	International Workshop on the Dynamics and Forecasting
	Darwin, 22-26 January 2001

	of Tropical Weather Systems
	1



Assessing severe thunderstorm potential days and storm types in the tropics

Lori-Carmen Chappel

Bureau of Meteorology, Darwin, L.Chappel@bom.gov.au

Abstract

A convective analysis has been performed operationally for Darwin each day during the wet season since September 1995. This analysis involves computing the unmodified and modified Convective Available Potential Energy (CAPE) and maximum shear from the 9am sonde flight. This data is then used along with other information to forecast the convection type and time that it may be experienced that day. The data from the 1997/98 to the 1999/2000 seasons has been correlated with severe storm occurrence in the Darwin area. Trends have emerged which have helped to define the profile of a severe thunderstorm day in the deep tropics. 

For the operational forecaster difficulties remain such as determining the most relevant airmass (temperature and moisture) available for the storm to ingest. Differentiating days with similar environmental profiles is also problematic.
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The wet season across the “Top End” of the Northern Territory (Fig. 1) extends from October to May. The transition season or build-up often commences in September with isolated thunderstorms, usually on the coastal fringe. The extent of these storms increases gradually as moisture builds up over the following months until the monsoon arrives.   The monsoon trough usually moves south across the Northern Territory late December, and the months of January and February are characterised by active monsoon periods or monsoon break periods. The months March and April are generally a transition back to the dry season. Severe storms over the “Top End” predominately occur in the transition and monsoon break periods when the prevailing mid-level easterly winds contribute to favourable wind and moisture profiles. Over the past five seasons between two and seventeen severe storms have been reported per season in Darwin or the adjacent rural area (to a 60 km radius excluding the Tiwi Islands) (Fig. 2). This compares with an average of 80 storm days per wet season within a 10 km radius of Darwin Airport, leading to a greater than forty per cent occurrence of storms in Darwin on wet season days. There are many more days where storms develop in the rural area surrounding Darwin but never reach Darwin. If rural area storms were included in the statistics the percentage of storm days would be greater. This paper documents an empirical scheme developed to differentiate between days of ordinary convection and days of severe tropical convection over the northwest “Top End” (Darwin area). The limitations and difficulties involved in developing and using the scheme are discussed. Henceforth this scheme will be referred to as the “Four empirical Rules” or “4 Rules” for Darwin severe thunderstorm forecasting. While this study applies to Darwin, the results may well be applicable to tropical locations across the world. 
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The type and intensity of convection forming and evolving is governed by the combination of environmental wind shear and buoyancy. Buoyancy controls the updraft strength and hence downdraft strength. The vertical wind profile governs how storm updrafts and downdrafts interact, which in turn controls the storms’ longevity. In weak shear conditions a storm updraft will be soon stifled by its downdraft. In conditions of strong shear but weak buoyancy deep convection will not be able to successfully develop. When conditions of strong shear and buoyancy occur updrafts and downdrafts begin to behave cooperatively and the convection is more likely to be long-lived and severe. This relationship is represented graphically in the CAPE/shear diagram. (Alford et al. 1995).  Figure 3 shows a version of this diagram introduced for use by the Northern Territory Regional Forecasting Centre (Gill 1995) from the 1995/96 wet seaon. This diagram mostly represents convective regimes as observed in mid-latitude studies.
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Keenan and Carbone (1992) studied the initiation and structure of tropical convection (severe and non-severe) in the vicinity of Darwin during the 1987/88 wet season. They found that monsoon periods were characterised by weak convection with strong but shallow westerly shear existing in environments of widely ranging CAPE.  Transition and monsoon-break season storms examined in this study existed across a similarly broad range of CAPE. The majority of CAPE values for all storms were less than 2500 J/kg. The major difference observed between the monsoon and transition or break-period storms was their shear directions and vertical shear profiles. Break and transition season continental squall lines existed in environments with moderate shear. The CAPE value for two intense squall lines observed was “large” near 2000 J/kg.  They found the mean CAPE-shear values of Darwin squall lines existed in environments of less CAPE but more shear than North American plains non-severe squall lines. Also, Darwin squall lines generally had higher shear than “typical” tropical squall lines observed in other studies elsewhere across the tropics.
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In a study of the diurnal forced convection of the Tiwi Islands north of Darwin (Hector) Carbone et al. (2000) found only a weak correlation between CAPE and convective intensity. They suggested this lack of correlation may relate to the heterogeneous moisture content of the lower atmosphere. i.e. CAPE calculated from surface temperature and moisture may not be representative of boundary layer average as thermal mixing occurs.

Severe storm types observed in the Darwin area
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A severe storm is defined as a storm producing either wind gusts of 25 m/s or stronger, tornadoes, hail with diameter of 2 cm or greater at the ground, or very heavy rainfall producing flash flooding. Wind gusts are the primary phenomena associated with severe storms in the Darwin area. Flash flood severe storms also occur relatively frequently however drainage occurs rapidly and damage and disruption are usually minimal. A storm with excessive and damaging lightning can cause as much damage in the Darwin area as severe wind downbursts and occur almost as frequently at a given location. Note the cyclone building code for Darwin ensures that minimally severe wind gusts rarely cause building damage. There are no current methods to forecast severe lightning storms. A recent extension to the Northern Territory of the lightning detection network may lead to the ability to now-cast a severe lightning storm based on observations. This study seeks primarily to identify the environment suitable for producing a storm with severe wind gusts. Flash flooding can result as a complex combination of buoyancy, moisture profile, steering winds and local convergence areas. Thus it is impossible to associate a particular CAPE-shear profile with all flash flood type storms. As with predicting severe lightning storms, predicting flash floods goes beyond the scope of this paper, though some of these storms have been captured by the “4 Rules”.

Darwin experiences several distinctly different severe storm types which produce damaging wind gusts. These include severe continental squall lines, severe monsoon squall lines and pulse severe storms. Fig. 4a,b and c. show the breakdown of severe storms in the Darwin area by type, location and phenomena produced.
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The severe thunderstorm type known to have caused the most widespread damage is the long-lived tropical continental squall line. Drosdowsky (1984) and Gill and Kersemakers (1991) documented the two most significant squall lines to affect Darwin in recent times. These are the type of storm for which the Darwin Bureau of Meteorology issues Severe Thunderstorm Warnings. Squall lines often develop in excess of one thousand kilometres east or southeast of Darwin, sometimes in the Gulf of Carpentaria. Occasionally they are initiated from a rainband of a tropical cyclone or deep low in the Gulf of Carpentaria. They propagate to the west or northwest and usually represent the leading edge of an air mass change. They can be tracked on satellite the day prior to and on radar many hours prior to striking Darwin. Their synoptic characteristics are well documented, but there are still many examples of threatening squall lines that decay upon reaching Darwin and the coast. This decay may be a result of the environment they are moving into, whether it is suppressed by recent deep convection, sea breeze activity or unfavourable low-level wind shear. 
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Pulse updraft and downburst severe storms are the most frequent severe storms to occur in the Darwin area. They predominantly occur in the inland rural area as single cell storms initiated on the convergence boundary between the northwest sea breeze and synoptic southeasterlies, or as a result of sea breeze convergence over a peninsula. Both pulse updraft and downburst storms tend to form in low shear environments and are short lived (less than one hour) with damage confined to an area less than a few square kilometres (Alford et.al 1995). The instability required to initiate a pulse updraft storm is much larger than that required for a pulse downburst (“ordinary cell”) storm. Pulse updrafts develop in environments of very high CAPE and produce severe wind gusts and heavy rain. Small hail has been noted from pulse updraft storms in the Darwin rural area during the build-up. Pulse downburst storms develop from ordinary thunderstorm cells with moderate amounts of CAPE. The severe downbursts are initiated by evaporative cooling of the downdraft through and elevated dry layer. Thus the CAPE/shear analysis alone should be able to identify pulse updraft environments, but not pulse downburst. Comparing the similarity of a temperature sounding to the characteristic wet or dry microburst sounding is a better way of operationally assessing severe pulse downdraft potential.

During periods of strong monsoon westerlies the coastal fringe of Darwin can experience severe wind gusts from monsoon squall lines. Deep monsoon lows or ex-tropical cyclones located at the base of the “Top End” often have a belt of strong to gale force surface winds at a radius of 300 km to the north of the low, near the north coast of the Northern Territory. The low to middle level winds at this range can be of the order 15 - 30 m/s. It is generally in these circumstances in which this mid-level momentum is brought to the surface in the downdraft of a westerly squall. 

Method

The Severe Weather Section of the Bureau of Meteorology’s regional office in Darwin keeps a database of all severe thunderstorms observed in the Northern Territory. These observations come in the form of wind gust measurements from automatic weather stations (AWS), damage reports and eyewitness accounts of wind and other phenomena. The number of these reports has increased over the last decade reflecting the increasing rural population and extension of the Bureau of Meteorology Research Centre’s meso-AWS network in the Darwin rural area (Fig. 2).

The “Darwin Convective Analysis” is a process performed daily in the Darwin Regional Forecasting Centre to determine the ability of the environment to produce showers, storms, severe storms or no convection. CAPE as a measure of energy available to an updraft parcel and vertical wind shear are calculated and these values plotted on a CAPE/shear diagram (Fig.3). As mentioned previously the relationship between these two and their relative values define the most likely type of convection possible. Comparisons are also made between Convective Analysis values obtained on the current day and those obtained on the previous day, and the relative convective activity in the Darwin area on those days.  

CAPE and shear have been calculated for each wet season day commencing September 1997. The Darwin Airport temperature sounding and wind flight from 9 am Central Standard Time (CST) was used to calculate the unmodified CAPE, based on lifting a surface parcel. A “coastal” and an “inland” modification of the 9am CST sounding were used to calculate the CAPE and represent early coastal convection and mid afternoon convection initiated inland on the sea breeze boundary. The “inland” modification used the expected maximum temperature and expected dewpoint at that time at Humpty Doo (40 km southeast of Darwin), Jabiru or Batchelor. The “coastal” modification used the expected Darwin maximum temperature and dew point at the time. The maximum temperature represents the air prior to onset of the sea breeze and should represent a deep thermally well-mixed air mass being lifted at the sea breeze boundary. The maximum shear was calculated between the low and middle level winds. The combination of low and middle level winds that gave the largest shear was used. Choice of low-level wind was taken from the surface, 1000 or 2000 ft wind and the middle level wind was taken from the 10000,12000,14000,18500 ft wind.

This composite of daily CAPE and shear values was examined for features that would correlate with occurrences of severe storms. 

Results

	
	Name
	Possible Severe Storm Type
	Unmodified CAPE

(9am)
	Modified CAPE

(Forecast)
	Shear 

(max low-mid level)
	Special Conditions

	1
	HCS

High CAPE/shear
	Squall line
	any
	> 4000
	> 35 knots

sfc – 10000ft
	Nil

Strong Gove winds

	2
	HC

High CAPE
	Pulse Updraft / Downburst
	> 4000
	> 3500
	Any
	Nil

	
	
	(Possible hail)
	
	(> 4500)
	
	

	
	
	(Lunch storm)
	(> 3500)
	
	
	Local convergence

	3
	SC

Suppressed CAPE
	Any
	< 2000
	> 2500
	Any
	Previous days unmodified CAPE > 2500

	4
	MS 

Monsoon Shear
	Monsoon westerly squall
	< 2000
	< 2500
	> 30 knots
	Max mid level wind also > 30 knots, active monsoon trough must be near by


Four distinct patterns of CAPE / shear emerged defining the environment suitable to produce particular tropical severe storm types.  The result was the ‘Four Empirical Rules’ for Darwin severe thunderstorm forecasting (Chappel 1998). Three of these rules define the likely CAPE and shear profile of a severe squall line, severe pulse updraft storm, and severe monsoon squall lines. One rule defines a general condition for any type of severe storm to develop, when the environment is initially suppresses. A summary of the ‘Four Empirical Rules’ is listed in table 1. Fig. 5 shows how these tropically derived storm profiles relate to the CAPE/shear diagram.

Tropical continental long-lived squall lines

Table 1: Four Empirical Rules modified for use with the Helindex program. Unmodified CAPE values are calculated from the 9am sounding using a surface lifted parcel.

These squall lines have been documented in West Africa, East Atlantic and Central America (Venezuela).  Tropical severe and non-severe squall lines have been documented to occur over a wide range of CAPE and shear regimes. In the Darwin region Keenan and Carbone (1992) noted their occurrence in low CAPE and shear environments as well as moderate CAPE and high shear environments. This second type is more typical of mid latitude severe squall environments. Optimal conditions for Darwin include strong shear below 700 hPa. This generally results from low-level westerlies to about 850 hPa and strongly increasing easterlies above to a maximum near or above 700 hPa. The associated synoptic pattern is usually a shallow trough overland near or south of Darwin feeding low-level moisture across the Top End. Middle level southeast winds generally result in an injection of middle level dry air, which aids in the downdraft strength.  A retrogressing upper trough to the west of the squall line affected area allows development and maintenance of areas of strong upper divergence, which keeps pace with the movement of the line and aids its longevity (Drosdowsky, 1984, Gill and Kersemakers, 1993). Even though a squall line may introduce a new air mass that is driving the line, it needs favourable low-level shears and buoyant air to ingest continue to propagate. 

Smaller scale squall lines often develop in the local vicinity of Darwin under favourable environmental shear and buoyancy. These lines usually result from single cell or multicell storms initiating from and lining up along the sea breeze boundary.  In between these two scales are squall lines formed on the Arnhemland escarpment, two hundred and fifty kilometres east of Darwin. Potential exists for all of these different scales of squall lines to be severe with favourable CAPE and shear conditions.

The Darwin Convective Analysis found that conditions favourable to sustaining long-lived continental squall lines require modified CAPE of greater than 4000 J/kg in combination with surface to 700 hPa wind shear of 35 knots or greater. This condition was labelled Rule 1 – High CAPE Shear (HCS). These conditions were not forecast to occur at all during the 1999/2000 season (marginal on two days), were forecast on two days during the 1998/1999 season and on nine days during the 1997/1998 season. Rule 1 conditions appear not to occur regularly, or be forecast regularly, and thus the false alarm ratio is not high. Some Rule 1 events can be missed if shear observed at Darwin is not representative of shear experienced by the squall line. A long-lived squall line often represents the leading boundary of a strong easterly surge. In these cases it is more appropriate to use the middle level winds from a station upwind from the squall boundary in the shear calculation.

Pulse Updraft Severe Storms 

Pulse updraft severe thunderstorms occur in environments of very large instability and light shear. The analysis of the Darwin Convective Analysis found pulse updraft severe storms develop where unmodified and modified values of CAPE are greater than 3500 J/kg. This condition was labelled Rule 2 – High CAPE (HC). With very high CAPE values the tropical pulse updraft storms occur in low to moderate shears (less than 30 knots). Damage is confined over a small area near several square kilometres. Straight-line damage results from moderate middle level winds and shear while radial damage patterns result from light steering winds and light shear (local observation from damage inspection trips). 

Rule 2 conditions of very high CAPE were forecast to occur most frequently of all the rules. High CAPE was forecast on ten per cent of all wet season days over the past three seasons (49 days). Ten severe storms occurred when High CAPE conditions prevailed or were forecast (Table 2). As pulse storm damage is confined to a fairly small area, not all occurrences will be observed. Also this rule tends to be overforecast due to overestimation of the dewpoint in the rural area. (Refer section ‘Forecaster difficulties’). When considering these two points, severe pulse updraft storms may occur on a higher proportion of days when the High CAPE conditions actually exist (rather than forecast to exist).

Several instances of hail have been recorded in the rural area over the last few years. All these reports have occurred during the build-up months of October and November when high temperatures coupled with moist boundary layer air results in strong updrafts. For these events it has been difficult getting an estimate of the temperature and dewpoint of the air ingested into the storm as often they occur inland of the southern end of Darwin Harbour where hot dry well mixed air can exist close to cooler sea breeze air. Hail in the deep tropics would require a very strong updraft in order to produce large enough hail to survive melting below the freezing level on the way down. An extension of the High CAPE rule is being tried to detect hail. A storm in a tropical environment with modified CAPE values of greater than 4500 J/kg may possibly produce hail. This is mainly for interest value only as hail size is usually quite small and occurs in isolated pockets.

Forecasting Lunchtime storms

The aim of this study initially was to determine if severe storm days could be differentiated from an ordinary storm day in the tropics by means of the buoyancy / shear analysis. One additional result that became obvious to many forecasters while performing the daily convective analysis was the strong correlation between very high-unmodified CAPE days and the occurrence of a “lunchtime” ordinary thunderstorm at Darwin Airport. Previously the development of the lunchtime storm was a “surprise” event. On post analysis the very high unmodified CAPE values occur much more frequently than the lunchtime storm, however many of these high CAPE non-early storm days can be eliminated by considering the storm triggers and early mixing down of dry air previously mentioned.  During the 1999/2000 wet season a storm occurred at Darwin airport near the middle of the day on 29 days out of 229 (Table 3). Nineteen of these days had unmodified CAPE values greater than 3500 J/kg. Some of the other ten days with lower unmodified CAPE had a storm occurring at the time of the sounding, which would affect CAPE. For these cases the overnight CAPE may have been more representative. The unmodified Darwin CAPE was greater than 3500 J/kg for a total of 50 days during the 1999/2000 wet season out of 229. The 31 days where no early storm occurred highlight the need to consider all elements when thunderstorm forecasting – particularly the trigger mechanism. During November 2000 the Darwin unmodified CAPE was greater than 3500 J/kg for several days over several periods. During this time no storms occurred at Darwin, as the synoptic flow was non-convergent westerly with no trigger mechanism to initiate storm development. 

	
	CAPE<3500
	CAPE>3500

	Storm
	10
	19

	No Storm
	169
	31


Table 2: Occurrence of lunchtime storms at Darwin Airport between 10am and 2pm CST during the 1999/2000 wet season. CAPE values (J/kg) are unmodified values from the 9am sounding.

Suppressed Convection

A stable layer capping low-level moist air is a documented feature for creating suitable conditions for severe storm occurrence.  The Convective Analysis study found many of the Darwin severe storm days occurred when unmodified CAPE was very low (less than 2000 J/kg) but became quite high when modified (greater than 2500 J/kg). This often indicates a stable capping layer, which would suppress any early convection until the cap is overcome by temperature increase. The energy is then explosively released. Severe storms only occurred under these conditions when the previous days unmodified CAPE was high (greater than 2500 J/kg). The physical reasoning behind this second condition is not so clear as the CAPE value of 2500 J/kg is not so high as to produce intense storms that will suppress convection for 12-24 hours. The severe storm type produced on these days in the Darwin area is usually locally developed squall lines or pulse severe storms, dependent on the shear. The Suppressed CAPE rule was forecast on 37 days of the three seasons reviewed with severe storms observed on five of these days. As for High Cape rule days (Rule 2) false alarm ratio is high as these conditions are forecast (and occur) relatively regularly at Darwin.

Monsoon Squalls

Monsoon periods over the “Top End” can vary significantly in their convective activity and wind strength. The common factor is a deep layer westerly wind of tropical origin, with speed dependent on proximity to the trough axis and presence of an active westerly ‘burst’. Occasionally the monsoon will produce a series of active squall lines with a length of 10 to 50 km. It has been found from analysis of the Convective Analysis severe wind gusts can be produced by monsoon squall lines under conditions of low CAPE (less than 2500 J/kg), strong westerly shear and strong low to middle level westerly winds (both greater than 30 knots). This condition was labelled Rule 4 – Monsoon Shear (MS).  These severe wind gusts seem to only occur on the coast to a short distance inland. This may indicate frictional slowing of the boundary layer winds on landfall, which increases the shear. The synoptic environment for this type of severe storm is generally a deep monsoon low or ex-tropical cyclone located at the base of the Top End. Monsoon shear conditions were forecast for eight days from the three seasons (seven of which were from the 1997/98 season). Severe monsoon squalls were observed on four of these days. No severe monsoon squalls were observed that were not forecast by Rule 4.

	
	Forecast
	Not Forecast
	Total

	Observed
	19
	9
	28

	Not Observed
	80
	450
	530

	Total
	99
	459
	558


Table 3: Correlation of severe storm forecast from the "4 Rules" with severe storm observation for the Darwin area 1997/98 - 1999/2000 wet seasons.

Summary of “4 Rules” verification

	
	Rule 1

High CAPE shear
	Rule 2

High CAPE
	Rule 3

Suppressed CAPE
	Rule 4

Monsoon Shear
	Nil.

	
	
	
	
	
	

	
	Forecast
	Observed
	Forecast
	Observed
	Forecast
	Observed
	Forecast
	Observed
	

	1997/1998
	9
	4
	23
	5
	13
	4
	7
	3
	4

	1998/1999
	2
	0
	17
	3
	17
	2
	0
	0
	3

	1999/2000
	0
	1
	9
	2
	7
	1
	1
	1
	2

	Total
	11
	5
	49
	10
	37
	7
	8
	4
	9


Severe storms occurred in the Darwin area on 28 days in the three wet seasons 1997/98 – 1999/2000 (Table 4). Nineteen of these severe storm days were forecast by the “4 Rules”. Of the remaining nine which were not forecast, five were flash flood severe storms and the other four were either close to the criteria forecast or verified as meeting one of the criteria based on post analysed data where it existed. As previously mentioned the “4 Rules” cannot predict all flash flood events. Also it only gives an indication of the potential for a severe storm, as it does not take into account existence of storm triggers. The method used in isolation had a probability of severe storm detection of 68%; a false alarm ratio of 81% and a severe storm forecast frequency of one day in five.

Forecaster and method difficulties
Variability in CAPE calculations

When the daily Convective Analysis was first introduced to the Darwin forecasting centre’s routine, CAPE was calculated using the locally developed FORTRAN “F160” program (Gill 1989). This program mixed the lowest 50 hPa of the temperature sounding before calculating CAPE, and also subtracted negative areas in the updraft parcels. Another CAPE calculating program ‘Sondtool’ (Ryan, 1991) was also available, which used the surface temperature and dewpoint to calculate the CAPE of a lifted parcel. It was found that CAPE values obtained using Sondtool were approximately 1000 J/kg higher than those obtained using F160 (Chappel 1999). The F160 program was phased out with a Bureau computer system change during 1999 and the ‘Four Empirical Rules’ CAPE values redefined to Sondtool values. Another CAPE calculating program, Helindex (Smith 1997) has been made available to forecasters for the 2000/2001. CAPE was recalculated for some periods of the 1999/2000 wet season using Helindex and once again large differences in the CAPE values were obtained when compared with the Sondtool program. Helindex CAPE values were approximately 140 % of Sondtool unmodified CAPE and 120 % of modified CAPE (Chappel 2001). This led to differences of the order 1500 J/kg at high CAPE ranges. It has also now become apparent that significant underestimation of CAPE results from the method of calculating CAPE used by the Sondtool program. This program uses actual temperature rather than virtual temperature. Virtual temperature should be used when density of air needs to be known accurately, i.e. assessing the buoyancy. Helindex uses virtual temperatures and the CAPE values have been found to correlate well (nearly 100 percent) with another CAPE calculator (values provided by Roger Smith personal communication, Chappel 2001). The code for this other calculator is to be used by the Bureau of Meteorology’s upgrade to its sounding analysis package. Thus it is appropriate from a long term perspective to develop an understanding of the CAPE values relating to tropical convection based on the Helindex calculated CAPE values.

Table 4:Number of days that forecast conditions satisfied each rule compared with number of days when severe storms were observed. Total number of days in each wet season where the rules were tested was about 230 days for 1999/2000 and about 170 each for the previous seasons. The final column shows the number of severe storm occurrences where the forecast CAPE and shear did not satisfy any of the “4 Rules”.

The main difficulty in changing CAPE calculators is that the forecaster finds it difficult to develop a knowledge of what is a low, moderate and high CAPE value for a given location. Also it may be inappropriate to compare different CAPE values obtained from different studies when the method of calculating CAPE is unknown.

Modification of the Temperature Sounding

Difficulty exists forecasting the modified temperature and dewpoint of the air mass available to be ingested into the developing or pre-existing storm. The choice of values can vary hugely on a given day subject to convection development location (sea breeze boundary, convergence lines), depth of thermal mixing of the boundary layer, advection of dry or moist air and evapotranspiration. Large differences in moisture levels can exist over several kilometres undetected by the observation network.

There are several generally accepted methods of choosing a representative updraft parcel, developed for mid-latitude forecasting.  These include determining the temperature and moisture values representative of a convective parcel by mixing the lowest 50 hPa (Bluestein and Jain, 1985). If significant low-level mixing of the environment is occurring then a deeper layer is required (100 hPa). Updraft parcels in newly developed convection usually have the average characteristics of a deeper layer (100 hPa) while deep convection tends to ingest air from a shallower and often moister boundary layer (Browning 1986). Established severe convection is able to ingest moist low-level air and suffer less entrainment from the mixed layer (Mahrt, 1975).

Another method of choosing a representative convective parcel is to choose the most unstable parcel in the lowest 300 hPa. (Doswell and Rasmussen 1994). This method is unpractical at present in the Darwin Regional Forecasting Centre, as currently available CAPE calculators will only calculate the CAPE of a surface parcel. This method will tend to overestimate the CAPE where isolated  and shallow moisture layers feature in a sounding. This commonly occurs in Darwin morning transition season soundings. (Fig. 6). Deeper dry air mixes out the moist layer during the day. 
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Figure 6: Darwin Airport temperature sounding from 9am CST 2 November 2000.

Carbone et al. (2000) used Doppler radar, aircraft and surface soundings from the MCTEX experiment over the Tiwi Islands north of Darwin to observe the process of sea breeze initiation of the islands regularly observed diurnal storm “Hector”. They observed marine boundary layers of 100-300 m depth (<50 hPa) and diurnally well mixed island boundary layers of 1.2 km depth (150 hPa depth or below 850 hPa). Under synoptic conditions of low level westerlies and mid-level easterlies convection is initiated on the sea breeze boundary on the east coast of Melville Island. Updrafts were observed to be occurring on the warm and dry inland side of the sea breeze front.  

It is difficult to know how to use the sea breeze moisture. On most occasions the sea breeze brings moist but stable air inland, suppressing convection as is obvious from satellite imagery (Fig. 5). On its boundary it is lifting the usually relatively drier but hot unstable air on the inland side. Is any of the moisture from the sea breeze air entrained into the updraft? The air ahead of the sea breeze boundary changes characteristics with time as the sea breeze pushes inland during the afternoon. As the sea breeze starts on the coast late morning the air ahead of the sea breeze will generally be cooler and moister than the air on the boundary mid afternoon when temperatures are at a maximum further inland.  These changes in time on the sea breeze boundary introduce a myriad of possible temperature and dewpoint modifications. 

Storms initiated inland

Storms moving over Darwin during the afternoon and evening are often initiated on the sea breeze boundary further inland and steered towards Darwin by moderate strength middle level southeast winds. In this case the potential for development of an inland storm needs to be determined. The surface temperature and dew point of Humpty Doo, Jabiru and Batchelor (refer Fig. 2) needs to be estimated prior to the onset of the sea breeze, if that is determined to be the trigger mechanism.

During the time between the Darwin temperature sounding and thunderstorm initiation, the inland tropical lower atmosphere has become strongly heated and well mixed. Often the sea breeze leaves residual low-level moist air overnight, and this is reflected on the morning temperature sounding. In many cases however synoptic southeast winds introduce dry air in the low to middle levels. (Refer Fig. 6). Strong heating during the afternoon mixes the lower atmosphere to depth (near 850 hPa?) and generally results in drying. Consequently a drier parcel representing this deeper layer should be used to estimate the buoyancy of an inland air mass. 

Sea breeze convergence over peninsulas

Sea breeze convergence often results in storms over peninsulas. This occurs commonly over Cox Peninsula and Gunn Point near Darwin.

Squall line storm maintenance

It is also useful to estimate the energy of the Darwin sea breeze air mass as well as the inland air mass to assess the environment that a long-lived squall line will move into. The moisture content of the sea breeze generally results in it being a potentially energetic air mass however its density in comparison to the hot inland air results in the inland air rising up over the sea breeze air (Fig. 7). If a squall line produces a cold pool gust front ahead of it that is colder and denser than the infeeding air mass (hot inland or sea breeze), it should lift and feed that air into the storm under the right combination of low-level wind shear. This is the mechanism described by Carbone et al. (2000) resulting in the continued propagation of squall lines and development of new convection across the Tiwi Islands. Cold pools observed were relatively dry and colder than the marine boundary air. Carbone et al. also noted the optimal orientation of shears for the development and continued propagation of squall lines initiated on the east coast sea breeze boundary of the Tiwi Islands. This profile of low-level westerlies (to about 850 hPa) changing to easterlies in the middle levels is also favourable for continued propagation of long-lived squall lines across the “Top End” and Darwin. (Drosdowsky 1984 and Gill and Kersemakers 1993).

Outflow boundary storm initiation

Cold pool downdrafts from pre-existing storm cells can initiate convection when colliding with other outflow boundaries, synoptic flow or sea breeze boundaries. Estimating the characteristics of a parcel lifted in such a collision requires an ability to measure or work out the temperature and density of the downdraft parcel in relation to the air it is colliding with, and hence determine which of the two air masses will achieve buoyancy.  Carbone et al. (2000) noted cold pools from early convective downdrafts were 3o-6o cooler than the heated interior of Melville Island north of Darwin and 1o-3o cooler than the maritime air (virtual temperature). Thus it could be mostly assumed the collision of a cold storm outflow will lift sea breeze or inland heated air when such a convergence occurs.

The Monsoon environment

During the monsoon estimates of sounding modifications are quite straightforward. Temperature and moisture profiles change very little near the coast and further inland. The moisture is generally deeper than transition and monsoon break seasons. 

Evapotranspiration

Evaporation and transpiration can add significantly to the boundary layer moisture content if the ground surface is wet. This is more likely to be a factor diurnally middle or end of the wet season. The near rain-free dry season usually makes the soil and vegetation of inland regions adjacent to Darwin very dry. However as the wet commences the many lagoons and swampy areas fill and become saturated. This may then lead to a significant daily evapotranspiration, however there is no current awareness of this effect on the moisture content of the boundary layer and whether it would significantly alter the forecast moisture being ingested by a storm.

Low-level Moisture Advection

During the build-up the moisture source on the northwest coast of the “Top End” is the sea breeze. The prevalent southeast winds generally bring dry air to Darwin. There are occasions where moist air is advected into the region from the Gulf of Carpentaria or elsewhere, and both advection of moist and dry air need to be considered when modifying the daily temperature sounding. 

Misleading Observations

One of the most reliable methods of estimating the afternoon dewpoint is persistence of the previous afternoon’s dewpoint and considering the difference in the environment between the previous and current day. (For instance is there more or less moisture in the lowest 850 hPa that will mix through and lead to a higher or lower afternoon dew point temperature respectively than the previous day). There is a good observation network of meso-net AWS producing ten-minute observations in the rural area. Calibration drift of the dewpoint observations however continuously leads to dew point temperature observations several degrees higher than they really are. This can be determined by comparison with Darwin, Jabiru and Batchelor (with reliable humidity sensors) and other meso-net observations and a determination of the expected moisture resulting from the synoptic horizontal scale and local scale vertical moisture profiles. An overnight dew point higher than the current temperature is often a strong clue. A dew point temperature difference of several degrees in a CAPE calculation in Darwin results in huge CAPE differences. Thus severe storm potential days may be over forecast due to misinterpretation of observed faulty dew points. 

Modification to the shear profile

The calculation of shear used in the Darwin Convective Analysis uses observed winds only. There are instances when forecast winds may be more appropriate  - but the method of doing so is not clear-cut. For example when a long-lived squall line represents the leading edge of a wind surge, using the middle level winds behind the surge is more appropriate that ahead of the surge. Which low level winds should be used? The low-level winds ahead of the surge should represent to in-flow region and thus be used in the shear calculation. When a storm is moving into a sea breeze affected area should the sea breeze winds be used in the wind shear calculation? Presumably they would be used if the sea breeze is expected to be lifted by the on-coming storm’s cold outflow.

Discussion

How do we choose a suitable modification for temperature, dewpoint and wind shear? There are always many alternatives relating to time of the day when convection is expected, and location of expected convection. In order to determine this the synoptic pattern and vertical wind and wind shear profile must be examined. The process becomes very complex, however forecasters need to analyse these factors daily. Going into great detail trying to forecast and understand almost micro-scale boundary layer processes is going against the original purpose of the daily Convective Analysis, which was to use a simple method to gauge the broad-scale environment for its convective potential. 

Conclusion
The "Four Rules" analysis for predicting Darwin severe thunderstorm potential is a useful guide to alert the forecaster to severe storm potential and the variations between daily convective activity. Whilst this gives an indication of the energy available to a lifted parcel, the forecaster then needs to consider if there is a local trigger mechanism for a storm. Trigger mechanisms include sea breeze convergence with synoptic easterlies, westerly convergence into the heat trough, convergence of thunderstorm outflow boundaries with each other or the environmental flow and other convergence lines, or Gulf line type disturbance triggers. Steering winds must be assessed. Dry slots in the middle upper levels of the trace can enhance the storm downdraft strength and may produce severe winds from an otherwise ordinary thunderstorm cell.

The difficulty remains in forecasting the air mass being ingested into the potential updraft. Small differences in dew point temperatures (1-2 degrees) can make significant differences to the CAPE value.

A mixing depth of 50 hPa may be appropriate modification to the Darwin morning sounding for early convection, however the larger depth of mixing from early afternoon onwards may be a more suitable estimation of the average characteristic of an updraft parcel initiating convection. A depth of 150-200 hPa (surface to 7000 ft) may be representative of hotter Top End inland conditions when compared with the 100-150 hPa mixed island boundary layer observed by Carbone et al., (2000) on the Tiwi Islands. Shallower depths or current observations of temperature and dew point are suitable “now-casting” modifications for the air being ingested by pre-existing storms moving into the area. 

Past severe storms are currently being reanalysed using the Helindex program with observed temperature and dew point modifications in order to systematically check the originally derived and converted CAPE values for the “Four Rules”. However it does appear from this analysis that the potential for and the severe storm type can be defined by their CAPE / shear profile in the tropics.

This study has shown that while high atmospheric instability typical of the tropics occurs regularly in Darwin, severe storm days can be differentiated by their extreme instability, or unique CAPE/ shear profiles.
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Summary of Sonde Analysis Programs

F160 – FORTRAN program operationally used in the Darwin Regional Forecasting Centre until July 1999. CAPE calculations are based on mixing the lowest 50 hPa of the trace. Negative areas were subtracted from the CAPE. Developed by Jon Gill – Bureau of Meteorology Darwin. 1989.

Sondtool – graphical PC based program, CAPE calculations use a surface parcel and actual temperature rather than virtual. Currently used as Bureau standard Sonde Analysis program. Developed by Chris Ryan, Bureau of Meteorology 1991.

Helindex – visual basic PC based program, CAPE calculations use a surface parcel and virtual temperature is used. Developed by Kevin Smith – Bureau of Meteorology Perth. 1997.
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Figure � SEQ Figure \* ARABIC �2�: The northwest "Top End" with Darwin and surrounding rural area. Crosses mark meso-set AWS locations








Figure � SEQ Figure \* ARABIC �1� Tropical north Australia including the "Top End".
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Figure 4 Severe storms in Darwin and the rural area categorised by a): type, b): location and c) phenomena produced (includes non-severe).





Figure 3: CAPE/shear diagram used in the Northern Territory Regional Forecasting Centre.
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Figure 5CAPE/shear diagram modified for the tropics, based on "4 Rules" analysis.
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