note is the rapid decrease in central pressure of the low between 0000 and 1200 UTC and
the close agreement between the modelled and ECMWF pressures. The predicted pressure
also agrees with the observed central pressure of the low as presented in Figure 13 of Bureau
of Meteorology (1987). At both of these times the modelled pressures are within 1 hPa of both
the ECMWEF and observed pressures. At 0000 UTC on the 6th there is less agreement between
the model and ECMWF analyses, with the model beginning to increase the central pressure of
the low and the ECMWF analyses indicating little change in the central pressure of the low. It
is believed that this erroneous pressure rise is related to the prediction of the convection on the
finest mesh, as the rise does not occur in simulations with two levels of grid nesting.
Throughout the 24-hour period shown here there has been little horizontal movement of the
low.

Figure 5 compares the wind field at the lowest model level (50 m) and mean-sea-level pressure
at 0500 UTC, 5 August with observations. The features to note are the strong convergence of
the low level winds at the leading edge (i.e. south of the centre) of the low and the weak winds
that occur inland and north of the low centre. At this time the modelled central pressure of
1003 hPa compares favourably with the observed of 1002 hPa. The main difference between
the model predicted and observed fields is that the model positions the low approximately 60
km further north and possibly slightly further offshore than observed.

These discrepancies in the position of the low are reflected in the precipitation predicted by the
model. Figure 6 shows the 24-hour precipitation, ending at 2300 UTC on the 5th, for both the
model prediction and the observed. Both the model and observations show a band of heavy
precipitation, of approximately 300 mm, extending inland to the Blue Mountains. The major
difference between the two fields is that the model predicts the band of heavy rainfall to occur
further north than observed. In addition, the northern boundary of the rainfall band occurs
further north in the model prediction. The orographic effect of both the Blue Mountains and
the Ilawarra escarpment is obvious in the local maxima in the precipitation over both of these
regions. As in the observations (Bureau of Meteorology, 1987) the maximum rainfall lies to
the west of the Illawarra escarpment and along the southern escarpment of the Blue
Mountains. The predicted rainfall amounts over both the Blue Mountains and the Illawarra
escarpment are very close to those observed. Intensity-frequency-duration curves (not shown)
have been calculated for this simulation. These indicate that the model has been able to
capture the extreme intensity of the 8-hour duration precipitation.

When considering the quality of the model prediction it must be kept in mind that these
predictions have been produced at a horizontal resolution of approximately 7 kin from initial
conditions that are available at a resolution of approximately 250 km. Overall the model has
predicted a realistic development of the east coast low and the predicted precipitation amounts
and intensities are close to the extreme values observed. Consequently, we believe that this

simulation provides an adequate test for many of the assumptions made in the estimation of
PMP values.
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Figure 5: (a) Observed regional mean-sea-level pressure analysis (hPa} at 0500 UTC, 5 August

(from Bureau of Meteorology, 1987) and (b) simulated regional mean-sea-level pressure analysis

Figure 6: (a) Observed rainfall (mm) for the 24 hours ending 2300 UTC, 5 August (from Bureau of
(hPa) at 0500 UTC, 5 August. Shading indicates terrain higher than 250 m.

Meteorology, 1987) and (b) simulated rainfall (mm) for the 24 hours ending 2300 UTC, 5 August.
Black contours are from 50 to 150 mam with a contour interval of 50 mm. Red contours are for

rainfalls greater than 200 mm and have a contour interval of 100 mm. Shading indicates terrain
higher than 250 m,
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3.2.2 Increased Moisture Simulations

The simulations discussed in this section have been performed by initialising the model from
the ECMWF analyses as before, but in this case the moisture values have been increased by

. uniformly increasing the temperatures of the atmosphere everywhere, while maintaining the
relative humidities. In this way the system is still in dynamic balance but the specific humidity,
and hence precipitable water, has been increased. The maximisation factor is defined as the
ratio of the precipitable water for the increased moisture simulation to the precipitable water
for the control simulation. The maximisation factor is determined for those portions of the
storm for which the atmosphere is saturated. This method is comparable to the technique used
to maximise storms in the current approach.

Two simulations with higher moisture values have been performed; the first where the
temperatures have been increased by 3 and the second where they have been increased by 5°C.
Henceforth, these simulations will be referred to as EC86_3 and EC86_5 respectively.

Under both sets of conditions the development of the east coast low proceeded in a simular
manner to that of the control simulation. The main differences related to the intensity of the
low, which in these cases experienced a deepening of the central pressure of 3 hPa and 4 hPa,
respectively, more than that of the control simulation. The position of the low is similar in
both cases.

—rrmm
H

The precipitation predicted by the model for these two simulations is presented in Figure 7.
The distribution of the precipitation for both cases is similar to that of the control simulation
but the amounts are greater, particularly in the regions of maximum rainfall which occurred
along the Illawarra escarpment, the Blue Mountains and the mesoscale convergence line.
However, the results from EC86_5 show less rainfall produced in these three regions
compared with the rainfall produced in EC86_3, however, a larger area is affected by
precipitation. Hence the precipitation is not linearly related to the precipitable water.

Figure 7: The predicted precipitation for the 24 hours ending’
ficted p 92300 UTC, 5 August for (a) EC86_3 and
{b) EC86_5. Shading indicates terrain higher than 250 m. Contours are as fo?Figure (6(33). B
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3.2.3 Storm Efficiencies

In calculating the PMP for extreme storms, it is assumed that the precipitation efficiency of the
storms is maximised. In this Section we will calculate the precipitation efficiency using output
from the numerical model. The definition of precipitation efficiency is defined below and
average efficiencies calculated for both the heavy and moderate rainfall regions of the storm.

Firstly, the modelled storm will be partitioned into heavy and moderate rainfall regions based
on the method of Churchill and Houze (1984) and Tao et al. (1993). Model grid points with a
rainfall rate in excess of 25 mm h™ are considered to be heavy rainfall grid points. Precipitation
at all other grid points is considered to be moderate rainfall. These definitions of heavy and
moderate rainfall will be used throughout the remainder of this report.

The moisture and condensate mixing ratio continuity equations used in RAMS are given by

o, =_uir__v8r —wér—"w+DIF(t;,)+(a’;’) +(ar") (6)

ot & dy oz ot ot

where r, is the mixing ratio of individual condensate species (i.e. cloud water, rain, cloud ice,

SOW and aggregates). The first three terms on the right hand side of (6) are the advection of
each condensate category, the fourth term denotes the diffusion of each condensate category
and the subscripts con -and res denote the tendency from the convective parameterisation and
the resolvable scale microphysical parameterisation.

By summing (6) for each condensate species, neglecting diffusion and multiplying through by
the density P, the total condensate equation becomes

5% - 5% 5,95,y (i] . (_a,ij %)
at p ax p 3}’ p 32 p at con 8t res .
Vertical integration of (7) gives

[y [ psne {5 (3 b o

where P, is the surface precipitation rate. Equation (8) can be further integrated over the
heavy and moderate rainfall regions.

%g_-._.N

The precipitation efficiency is defined as the ratio of the rainfall to the total condensation,
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A similar definition of precipitation efficiency has been adopted in other modelling studies
(Ferrier et al., 1996; Weisman and Kilemp, 1982).
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Figure 8: Plots of PE_ for the heavy (solid curve) and moderate (dashed curve) portions of (a) the

control simulation, (b) EC86_3 and (¢} EC86_5. The lower panel shows the number of heavy (solid)
and moderate {dashed) rainfall grid points on the finest mesh.

The temporal variation of PE, for both the heavy and moderate rainfall portions of the system,

is_shown in Figure 8. In all cases the system is 60-70% efficient at generating moderate
rainfall. For the case of the heavy rainfall, the production of precipitation is 80-90% efficient.
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As the amount of moisture available to the system increases, there is a tendency for PE, to
decrease for moderate rainfall. The lower panels of Figure 8 show that as the moisture
available to the system is increased the number of heavy rainfall grid points increases and the
heavy rainfall is longer lived.

150 150

150

Figure 9: Plots of the percentage of the total rainfall which falis as heavy rainfall {i.e. with a rainfall
rate greater than 256 mm hr') for (a) the control simulation, (b) EC86_3 and {c) EC86_5. Black
contours are for 10% and red contours are for 50 and 90%. ‘ ‘

These statistics suggest that the percentage of the total rainfall that occurs as heavy rainfall
may be important. This quantity has been calculated for the control simulation, EC86_3 and
EC86_5 and plots of it are shown in Figure 9. For each simulation, the rainfall that falls in the
main cloud band over the sea occurs as heavy rainfall Over the land only a small percentage
falls as heavy rainfall but this amount increases as the moisture availability increases. Figure 8
and Figure 9 indicate that long-lived moderate rain processes are important and that the
efficiency of these processes may decrease as the moisture availability increases. On the other
hand, this may be offset by increases in the percentage of rain falling as heavy rainfall.
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3.2.4 Terrain Effects

When estimating PMP values for a particular storm it is usual to attempt to separate out the
convergence and topographic components of the storm. The concept underlying this technique
is that the convergence component is due to synoptic-scale atmospheric disturbances such as
frontal lifting. The portion of the rainfall that cannot be separated into the convergence
component is defined as the topographic component of the storm.

In this section results are presented for a simulation without terrain. This simulation may be
considered to be the model equivalent of the convergence component for this storm. The
convergence component rainfall is then subtracted from the rainfall of the control simulation to
provide an estimate of a model-derived topographic component of this storm. The
convergence and topographic components of the storm are presented in Figure 10.

These results show that over the Blue Mountains and Illawarra escarpment all of the rainfall is

due to the topographic component of the storm. However, along the convergence line, the

results are more complicated. The removal of terrain has allowed the entire system to move

south faster than in the case of the control simulation. Consequently, the rainfall maximum of

267 mm, for the “no terrain case”, occurs further south than the corresponding maximum of

355 mm for the control simulation. The effect of this difference may be seen in the adjacent,

large maxunum and minimom values of Figure 10(b). A topographic component of -
approximately 100 mm in this region is more realistic. However, these results illustrate that

terrain effects do feed back to synoptic-scale aspects of the storm.
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Figure 11: Time series of precipitation representative of (a) the Blue Mountains, (b} the lllawarra

Time {hrs)

escarpment and (c) the convergence line for the control simulation, EC86_3 and E86_5

23

i
|
3.2.5 Temporal Variation of Precipitation
a L
] The temporal variation of the precipitation (Figure 11) for the control simulation indicates an
association between the rainfall intensity and the movement and deepening of the low. The
. - - * *9 - - - -
maximum rainfall rates along the “convergence line” are associated with the rapid deepening of
the low between 0000 UTC and 1200 UTC (12 and 24 hours of simulation) on the 5th. As the
central pressures associated with the low begin to increase and the low moves southward, the
heavy rainfall ceases.
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" Bureau of Meteorology (1987) notes the greater temporal variation in the observed rainfall
rate in the Blue Mountains. Similarly, greater variation is noticeable in the simulated rainfall
rates for the Blue Mountains. At this location, orographic effects act to increase the low level
convergence. In contrast, the rainfall rates over the Illawarra escarpment are relatively
constant (both modelled and observed) implying that here the orographic component
dominated. ‘

Similar variation is noted for EC86_3 and EC86_5. The temporal variation of the precipitation
for these simulations also illustrates that changes in the moisture field feeds back to the
dynamics by affecting both the intensity and movement of the low. This is particularly
noticeable over the Illawarra escarpment, where changes in the movement of the low act to
decrease the component of the wind normal to the escarpment earlier, compared with the
control simulation. This results in the rainfall for EC86_3 and EC86_5 ceasing earlier than it
does for the control simulation.
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3.2.6 Depth-Duration-Area Analysis

The model-derived precipitation fields have been used to calculate Depth-Duration-Area
curves for the control simulation, EC86_3 and EC86_5. These curves are based on hourly
rainfall rates for the finest mesh simulated, and calculated using the same method as Minty ez
al. (1996). This method differs slightly from the standard method (WMO, 1969) in that multi-
centred storms are treated as if they were single centred. “The program which determines the
maximum depth-area curve for each storm simply counts the number of grid points in between
evenly incremented isohyets, from the maximum to the minimum isohyet, and calculates the
arithmetic mean rainfall per interval. Area calculations are based upon the number of grid
points counted and the known resolution of the grid.” (Minty et al., 1996).

In all cases, the hourly rainfalls used in these analyses are from 6 hours of simulation to the
completion of the simulation. Depth-area curves are calculated for the standard durations of 2,
12, 24, 36 and 48 hours.

Depth-area curves, for durations of 2 hours and 24 hours, are shown in Figure 12 for the
control simulation, EC86_3 and EC86_5. Also shown is the “observed” curve for this storm
for a duration of 24 hours. A comparison of the observed and control curves shows that the
model is producing high rainfall amounts for small areas. The reason for this discrepancy is
unknown, but it may be associated with the inability of the model to adequately resolve
features even at the relatively high resolution used in this work. For areas greater than 1000
km’ there is good agreement between the two curves.

The depth-area curves for EC86_3 and EC86_5 show greater rainfall depths for all areas and
for durations of 2 hours and 24 hours. The maximisation factors associated with these
simulations are 1.15 and 1.3 respectively. These values are much lower than the maximisation
factor of 1.8 used by the Bureau of Meteorology to maximise this storm (Minty, 1997 - private
communication). For both cases the maximised curves (derived by applying equation (5)) lie
below the corresponding, simulated depth-area curve. This indicates that for durations of 2
and 24 hours, the current maximisation method is under-estimating the precipitation for all
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arcas. For this case study the model produces between 15% and 25% ipitati

‘or ths . : ¢ more precipitation than
the mammmatlonzrelauonsmp of the current PMP technique for areas of 50 to 7% km®. For
areas of 500 km", the model produces between 5% and 15% more precipitation than the

maximisation relationship of the current PMP technique. Hence the precipitation i ¢
related to the precipitable water. q precipitation is not linearly

4G0 T 3 F rOm T AT PO =TT 7T 650 LRI L A L B 0 M o 20 e p R E L
@ oo
350 -
550 -
300 - - 500
450 +
250 .
~ ~ A0+
g £
— 200 | é =T
n.- - 300+
: g
Y 150t { 9 230}
L L
200 +
100 -
150
— +5 deg
sl 1 W F MF. =115 - 7
— +3d
—— Ceniral wro_ {:cmfr:s[l 1
0 [EWRTITL | ot tianl g sieid 1 131163 o3 b EEp G Lt 1y yesimk iy raagnl 11 1pnk [REN}
10 100 1000 10006 10000C 1000000 10 100 1000 10000 10000C 1000000
Area (km?) . Area {km?)

Figure 12: Depth-area curves for (a) 2 hours and (b} 24 hours for the con j i i
. trol si
curve), EC_86_3 (soln_i, .biu_e curve) and ECB6_5 (solid, green curve). Also r:ﬁé?:t«ﬁmagoﬁ’nig
_cr??reresgsondlgg o maximisation factors of 1.15 (dashed, blue curve) and 1.3 (dashed, green curve)
e l?att er\.rO gepth-area curve (dashed, orange curve) for a duration of 24 hours is shown on (b):
el ers O, C, W and H indicate the 2 and 24-hour PMP values for the catchments of the Oberon
ey and Warragamba Dams and the Hawkesbury-Nepean catchment, respectively. ’

The 2-hour PMP values for the Oberon and Chifley Dam catchments and the 24-hour PMP
values for the catchments of the Chifley and Warragamba Dams and the Hawkesbury-Nepean
catchment (Pearce et al., 1992, 1993) have been included on Figure 12 for comparison. The
2-hour PMP values have been determined using the GSDM (Bureau of Meteorology i985)
The 24-hour PMP values have been determined using the method outlined in Section 1.2. For
both durations the model has been able simulate a small area storm approaching ﬂ{e -PMP
values for the Oberon and Chifley Dam catchments. For larger areas, the 24-hour PMP values
for the Warragamba Dam and the Hawkesbury-Nepean catchments lies well above the depth-
area curves for the east coast low of August 1986. This indicates that, for this particular
storm, the. model has not been able to be maximised to a level approaciling a PMP storm
However, it may be possible to maximise other storms to the PMP values for larger areas. .
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3.3 1988 Upper-level cut-off low: 28-30 April
3.3.1 Validation

The simulation of the upper-level cut-off low commences at 0000 UTC on 28 April and runs
for the next 60 hours, finishing at 1200 UTC 30 April.

ECMWF Analyses Model prediction -
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Figure 13: Mean-sea-level pressures from the ECMWF analyses for (a) 0000 UTC, 29 April and (b)
0000 UTC, 30 Aptil, and model predicted mean-sea-level pressures for (c) 6000 UTC, 29 April and (d)
0000 UTC, 30 April.

The ECMWE mean-sea-level pressure analyses are compared with the mean-sea-level
pressures predicted by the model for 0000 UTC on the 29th and the 30th (Figure 13). On the
20th the main features to note are the trough in the 1016 hPa isobar and the ridge extending to
the northwest located along the southern Australian coastline. Both of these features are
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predicted by the model. By the 30th the trough has developed into a mesoscale cut-off low.
The evolution of this feature is also captured by the model, however, the model predicts the
low to occur further west than represented in the ECMWF analyses.

The observed surface winds and the winds at the lowest model level corresponding to 0000
UTC on the 30th are shown in Figure 14. In both cases strong (15 ms™) easterly to east-
southeasterly winds occur along the coastline south of 35°S. In the vicinity of Sydney the
winds weaken and veer to have more of a southerly component. To the north the wind speeds
are much lighter. Between approximately 33 and 35°S there is quite strong convergence of the
winds along the coastline itself. It is this feature which acts to “focus™ the region of high
precipitation 1n this case.

The observed and predicted precipitation corresponding to the 24 hours ending 0000 UTC on
30 April are shown in Figure 15. In the simulation this corresponds to the precipitation
predicted to occur between 24 and 48 hours of simulation. In both cases the features to note
are the high rainfall amounts which occur along the coastline but are greatest in the vicinity of
the Illawarra escarpment. Lighter rainfall amounts extend further inland but in this case there
is less evidence of orographic enhancement. The second feature that the model has captured is
the abrupt decrease in rainfall amount north of 33°S. The model has not captured the high
rainfall amounts that were recorded in the Sydney basin. It is possible that one reason for this
discrepancy is because the model is unable to resolve the complex orography of that region at a
resolution of 7 km.

As in the previous case, the model has predicted a realistic development of the system and the
predicted precipitation amounts and its spatial distribution are close to those observed.
Consequently, we believe that this simulation also provides an adequate test for many of the
assumptions made in the estimation of PMP values.
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Figure 14: (a) Observed surface winds at 0000 UTC, 30 April. (b) Predicted winds at the lowest
mode! level for 0000 UTC, 30 April. Shading indicates terrain higher than 100 m.
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Figure 15: The (a) observed and (b) predicted precipitation for the 24 hours ending 0C00 UTC, 30 }
April. The observed rainfall is colour-coded to correspond with the contours of Figure 15(b). Orange
and red contours correspond with amounts greater than 180 mm. The Contour interval is 30 mm.

Shading indicates terrain higher than 100 m.
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3.3.2 Increased moisture simulations

The simulations discussed in this Section have been performed by initialising the model as
described above in 3.2.2.

Simulations using a temperature increase of 3°C and 5°C were atternpted, but for these cases
the perturbation to the thermodynamic equation used by the model were no longer valid as the
model produced unrealistic results (see Section 2.1(c)). Consequently, the simulation
discussed in this section has been produced using a smaller temperature increase of 1.5°C. In
addition, a simulation with a temperature decrease of 1.5°C was performed to determine if
Equation (5) is valid. These simulations shall be referred to as UC88_P(lus) and

UC88_M(inus) respectively.

The predicted precipitation for these two simulations is shown in Figure 16. The overall
distribution of the precipitation is similar for these two simulations and the control simulation,
with the maximum precipitation occurring along the coastline in all cases. In UC88_M the
predicted maximum precipitation is less than that predicted in the control simulation, and for
UCS88_P the maximum precipitation is greater than that predicted in the control simulation.
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Figure 16 The predicted precipitation for the 24 hours endi i
‘ ng 0000 UTC, 30 April f
(b) UCB8_P. Contours as for Figure 15(b). Shading indicates terrain higher t;'IAgr!u 1(()):)(?1). He88Mand
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3.3.3 Storm Efficiencies

Equation (9) has been used to calculate the precipitation efficiencies of the system for (a) the
control simulation, (b) UC88_P and (c) UC88_M. As before, the hourly precipitation rate has

been used to partition the storm into heavy and moderate rainfall regions. The temporal '

variation of PE,is shown in Figure 17. For each simmlation, the system is 60-80% efficient at

generating moderate rainfall and 80-100% efficient at generating heavy rainfall. For these
simulations there is little sensitivity of the precipitation efficiency to increases in the moisture
available to the system. '
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Figure 17: Plots of PE_ for the heavy (solid curve) and moderate (dashed curve) rainfall portions of

(a) the control simulation, (b) UC88_P and (c) UC88_M. The lower panel shows the number of heavy
rainfall (solid) and moderate rainfall (dashed) grid points on the finest mesh.

The lower panels of Figure 17 show that as the moisture available to the system is increased,
heavy rainfall begins earlier and is more continuous. For all simulations, less than 10 grid
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points may be considered to experience heavy rainfall. The percentage of the total rainfall that
falls as heavy rainfall has been calculated for the 3 simulations (figures not shown). For the
control and UC88_P this value was approximately 10% for the first 36 hours of the simulation
and was confined to the high rainfall region along the coastline. From 36 to 60 hours of
simulation this percentage increased to more than 50% in the high rainfall region along the
coast. For the low moisture simulation (UC88_M) the amount of heavy rainfall was negligible.

3.3.4 Terrain Effects

In this Section, results are presented for a simulation in which the effects of terrain have been
removed. As in Section 3.2.4, the resulting rainfall from this simulation is subtracted from that
of the control simulation to determine the model-derived topographic component of the storm.
The convergence and topographic components of the storm are presented in Figure 18.

The high rainfall amounts along the coastline are due to the topographic component of the
storm. The wind fields presented in Figure 14 show strong convergence of the winds in this
region. Close inspection of these fields suggests that this convergence is the result of either
blocking or channelling of the low-level winds by the terrain.

Relatively high rainfall is predicted to occur over the ocean, east of Newcastle, due to the
convergence component of the storm. This maximum does not occur in the control simulation.
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Figure 18: The (a) convergence and (b} topographic components of the storm. Contours as for

Figure 15(b).
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3.3.5 Temporal Variation of Precipitation

F The temporal variation of the precipitation at 4 Jocations in the region of high rainfall is
3‘ presented in
! Figure 19. The control simulation is characterised by highly variable rainfall rates at each

location throughout the 60 hours of simulation, indicating the growth and decay of individual
convective cells. Features common to each location include an almost constant rainfall rate for
the first 20 hours of simulation, followed by a period of almost negligible rainfall to 36 hours of

3 simulation. The rainfall rates markedly increase after 36 hours and are both spatially and
3 temporally variable.
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Figure 19: Temporal variation of the precipitation at 4 locations in the high rainfail region.
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The low moisture simulation (UC88_M) has a similar variation in its precipitation time series.
As expected, the rainfall rates are much lower for this simulation. The variation of the
precipitation for the high moisture simulation (UC88_P) is also both spatially and temporally
variable, but, in general, does not evolve in the same manner as the controt or UC88_M.

3.3.6 Depth-Duration-Area Analysis

Depth-area curves have been calculated for standard durations of 2, 24, 36 and 48 hours
(Figure 20). Simulation UC88_M did not proceed beyond 48 hours of simulation time, hence

a depth-area curve for 48 hours is unavailable for this simulation.
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Figure 20: Depth-area curves for (a} 2 hours, (b) 24 hours, (c) 36 hours and (d) 48 hours for the
controt simulation (solid, red curve), UC88_P (solid, blue curve) and UC88_M (solid, green curve).
Also shown are curves corresponding to maximisation factors of 1.1 (dashed, blue curve) and 0.85

(dashed, green curve).
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For short durations (i.e. 2 hours) the rainfall depths of the control simulation are greater than
those of both UC88_M and UC88_P. For durations of 36 and 48 hours the depth-area curve
of the control simulation lies below that of UC88 P and above that of UC88_M. For
UC88_P, the transition between these two situations occurs for durations of approximately 24
hours. For durations of 24 hours the curves corresponding to the control simulation and
UC88_P are almost equal for areas greater than 200 km?®.

The maximised curves corresponding to a maximisation factor of 1.1 lie above the depth-area
curve of UC88_P for durations of 2 and 24 hours. The reverse is true for durations of 36 and
48 hours. For these durations the current maximisation technique under-estimates the
precipitation as predicted by UC88_P for all areas. For these cases, the model produces
between 30% and 35% more precipitation than the current PMP technique for areas of 50 to
70 km’. For areas of 500 km’, the model produces between 5% and 10% more precipitation
then the current PMP technique. For UC88_M, the current maximisation technique over-
estimates the predicted precipitation. Hence the precipitation is not linearly related to the
precipitable water.

3.4 Storm 3: The Dapto Flash Flood

A considerable amount of time was spent trying to simulate this important storm due to its
importance to PMP studies. Shepherd and Colquhoun (1985) state “A number of points,
which are relevant to PMP studies, have been raised as a result of this storm. Estimates of
PMP for short durations over rough terrain have since been revised upwards (Bureau Of
Meteorology, 1984), because maximised depth-duration-area values during the event
exceeded the adjusted U.S. data values in use at the time for a duration of six hours and areas
less than about 220 sq km. The greatest difference was almost 160 mm for an area of 25 sq
km. This event, other heavy rainstorms, and theoretical work cast doubt on the use of rough

and smooth terrain categories for the purposes of estimating PMP for durations of less than 6
hours.”

The meteorological conditions and features of this storm are well documented in Shepherd and
Colquhoun (1985). A workshop paper (Abbs, 1993) was produced as a result of early work
on this storm and is reproduced as Appendix A of the mid-project report (Abbs and Ryan,
1994). That paper summarises observations and results from a numerical simulation of the
storm. Although the simulation is described as the “best attempt” to date, we are dissatisfied
with this simulation and consider it to be unsuccessful. The main reasons behind this decision
relate to the fact that the evolution of the modelled storm differs from observations, both in the
meteorological characteristics of the storm and in the temporal variation of the rainfall.

Following Abbs (1993), experiments have continued in an effort to improve the simulation.
These experiments have included simulations which have locked at:

(1) the effect of the size of the model domain on the simulation. In the simulation of
southeastern Australian storms it is necessary to include the upper-level jet stream into the
model domain for intensification of the storm to occur. In addition we have found it is
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necessary to have an adequately large domain to simulate the correct movement of the
system of interest.

(2) the best manner in which to incorporate high resolution terrajg on the finer 'grids.. This
terrain must be compatible with the terrain on the coarser grids. In the simulation of
southeastern Australian storms it is necessary to include the Great Dividing Range thl.'ough
the northern and southern boundaries of the finest meshes. If the fine IDESh. terrain is not
incorporated correctly it is possible to create numerical noise that Fesults, ultimately, in the
simulation being of little value. In addition, the filtering of terrain data sets may remove
the effects that some of the higher peaks have on the rainfall, as well as causing some
changes in the orientation of terrain features. Such changes affect the low-level
convergence field simulated by the model. This low-level convergence frequently results
in convection and ultimately rain.

(3) the use and sensitivity of the convective parameterisation scheme used in the model, and

(4) the ";é:ffect of the model initial analyses on the region of development of the extreme
precipitation.

Although these experiments have been unsuccessful to date, a number' of importz?nt lessons
have been learnt about the modelling of extreme rainfall events at high resolutlc?n‘ These
lessons have been invaluable to the other simulations described herein. In particular t.he
findings from groups (1), (2) and (3) have been used in simulations o.f soutt.leastern Australian
storms while those from (3) were also useful for the tropical cyclone simulations.

The inadequacy of the initial analyses is a major reason behind our inability to model this
storm. The analyses used previously are too course (250 km resolutlf)n) to capture many of
the features which are important to the development of the meteorological syste:r} that resplted
in the flash flooding over the Tllawarra region. Further simulations are planned vsing the higher
resolution, enhanced re-analysis dataset becoming available from ECMWF.

3.5 Summary of Section 3 Results

In this section we have shown that numerical models can be used for quantitative precip'itation
forecasting (QPF) of southeastern Australian storms and may provide results at a horizontal
resolution of 5-10 km. This requires the use of an appropriate mesoscalfe model (such as
RAMS) coupled with a convective parameterisation scheme that is suitable for use at
horizontal resolution of 5-10 km. The importance of this approach has not be.en dealt with
here but should be considered if numerical models are to be used for QPF.m t_he future,
regardless of whether this is for operational forecasting or as a tool fgr PMP estimation. Abbs
and Lee (1997) discuss this requirement in greater detail and provide examples for the two
case studies described above.

A number of similarities exist between the case studies presented here. Both case s_tudies show
that the systems are 60-80% efficient at generating moderate ram:fall The gene}'atlon of l_leavy
rainfall is 80-100% efficient. Both case studies show only a marginal effect of increases in tt.xe
moisture availability on the precipitation efficiency. In both cases long-lived moderate rain
processes are important contributors to the total precipitation produced by the storm.
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Increases in the moisture availability result in the rainfall beginning earlier, lasting longer and
being more continuous.

Terrain effects are shown to have an effect both on the amount of rainfall that occurs over the
higher terrain as well as affecting the distribution of the rainfall due to the “convergence
component” of the storm. This is due to changes in the movement of the storm or changes in
the low-level wind field (e.g. blocking) when terrain effects are neglected. The temporal
variation of the precipitation for these simulations also illustrates that changes in the moisture
field feeds back to the dynamics by affecting both the intensity and movement of the storm.

Conclusions for the depth-area analyses are more difficult to make but a commonality exists
when compared to the control curve for each case. The control simulation may be thought of
as giving the depth-area curve for the actual storm, while the enhanced-moisture simulation
provides the depth-area curves for a storm maximised by the moisture while conserving its
dynamic integrity. The enhanced moisture storm is associated with a moisture-adjustment
factor and the current PMP methodology would multiply the depth-area curves of the control
simulation by this factor. If the depth-area curve for the increased moisture simulation lies
above that of the control simulation, then the current PMP techniques under-estimates the
precipitation as simulated by the model. This relationship is true for all durations. Where this
was the case for the case studies presented in this section, the model produces between 15%
and 35% more precipitation than the current PMP technique for areas of 50 to 70 km®. For

areas of 500 km’, the model produces between 5% and 15% more precipitation then the
current PMP technique.

The 2-hour PMP values for the Oberon and Chifley Dam catchments, and the 24-hour PMP
values for the catchments of the Chifley and Warragamba Dams and the Hawkesbury-Nepean
catchment (Pearce et al., 1992, 1993), have also been compared with the model-derived depth-
area curves for the east coast low of August 1986. The 2-hour PMP values have been
determined using the GSDM (Bureau of Meteorology, 1985). The 24-hour PMP values have
been determined using the method outlined in Section 1.2. For both durations the model has
been able simulate a small area storm approaching the PMP values for the Oberon and Chifley
Dam catchments. For larger areas, the 24-hour PMP values for the Warragamba Dam and thie
Hawkesbury-Nepean catchments lie well above the depth-area curves for the east coast low of
August 1986. This indicates that, for this particular storm, the model has not been able to be

maximised to a level approaching a PMP storm. However, it may be possible to maximise
other storms to the PMP values for larger areas.
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4. Tropical Cyclones

In this Section we will demonstrate that extreme storms, representative of the GTSM, can be
modelled using a mesoscale atmospheric model. The events chosen for this study are Tropical
Cyclone (T.C.) Connie and T.C. Aivu.

4.1 Model Initialisation

In the simulations discussed here, the numerical model has been initialised using European
Centre for Medium-Range Weather Forecasts (ECMWF) analyses that are available at a
resolution of 2.5 degrees latitude and longitude. These analyses have been interpolated
horizonﬁqﬂy and vertically to the coarsest mesh and they also provide the temporal forcing on
the lateral boundaries of the coarsest mesh. The data used to initialise T.C. Connie came from
a re-analysis of the operational ECMWF data. This re-analysis utilised previously unavailable
data collected from the Australian Monsoon Experiment (AMEX) enhanced observing
network. In addition to the enhanced observational data base, the re-analysis utilised an
upgraded analysis system. The data base was also additionally enhanced relative to the
operational system by the use of higher resolution satellite temperature soundings. The
enhanced reanalyses were not available for T.C. Aivu.

The terrain used on all meshes was interpolated from a 1/40th degree data set. The sea surface
temperatures (SST) were obtained from the ECMWF analyses.

In these simulations the microphysics parameterisation was activated on all grids. In addition,
the convective parameterisation scheme developed by Frank and Cohen (1985, 1987) was used
on the coarsest mesh. ' :

4.2 Storm 1: T.C. Connie - January 1987

In January 1987 a large international tropical meteorology observing program was based in
Darwin. During that time three tropical cyclones occurred, one of which, T.C. Connie,
occurred off the Western Australia coast. Connie originated from a low pressure centre that
originated over the land and later moved over the sea, intensified, and reached tropical cyclone
strength by 1200 UTC on January 17. Connie then moved southwest and continued to
intensify, reaching its lowest central pressure (maximum strength) of 950 hPa at 0600 UTC on
19 January. At 0000 UTC on the 18th the central pressure of the cyclone was estimated to be
988 hPa and by 0000 UTC on the 19th had decreased to 962 hPa.

Although T.C. Connie was not a “problem storm” for hydrological purposes, this tropical
cyclone was chosen for this study as it was a large, recently occurring system and so provided
us with a good subject on which to develop the techniques required to simulate tropical
cyclones at high resolution. In addition, T.C. Connie had been simulated by a number of other
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rese'archers gat much lower resolution) and their results gave guidance for evaluation of our
earlier experimental, low-resolution simulations.

4.2.1 Validation

(a) High-Resolution Simulation

In thests simulations t.hree levels of interactive grid nesting were used. Grid 1 had a horizontal
resolution of approximately 50 km, grid 2 approximately 15 km and grid 3 a resolution of 5

k.m_ '1.“0 conserve computing resources grid 3 was not activated until 8 hours into the
simulation.

T}ie mean sea level pressure predicted by the model after 24 hours of simulation is presented in
Figure 21. The central pressure of the cyclone at this time is predicted to be 963 hPa

observed. The model predictions locate the centre of the ci i
it it
some 50-100 km west of that observed. culation

Figure 21: Mean-sea-level pressure (hPa) predicted by the model after 24 hours of simulation.
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The paucity of observational data in this region makes validation of the results from the
simulation difficult. To alleviate this problem we shall compare the structure of the model
predicted rainbands with the conceptual model of a developing rainband based'on the work_ of
Ryan e al. (1992). From an observational study of the rainband strucu'lre in a developing
tropical cyclone they found that, horizontally, the rainband was characten.?ed by inflow from
both sides of the band with the low-level flow being along the band (Figure 22(a)). Th'e
location of the embedded convective cells and their movement over the next few hours is
defined by the locus of the vertical velocity maxima. The rainband was observe(‘i to be aro.und
80 km wide, but as it matures it narrows to 10-25 km width. They found that in thg vertical,
the embedded convective cells tilt radially outwards and that the top of the convection occurs
at 10 to 12 km height. Observations of the intense convective cells did not reveal organisation

into long lived lines.
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Figure 22: Schematics of (a) a pian view of a developing tropical cyclone rainband and (b} a vertical
cross-section through the rainband (from Ryan et al., 1992).
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The predicted wind and mixing ratio fields have been used to study the development of
rainbands in the modelled tropical cyclone. The location of the model rainband has been
defined as the area in which the condensate mixing ratio at a height of 4 km exceeds 0.1 gkg'.
This value corresponds with a radar reflectivity value of approximately 25 dBz, which is the
value traditionally used in observational studies to define the location of rainbands. Convective
cells have been defined here as those areas in which the 4 km condensate mixing ratio exceeds
1.0 g kg'. The modelled low-level wind and rainband structure after 12 and 24 hours of
simulation are shown in Figure 23. At 12 hours the rainbands are 60 to 80 km wide and
contain a number of regions of embedded convection. As in the observations there is inflow
from both sides into the band with the low-level flow being along the band into the centre of
the cyclone. After 24 hours of simulation pressures have continued to decrease, mdicating that
the cyclone is intensifying, and a radius of maximum wind has developed that is coincident with
a model eye wall. Each of these features is characteristic of an intensifying tropical cyclone.
The embedded convection produced in the modelled tropical cyclone also tilts radially
outwards from the centre of the system.

The observed and predicted rainfall for the 24 hour period ending 0000 UTC 19 January is
shown in Figure 24. The rainfall observations shown here were extracted from Bureau of
Meteorology (1991). The features to note are, (i) the large horizontal gradients in both the
observed and predicted rainfall on the northern and southern sections of the coastline, (ii) the
region of lighter rainfall extending well inland. The main discrepancy between the observed and
predicted rainfall appears to be in the location of the eastern band of heavy rainfall. This is

possibly because the modelled cyclone had a larger eye (200km compared to 100km) than
observed.

The tropical cyclone simulated here appears to resemble observed tropical cyclones in both its
structure and evolution, but this simulation was very expensive to perform. Rather than
extending the study with an enhanced simulation using this high resolution configuration, we
have used the original simulation as a benchmark against which to verify a lower resolution
control simulation, and then compare this control simulation with the results from an enhanced
moisture simulation.
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Figure 24: (a) The observed rainfall for the 24 hours ending 00 UTC, 19 January (from Bureau of

. . . ; ; i 1 Meteorology, 1991) and (b) the simulated rainfall for the 24 hours ending 00 UTC, 19 January. The
23: Simulated, horizontal rainband structure after (a) 12 hours of simulation and (b} 24 hours . f _ '
cI:fI%liJrrr‘laulation Yellow shading denotes areas in which the condensate mixing ratio at a height of 4 km B isohyets for the observed rainfall have an interval of 10 mm. For (b) black contours are from 10 to 50
eceds 0.1 g kg, lighter shading where it exceeds 1.0 g kg"'. Also shown are surface wind vectors mm with a contour interval of 10 mm. Red contours are for rainfalls greater than 100 mm and have a
gﬁﬁ mesan_'seg_|§vé| pgressure (hPa). ' contour interval of 50 mm. Shading indicates terrain higher than 250 m.
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(b) High-Resolution and Contrel Simulation Comparison

The configuration of the lower resolution control simulation is the same as the high resolution
simulation described above, except that in this case we are using only two grids so that the
highest resolution achieved by the model in this case is 15 km. A comparison of results from
the two simulations shows that the position of the rainband is similar but that the low
resolution rainband does not contain regions of embedded convection. After 24 hours the low
resolution simulation has not developed an eye-wall-like structure and there is no obvious
radius of maximum wind. The secondary rainband structure is similar in both simulations. The
low resolution tropical cyclone does not move as rapidly as the high resolution cyclone; this is

possibly related to a difference in the wind field between the two simulations such as the lack

of a radius of maximum wind.

P

Figure 25: Simulated rainfall for the control simulation for the 24 hours ending 00 UTC, 19 January.
Contours are drawn as for Figure 24{b). Shading indicates tetrain higher than 250 m.

After 24 hours of simulation the low resolution tropical cyclone has begun to weaken due to
the lack of convection at this later time. The precipitation fields produced by the two
simulations were qualitatively similar, however, the extreme precipitation produced in the high
resolution simulation was approximately 15% greater than that of the low resolution simulation
(Figure 25). One of the main conclusions that can be drawn from this comparison is that the
majority of the rainfall is due to the stratiform region of the tropical cyclone rainband rather
than from the more isolated pockets of embedded convection.
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4.2.2 Increased Moisture Simulations

The simulations discussed in this Section have been performed by initialising the model as
described above in Section 3.2.2.

Simulations were carried out for dew-point temperature increases of 1.5°C and 3°C. Attempts
were also made to perform simulations with dew-point increases of 4 and 5°C, but as before
the model produced unrealistic results as the perturbations were too large for the model (see
Section 2.1(c)). The successful simulations shall be referred to as CON_+1.5 and CON_+3.
The predicted precipitation for these two simulations is shown in Figure 26. The overall
distribution of the precipitation is similar for these two simulations and the control simulation,
with the maximum precipitation occurring over the land in the eastern half of the tropical
cyclone precipitation signature.

Interestingly, as the amount of moisture available to the storm increases, the area over which
precipitation occurs decreases. This is particularly obvious for the regions of relatively high

precipitation. For the control simulation, a greater area is affected by rainfall higher than 100
mm than for CON_+3.
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4,2.3 Storm Efficiencies

Equation (9) has been used to calculate the precipitation efficiencies of the system for () the
control simulation, (b) CON_+1.5 and (¢) CON_+3. As in the previous simulations, the hourly
precipitation has been used to partition the storm into heavy and moderate rainfall regions.
The temporal variation of PE, is shown in Figure 27. For each simulation, the system is 60-
80% efficient at generating moderate precipitation. For the three simulations, values of PE, of
approximately 100% indicate that the tropical cyclone is very efficient at generating heavy
rainfal. For these simulations there is little sensitivity of the precipitation efficiency to
increases in the moisture available to the system.
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Figure 27: Plots of PE_ for the heavy (solid curve) and moderate (dashed curve) rainfall portions of

. o . ) tours as for Figure 24(b). - (a) the control simulation, (b) CON_+1.5 and (c) CON_+3. The lower panels show the number of
gﬁ:é?néz?n diz?;glﬁéfgi;a;l?;?:‘le:?; a(:)25coor§ -+1.5 and (b) CON_+3. Conto g (®) £ heavy (solid) and moderate (dashed) rainfall grid points on the finest mesh.

The lower panels of Figure 27 show that, as the moisture available to the storm is increased,
heavy rainfall is more continuous and longer lived. However, as the moisture available to the
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storm is increased the maximum number of heavy rainfall points decreases. Similarly the
number of moderate rainfall grid points decreases as the moisture available to the storm is
increased. These results agree with those of Section 4.2.2.

The percentage of the total rainfall that occurs as heavy rainfall has been calculated for the
control simulation, CON_+1.5 and CON_+3 (see Figure 28). As the amount of moisture
available to the storm increases, the percentage of heavy rainfall over the land increases. This
corresponds with a decrease in the heavy rainfall over the sea, suggesting that the processes
that are producing the precipitation are changing as the moisture availability increases.

Figure 28: Plots of the percentage of the total rainfall which falls as heavy rainfall (i.e. with an hourly
rainfall greater than 25 mm) for (a) the control simulation, (b) CON_+1.5 and {¢) CON_+3. Black
contours are for 10% and red contours are for 50%.

4.2.4 Temporal Variation of Precipitation
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Figure 29: The temporal variation of precipitation at the locations marked (a) “A*, (b) “B” and {c) “C”

in Figure 25.

The temporal variation of the precipitation has been plotted (Figure '29) for the control
simulation, CON_+1.5 and CON_+3. The locations used comrespond with the 3 locations

marked “A”, “B” and “C’ in Figure 25.




In general, the temporal variation at each location is similar between simulations. For instance,
at site A all precipitation occurs between 14 and 22 hours of the simulation and is the result of
a single rainband. At site C the rainfall is due to two rainbands passing across this location.
The time of passage of the rainbands is the same for each simulation. Site B exhibits more
variation than the other locations. At this location the rainfall for the control simulation and
CON_+1.5 is due to an individual rainband but for CON_+3 the accumulated rainfall is due to
two, and possibly three, precipitation features.

4.2.5 Depth-Duration-Area Analysis

Depth-area curves have been calculated for standard durations of 2 and 24 hours (Figure 30).
For short durations (i.e. 2 hours) the rainfall depths of the control simulation are less than
those of both CON_+1.5 and CON_+3 for areas less than about 20000 km®. For larger areas
the reverse is true. For durations of 24 hours the depth-area curve of CON_+1.5 lies below
the control curve and that of CON_+3 is above the control curve.
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Figure 30: Depth-area curves for (a) 2 hours and (b) 24 hours for the control simulation (solid, red
curve), CON_+1.5 (solid, blue curve) and CON_+3 {solid, green curve). Aliso shown are curves
corresponding to maximisation factors of 1.05 (dashed, blue curve) and 1.1 (dashed, green curve).

The maximised curves, corresponding to maximisation factors of 1.05 and 1.1, lie above the
depth-area curves of CON_+1.5 and CON_+3 for durations of 2 and 24 hours for areas
greater than 20000 km”. For smaller areas and a duration of two hours, the maximised curves
for both cases lie below the corresponding depth-area curves of CON_+1.5 and CON_+3.
This is also true for small areas and for a duration of 24 hours for the maximisation factor of
1.1

52

ki
*
P

For durations of 2 and 24 hours and areas less than approximately 20000 km” the current
maximisation technique under-estimates the precipitation as predicted by CON_+3. Where this
was the case, the model produces between 5% and 10% more precipitation than the current
maximisation technique for areas of 300 km®, For areas greater than approximately 20000 km®
the current maximisation technique over-estimates the precipitation as predicted by CON_+3.
The current technique over-estimates the precipitation predicted in CON_+1.5 for all areas and
a duration of 24 hours.

53




4.3 Storm 2: T.C. Aivu - April 1989

Tropical cyclone Aivu crossed the north Queensland coast near Home Hill on the morning of 4
April 1989. Aivu developed from a tropical low pressure system that formed off the southeast
tip of Papua New Guinea on 31 March 1989. Over the next 4 days Aivu moved in a
southwesterly direction and intensified. The lowest central pressure during the lifetime of Aivu
was estimated to be 935 hPa, 18 hours before the cyclone crossed the coast. The lowest
recorded central pressure was 959 hPa. This was recorded in the eye of the cyclone as it
crossed the coast. Radar measurements of the eye radius (Bureau of Meteorology, 1990)
range from 11 to 17 km as the system crossed the coastline.

Heavy rainfall and major flooding associated with Aivu occurred over large parts of the central
Queensland coast and interior. In general, the areas of heaviest precipitation occurred to the
south of Aivu’s path. In these areas topographic features enhanced the precipitation. The
highest daily rainfall for the period (581 mm) occurred at Dalrymple Heights in the mountain
ranges to the west of Mackay. The 72-hour total for this station was 1082 mm; this has an
average recurrence interval greater than 100 years. The meteorology and impact of this
tropical cyclone is described in greater detail in Bureau of Meteorology (1990).

4.3.1 Validation

In these simulations two levels of interactive grid nesting were used. Grid 1 had a horizontal
resolution of 48 km and grid 2 a resolution of 12 km.

Mean-sea-level pressure analyses from ECMWF and the model are compared in Figure 31.

Neither ECMWF nor the model have been able to capture the rapid deepening of the tropical -

cyclone prior to its crossing of the north Queensland coastline. A possible reason for this
failure is because we have not used a “bogus” vortex to initialise the tropical cyclone. Further
discussion of this problem is presented below. The overall evolution of the synoptic-scale flow
is captured well by the model. The tropical cyclone crosses the coast at the time observed (see
Figure 32), weakens to form a tropical depression as it moves inland over north-western
Queensland. By 0000 UTC, 6 April the tropical depression is located well inland and a ridge
of high pressure has developed along the coastline. The model predicts stronger ridging than
that present in the ECMWF analyses.

Research at GFDL/NOAA at Princeton University (Ross and Kurihara, 1992; Kurihara ef al.,
1993; Bender et al. 1993) has demonstrated that specification of an initial vortex eliminates
many of the problems encountered in the numerical simulation of tropical cyclones. These
problems include an incorrect position for the tropical cyclone, poor predicted track, inability
of the model to “spin-up” a tropical cyclone, and a poor representation of the radius of
maximum winds. There are a number of reasons why a bogussed vortex has not been used in
our simulations of tropical cyclones. Firstly, initial efforts at simulating a tropical cyclone
(T.C. Connie) produced results in which the track of the tropical cyclone was reproduced well
and the storm intensified as observed. Much of this success may be due to the high quality of
the data set that was used to initialise the model. Secondly, the specification of an initial
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ECMWF Analyses Model predictions

_\)]\\\U, ;3 (@)

Figure 31: Mean-sea-level pressures (hPa) from the ECMWF analyses for (a) 0000 UTC, 4 Apri

. . , ril, (b
0000 UTC, 5 Apr_ll and (c} 0000 UTC, 6 April and model predicied mean-sea-level pressurespfor gdg
0000 UTC, 4 April, (e) 0000 UTC, 5 April and (f} 0000 UTC, & April.

55



® Wingdorah

Estimated extent of destructive winds \TY

145° 150° 155°

Figure 32: Observed track of T.C. Aivu (from Bureau of Meteorology, 1990). Also included on this
figure are the locations of the ECMWF vortex (shown by diamonds) and the predicted track of T.C.
Aivu (shown by filled squares).

vortex is not straightforward as a vortex profile needs to be chosen and the maximum wind,
radius of maximum wind and central pressure specified. This may produce a realistic
simulation of a tropical cyclone if the position of the vortex in the analyses (e.g. ECMWE) is in
the correct location. Figure 32 shows that for this case study this was not the case and that the
position of the ECMWF vortex between 0000 UTC on 2 April and 0000 UTC 3 April is
represented poorly in the analyses. Such problems suggest that a sophisticated approach,
similar to that of Ross and Kurihara (1992), would be required to remove the “erroneous”
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vortex from the analysis before bogussing in a specified vortex in the correct location. The
implementation of such an approach is beyond the scope of the current project. Finally, most
of the rainfall produced by T.C. Aivu was due to the strong low-level convergence along the
coast coupled with advection of warm, moist air from the ocean. The low-level convergence
was enhanced by the local mountainous terrain.

145 ' 150

Figure 33: The (a) observed and (b) predicted precipitation for the 72 hours ending 0000 UTC, 6 April.
The observed rainfall is colour-coded to correspond with the contours of Figure 33(b). Orange and
red colours correspond with precipitation amounts greater than 300 mm. Purple indicates
precipitation greater than 600 mm. The contour interval in (b) is 50 mm. Shading indicates terrain
higher than 103 m.
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The 72-hour precipitation for this event is shown in Figure 33. The numerical model has been
able to reproduce the spatial distribution of the area affected by rainfall reasonably well. The
location and amounts predicted for the region of high precipitation is not predicted well. The
poor representation of the location of the high precipitation region is not surprising considering
the poor representation of the track that was in the ECMWF analyses. In both the
observations and the simulation, the highest precipitation is located in the high terrain south of
the tropical cyclone coastal crossing location. The relatively low predicted rainfall amounts are
due to two reasons. Firstly, at a resolution of 12 km, the model is unable to resolve the high
topography over which the heavy rain occurred. At this grid resolution the model is resolving
features with maximum elevations of approximately 500 m yet the local terrain for this area
exceeds 1000 m. Consequently, the model is not producing as much orographically forced
ascent as occurred during this event. The second reason is related to the first. The continual
supply of warm, moist air coupled with a region of orographically enhanced ascent is
favourable to the formation of an orographic -cloud that is essentialty *“anchored” to the
orography. The model is not able to resolve this feature at this resolution.

The maximum rainfall amount predicted by the model is 550 mm and occurs much further
north than observed. The observed maximum rainfall for this period is 1080 mm. This
individual station value has “near-neighbour” values between 600 and 800 mm.

4.3,2 Increased Moisture Simulations

A single increased moisture simulation has been performed for this case study. The model was
initialised as described in 3.2.2. A temperature increase of 3°C was used. The simulation did
not proceed beyond 63 hours of simulation time as instabilitics were generated by the model.
The simulation will be referred to as ATVU_+3.

The spatial distribution of the precipitation is very similar for the two cases, however, the
locations of the maximum precipitation vary between the simulations. ATVU_4+3 also produces
more precipitation over the sea. In both cases the highest precipitation is located in the high
terrain south of the tropical cyclone coastal crossing location. '
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Figure 34: The predicted precipitation for the 60 hours ending 1200 UTC, 5 Apiril for {a) the contro}
simulation and (b) AIVU_+3. Contours and shading as for Figure 33(b).

4.3.3 Storm Efficiencies

Equation (9) has been used to calculate the precipitation efficiencies of the system for both, (a)
the control simulation and, (b) AIVU_+3. As for the other case studies, the hourly
precipitation rate has been used to partition the storm into heavy and moderate rainfall regions.
The temporal variation of PE_is shown in Figure 35. For both cases the system is 50-70%
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efficient at generating moderate rainfall from condensate. For both simulations, heavy rainfall
generated by the production of condensate is almost 100% efficient.
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Figure 35: Plots of PE, for the heavy (solid curve) and moderate (dashed curve) rainfall portions of

{a) the control simulation and {b) AIVU_+3. The lower panel shows the number of heavy (solid) and
moderate (dashed) rainfall grid points on the finest mesh.

As the moisture available to the system is increased the number of heavy rainfall grid points
increases and the heavy rainfall is longer lived.

4.3.4 Depth-Duration-Area Analysis

Depth-area curves have been calculated for standard durations of 2, 24, 36 and 48 hours
(Figure 36). These curves are based on the precipitation predicted by the model between 6 and
60 hours of simulation time as AIVU_+3 did not proceed beyond 63 hours of simulation. For
all durations, and for areas greater than approximately 1000 km’, the depth area curve of
AIVU_+3 lies above that of the control simulation. For smaller areas the reverse is true. The
depth-area curves for ATVU_+3 lie below the corresponding maximised curve, except for a
duration of 24 hours. Hence, the current technique tends to over-estimate the predicted
precipitation.
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Figure 36: Depth-area analyses for (a) 2 hours, (b) 24 hours, (c) 36 hours and (d) 48 hours for the
control simulation (solid, red curve) and AIVU_+3 (solid, blue curve). Also shown is the curve
corresponding to a maximisation factor of 1.25 (dashed, blue curve).

4.4 Summary of Section 4 Results

In this section we have shown that the numerical model is able to reproduce many of the high
resolution features of tropical cyclones provided that high quality analyses are available with
which to initialise the model. We have also found that vortex bogussing techniques should be
employed to simulate such features as the formation of a radius of maximum winds, the “spin-
up” of the tropical cyclone and a better prediction of the track. Despite these shortcomings,
the model is able to provide an adequate prediction of the precipitation field, even at a
horizontal resolution of 15 km, against which to test some of the PMP estimation assumptions.
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The simulations of tropical cyclone Connie showed that as the moisture available to the storm
was increased, the area over which the precipitation occurred decreased. For T.C. Connie and
T.C. Aivu, the production of heavy rainfall is almost 100% efficient. There is little sensitivity
of the precipitation efficiency to increases in the moisture available to the storm. As the

moisture available to the storm is increased, the heavy rainfall becomes more continuous and
longer lived. :

If the depth-area curve for the increased moisture simulation lies above that of the control

simulation, then the current maximisation techniques under-estimates the precipitation as’

simulated by the model. This relationship is true for all durations, but for T.C. Aivu the
relationship only holds for areas greater than approximately 10000 km®. The reason for the
discrepancy in these results for the smaller areas is unknown at this stage but is possibly related
to the orography and the resolution used for these sitnulations. Further simulations are
requireq to investigate the effect of the orography on the distribution of the precipitation
produced‘ by T.C. Aivu.

N

62

5. Outcomes and Applications

This project has developed techniques so that mesoscale numerical models of the atmosphere
may be used as tools for quantitative precipitation forecasting at horizontal scales of 5-10 km.
The major application is to use numerical models as a tool to assess some of the assumptions
used in the current method of estimating Probable Maximum Precipitation.

These techniques have been tested on four case studies: (i) an east-coast low, (il) an upper-
level cut-off low, (iii) a northwest Australian tropical cyclone, and (iv) a northeast Australian
tropical cyclone. For each of these case studies we have investigated the effects increases in
the moisture availability have on the precipitation produced by the storm, the precipitation
efficiency of the storm and on the depth-duration-area analyses for the storm. We have also
investigated the effect of terrain on the distribution of the precipitation produced by the east-
coast low and upper-level cut-off low.

5.1 PMP Implications

The increased moisture simulations discussed in this report have been performed by initialising
the model from the ECMWF analyses but in these cases the moisture values have been
increased by uniformly increasing the temperatures of the atmosphere everywhere, while
maintaining the relative humidities. In this way the system under investigation is still in
dynamic balance but the specific humidity, and hence the surface dew-point temperature and
precipitable water, has been increased. This method is comparable to the technique used to
maximise storms in the current PMP approach. A difference between this technique and that
currently employed, is that the initial atmosphere in the modelling studies is not necessarily
saturated while that used in the current method of estimating PMP is assumed to be saturated
through the depth of the atmosphere.

The maximisation factors that result from the technique used in this report lie between 1.1 and
1.3 and are limited by the ability of the numerical model to handle large changes to the initial
conditions used by the model. In contrast, Minty et al. (1996) calculate values greater than 2
but impose an upper bound of 1.8 on the maximisation factors that are used to estimate the
PMP of a storm. The inability of the numerical model to simulate these events with such large
maximisation factors raises questions as to the validity of the large maximisation factors for
these particular storms. Although the dew-point temperatures associated with these
maximisation factors may occur at that particular location and time of year, it needs to be
determined if they could actually occur during such extreme precipitation events.

Despite the difference in the upper limit of the maximisation factor that is used for a particular

storm, it is still possible to investigate some of the assumptions that are used in the calculation
of the PMP. These assumptions are listed in Section 1.3
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Five conclusions, with implications for the estimation of PMP, may be drawn from the work
presented in our report.

1. As the moisture availability is increased the precipitation efficiency of the storms does not
change significantly. For each case study presented in this report, the production of heavy
rainfall (rainfall rates greater than 25 mm hr) is between 80% and 100% efficient. This
supports the simple model that assumes implicitly that extreme precipitation storms have the
highest efficiency.

2. As the moisture availability is increased the duration of the heavy rainfall increases, begins
earlier and is more continuous. Life cycles are not counsidered in the simple model,
however, the results presented in this report and the recent paper of Zhao et al. (1997)
suggest that the duration of the storm increases as the moisture availability increases. An
increase in the duration of heavy rainfall will result in higher total rainfall.

3. As the moisture availability changes, the spatial distribution of the area over which more
thm“ng% of the total rainfall falls as heavy rainfall changes. Zhao et al. (1997) also found
that the areal coverage of rainfall varies nonlinearly with the precipitable water.

4. If the depth-area curve for the increased moisture simulation lies above that of the control
simulation then the maximisation relationship of the current PMP technique under-estimates
the precipitation, compared with that simulated by the model. The simulations reported
here indicate that this may occur and hence the precipitation is not linearly related to the
precipitable water. For the case studies presented in Section 3, the model produces between
15% and 35% more precipitation than the current storm maximisation technique for areas of
50 to 70 km®. For areas of 500 ku’, the model produces between 5% and 13% more
precipitation then the current storm maximisation technique

5. The topography affects the distribution of the “convergence component” of the
precipitation due to feedback effects to the dynamics of the storm system.

Despite these deficiencies in the assumptions used to estimate PMP, we believe that there is no
operational replacement available at present for the current PMP metbodology. However,
improvements in the estimation of PMP may soon be possible if increased effort is placed on
(amongst other things) the numerical modelling of extreme rainfall events. These
improvements are only possible if the results of these efforts are communicated to, and
accepted by, the hydrological community.

5.2 Unanswered questions and prob)‘ems

The method used in this study to increase the moisture fields was adopted, since it was the
method favoured by hydrologists on the project advisory panel and was comparable to the
techniques used by the Bureau of Meteorology to maximise storms for PMP estimation. Other
methods of maximising the moisture availability should be investigated to determine if the
conclusions reached in our study are met. For example, Zhao et al. (1996) increase the
specific humidity through the depth of the atmosphere to change the precipitable water. Their
method, combined with that used here, may allow a wider range of maximisation factors, and
higher values, to be tested.

64

As computing capabilities increase, it will become possible to model extreme storms at
increasingly higher resolution. The advances in computing hardware make it possible to
examine if further increasing the horizontal resolution of the simulated storms changes the
above conclusions.

More case studies should be attempted to determine if the conclusions of Section 5.1 hold true
for a wider range of extreme events.

The natural extension of this project is to use the model-predicted precipitation fields to
provide an “observed” precipitation field and then subject them to the analysis given to the
extreme storms that constitute the GSAM database. After the application of identical
maximisation factors, the results of the maximised storm should be compared with that of the
equivalent simulated “increased moisture” storm.

More sophisticated initialisation techniques should be developed before more simulations of
tropical cyclones are attempted. One such technique that has been used in other studies is
known as “vortex bogussing”. Following this, the effect of orography on the distribution of
precipitation produced in east Australian tropical cyclones should be investigated.

5.3 The future of numerical meteorological models as a tool for hydrological
planning

When this project began five years ago it was possible only to perform these simulations on
very expensive supercomputers. The continual increase in computing capabilities means that
such simulations can now be performed on moderately sized (and priced) workstations.

In addition, a number of re-analysis projects are underway (e.g. NCEP in the USA and at
ECMWEF) to upgrade the old analyses using state-of-the-art general circulation models and
including observations that were not available when the models were originally run. These re-

~ analysis projects are thus providing an improved data set with which to initialise mesoscale

numerical models. In the NCEP case the re-analysis extends back to 1970s and so a larger
storm database will be available soon.

Finally, the physical parameterisation schemes incorporated into mesoscale mumerical models
are continually improving, resulting in high quality simulations of these events at increasingly
higher horizontal resolution. However, these models are very sophisticated and require a
skilled meteorological modeller to manage them and to interpret the results - they cannot be
used as a “black box”.

Consequently, we believe that it is becoming feasible to perform simulations of a greater
number of these events and to provide skilful quantitative precipitation forecasts of them. By
utilising a “team approach” in which hydrometeorologists and meteorological modellers work
together it is now possible to use mesoscale numerical models as tools for hydrological
planning.
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6. Appendix

The numerical simulations discussed in this report require large computing resources to be
performed. In this appendix we have tabulated the requirements for some of the simulations
that have been performed as part of the overall study. Most simulations have been conducted
using the Cray Y-MP4E/464 system operated by the CSIRO Supercomputing Support Group.
This system has four central processors and 64 Mword of memory. Coupled to the computer is
a Storage Technology automated cartridge system (ACS) that provides robotic mounting of
cartridge tapes from a silo of tapes.

Listed below is a description of some of the headings used in the table.
CPU time This is the time required by the computer to perform the simulation.
Real time This is the actual amount of time required to perform the simulation,
from initial submission of the job to completion of the simulation. This

time is affected by such factors as (i) the number of other users queued
to use the computer, (ii} the memory and time requirements of the job,

and (iii) the priority of the job.
Memory The amount of memory required to perform the simulation.
Data storage The space required to store the output from the simulation. This is

affected by the frequency with which analysis files are saved as well as
the size of the simulation itself. For example, if it is anticipated that the
results from the simulation will eventually be animated, then analysis
files are saved more frequently

The simulation names ECL86, TC2 and TC3 correspond with the control and enhanced
moisture simulations of the east coast low of August 1986, the control and enhanced moisture
simulations of T.C. Connie and the high resolution (3 grids) simulation of T.C. Connie,
respectively.

Simulation Simulation CPU time Real time Memory Data storage

- pame time
(hrs) (hrs) (months) (Mwords) (Mbytes)
ECL36 36 120 1 17 3000
TC2 24 55 1 14 1450
TC3 24 220 6 25 10100
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9. Glossary

AEP
AMEX
ANCOLD

CSU
DDA Curves
ECMWE

GSAM
GSDM
GTSM
NCEP

PMF
PMP
QPF
RAMS
SST
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Annual Exceedance Probability

Australian Monsoon Experiment

Australian National Committee On Large
Dams

Colorado State University

Depth, Duration and Area Curves

European Centre for Medium-Range Weather
Forecasts '

Generalised Southeastern Australian Method
Generalised Short Duration Method
Generalised Tropical Storm Method

National Centers for  Environmental
Prediction

Probable Maximum Flood

Probable Maximum Precipitation

Quantitative Precipitation Forecasting
Regional Atmospheric Modeling System

Sea Surface Temperature

Universal Time Coordinated -
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