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Introduction

The characteristics of convection in the region around Darwin haue siadied for

many years (e.g. Rutledge et al., 1992; Keenan et al., 2000aKeed Carbone,
1992 (hereafter referred to as KC). The reasons for this &eusvofold. The first is
that excellent infrastructure has been built up around Darwin fetearological

research of tropical convection. Secondly, the area experienoeketyvconvective
regimes, a predominantly oceanic monsoon regime and a coastakobstiregime

sampled during the so-called build up and break periods. The focuanyf ofi the

earlier studies has been to describe the detailed organisation racturst of

individual storms and their evolution. KC took a more climatologicataggh to the

storm environments during these regimes, but also sampled individuak stotheir

discussion. This letter looks at storm characteristics sutheasell top heights and
optical thicknesses on a more statistical basis.

Darwin has a pronounced wet season occurring between approximateheOand
April. The monsoon season is defined by low-level westerly windscandection
with oceanic characteristics but includes break periods witHdgel easterly winds
when the convection is characteristic of coastal and continental ¢imevegstems.
Each wet season has these monsoon and break periods intersperseokniishien the
break periods have a strong diurnal modulation with a distinct afternaaimuomm,
frequently with echo tops reaching and overshooting the tropopause aoftesre
very electrically active indicating very strong verticabtions near the freezing level.
However, the highest rainfall in the area occurs in January ahdudfg when
monsoon conditions dominate. Monsoon convection is oceanic in character, with
warm rain processes being important. The monsoon storms areelegsaly active
than during break periods, have radar reflectivities that dezrea height more
rapidly than break season continental type convection, and the diurtalhag a
relatively weak nocturnal maximum (KC, Keenan et al., 1989; Hamét al., 2004).
These systems are more typical of what occurs across ftitemmaacontinent and the
ITCZ. However, as will be shown, the monsoon clouds also reactofepause and
the area of active convection is typically larger during the monsoorpared with
build up and “break” periods.



Convective cloud properties in monsoon and break conditions

Figure 1. Histograms of the maximum height thatvemtive cells defined by possessing a volume of
reflectivity greater than 35 dBZ (left) or 45 dBight) reach for a monsoon (December 13, 2003-
January 16, 2004) and a break period (January 18-3104). A 5 dBZ threshold was used here to
define the storm top. The blue columns are fost@ltm detections while the maroon columns are for
storms that persist (with reflectivity greater théime 35 or 45 dBZ threshold) for longer than 10
minutes

The impact of convection on the structure of the upper troposphere and dauithe
field depends on the depth of the convective clouds in these regimesqudstion
will be examined using the Darwin operational weather radarciviégcts a three
dimensional “volume” of data out to a range of 150 km every 10 minuiegh
volume consists of a series of 16 conical sweeps at elevatiagingdrom 0.5 to 42
degrees. The Australian Bureau of Meteorology uses an autoaig#ictive storm
tracking system (TITAN, Dixon and Wiener, 1993) on its radatesys. This system
has been used to track and document the lifecycle of storm cellggththe 2003-4
wet season. For the purposes of the storm tracking a cell isedefis a three
dimensional contiguous volume with reflectivity exceeding some hblés here
being defined at 35 or 45 dBZ. Several hundred of these cells havérdaerd and
statistics collected every month. This database has then bemdektby recording
the profile of reflectivity above the high reflectivity cores. Thmseach cell we have
a reflectivity profile for each 10 minute radar volume. Thesa de¢ then examined
for the regions above the TITAN “cells” and the maximum heightréfeectivities of
5, 10 and 20 dBZ are found above the cells is recorded.



We use the data collected during December 2003 through to February 209€4. Thi
period is chosen partly for convenience and partly because it includestended
monsoon period (December 17, 2003 — January 16, 2004 and February 1-15, 2004)
and break period (January 17-30, 2004) allowing us to compare the storm
characteristics for these two archetypal situations. The point tropopause in the
soundings during this period was approximately 17 km and the break incéltpe
potential temperature slightly lower at about 16 km.

Figure 1 shows a histogram of the maximum height that st@athrat any stage of
their evolution for these two periods using a 5 dBZ threshold to defoheud top for

the 35 and 45 dBZ cells. Note that the 45 dBZ threshold implieghbae are the
subset of very intense storms during each period. A significant gdimat although

the area averaged rainfall in the monsoon period was about twicef ttied break,
there were more intense storms per day during the break. Furtkerthere are
clearly differences in the populations of the storm tops in éisaentially all the
intense cells during the break reach near the tropopause with fecaignpopulation

of overshooting tops. The monsoon cloud tops often also extend to the tropopause
transition layer (TTL) but steadily decrease in numberfi@$dps approach the cold
point tropopause, but again there are some overshooting tops. There a@so is
substantial population of storms with tops between 8 and 15 km. This & quit
consistent with the notion of May and Rajopadhyaya (1999) and Johnso(i1608).

that there exists a population of storms in the tropics that dawaximum height in

the mid-troposphere. If a lower reflectivity threshold such as 35 dBZ is usefin®e de

a storm, the peak in the height distribution is near 10 km in the monsoon period and in
the upper troposphere in the break. A superposition of the monsoon andlbueisk
begins to give some hint of the upper two peaks of the convectivebdigtn
discussed by Johnson et al. (1999). Although it must be rememberedesatate

the radar echo tops and the actual cloud top may be somewhat thighethese
altitudes, generally the echo top is within 500m to a km of the stmpmEven given

this uncertainty, it is highly likely that there are more sasegpenetrating convection

in the break periods, but on a global or regional basis, it must also be remembered tha
there is a much greater area of oceanic type convection fobanthe
coastal/continental type. Detailed satellite studies are detd@ursue this issue
further. One inference of this analysis is that it is likilgt the updraft speed within
the intense cores is less in the monsoon compared with the breb&rasst less
penetration of the tropopause and more cells detraining at lotitedes. This is
consistent with the weaker vertical motions around the freezing iefegred by
lightning studies and the vertical profiles of reflectivity. fienés very little difference

in the storm size distribution in the two periods.

Another way of examining these data is to examine the draatiarea of the radar
scenes that are covered by reflectivity greater than sbrashold within a grid 120
km on a side centred on Darwin. This has been done for refledtivggholds of 5

and 45 dBZ representing a proxy for cloud coverage and active convectae
respectively. The operational weather radar is capable imigseen-precipitating and
anvil cloud, but even so, the lower threshold obviously misses thinner dioaids
cloud radar and lidar can measure. These maps have then been compoditedrint

bins so the mean coverage through the diurnal cycle can be examined.



Figure 2 shows these diurnal composites for a monsoon period amélkagariod
during January 2004. This figure illustrates very nicely the dorhiadternoon
maximum in convection during break periods with the cloud area maxilagging
slightly in the break periods. There is also a well-defin@ining maximum that is
much weaker. This is predominantly associated with showersottmatdff the coast
in the early morning that are possibly initiated by land breedéhough other
forcings, such as gravity waves may be a factor (Mapes et al., 2003).

Figure 1. Diurnal composite of the fractional areavered by radar echoes greater than 5 dBZ as a
function of time of day and height as well as therage area exceeding 45 dBZ at a height of 2 km
delineating the area of intense convection for ti@nsoon periods (December 17, 2003-January 16,
2004 and February 1-15, 2004, top) and break pefitahuary 17-31, 2004,bottom). Where local time
is equal to UTC+9 1/2hr.

In contrast, the diurnal variations in the monsoon are much weakee Ehéttle
modulation of the convective area, with the peak around 23 UTC being asgociat
with a single intense squall line. Over most of the period, the doed shows an
early morning maximum. It is also evident that on average thdess area of intense
convection in this monsoon composite. The cloud area has a distinct minimthben
local afternoon for this sample of a monsoon period, but this is not always found.



Figure 3. Cloud regimes identified from ISCCP higtoms. Left: Tropical western Pacific 1999-2000;
Right: Darwin NDJFM 1999-2000. See text for detail$he letters denote the suppressed shallow
cloud (SSC), transparent cirrus (STC), convectiueis (CC) and deep convective (CD) regimes.

Representativeness of Darwin

The next questions to be addressed here are how these closticstetiate to the
cloud optical properties and how representative these observations are. Reltest s
by Petersen and Rutledge (2001) showed that convection over Darwin theing
monsoon was similar to that over the western Pacific, but had an@ntb be more
electrically active. They ascribed this result to some cbastd “break period”
convection, which is known to be very electrically active, contamindtieig sample.
Likewise, studies of the most intense tropical convection by Tdeaet al. (2002)
showed that convection over Darwin was similar to convection adressarm pool



region. Long-term satellite data sets can be used to addregadsigon of whether
cloud characteristics around Darwin are representative of other trogaaise

Jakob and Tselioudis (2003) have recently analyzed the major cloucesetfiat are
present in the tropical western pacific (TWP) as seen ta flam the International
Satellite Cloud Climatology Program (ISCCP). The basic regimdentified in their
study will be used here to assess the representativeness afotlte regimes
encountered in the Darwin area during the wet season. The stoaigeld on a cluster
analysis on histograms of cloud optical thickné$sa(d cloud top pressure (CTP) for
the years 1999/2000. Each histogram represents@P distribution in a 280x280
km?® area at a given time. The area for the TWP analysisN 10 1S and 136E

to 17FE. For the Darwin area four ISCCP grid-points surrounding Darwin are
analyzed. Together they span the area of rougHig 16 15’S and 12%E to 133E.

Figure 3 shows the basic results of the analysis. The foyrdettls show the regime
average histograms, which identify the four major cloud regimes etarednin the
TWP. They encompass (from top to bottom): a suppressed regime deninat
shallow clouds (SSC), a suppressed regime dominated by transpaten{STC), a
deep convective regime dominated by cirrus (CC) and a deep convestjivee
dominated by widespread occurrence of optically thick clouds.(CBgse regimes
occur in 46%, 17%, 23% and 14% of the cases respectively. The right foels pa
show the results of an identical cluster analysis, this tiavged out for the four
points surrounding Darwin for November 1999 through to March 2000. It is evident
that apart from the SSC regime the regime averages iéentiver Darwin are
virtually identical to those in the TWP. Their frequencies of oetice in that season
are 33%, 24%, 27%, and 17% respectively.

SSC STC CC CD
Monsoon 0.28 0.16 0.32 0.27
Break 0.42 0.27 0.27 0.09

Table 1. Relative frequency of occurrence of 8€CP cloud regimes around Darwin for November
1999 to March 2000 stratified by monsoon (700 hResterly winds) and break (700 hPa easterly
winds).

While the ISCCP histograms provide a rather specific and sondwiited view of
the cloud fields, this view is based on the TOA radiative cloud cteirstics. Since
the convection has somewhat different characteristics betweemtison and break
periods, the next step was to examine the differences in clouddedietween the
two regimes. The analysis has been extended by calculdtengreéquency of
occurrence of the cloud regimes for westerly (monsoon) and lgg$uitd-up, break
or decay) wind regimes. Wind direction at 700 hPa has been used téyiteantvind
regime, with directions between 0-fB@onsidered as easterly and 180-36G
westerly winds. The results are summarized in Table 1. The diffémence in a
westerly to an easterly wind regime is as expected a reduat the occurrence of
suppressed conditions and an increase in deep convective activity. itulpathe
CD regime, representing the presence of widespread opticalkydioicds, is largely
enhanced in westerly conditions pointing to the widespread presence pf dee
convective cloud systems as typical for monsoon conditions. Note howeveryéina



under monsoon influence, suppressed conditions can occur, at least intparaa
under investigation. During easterly periods, the suppressed regimesati the
cloud conditions with a fair number of cases (>25%) of the STC regime.

One significant difference between the monsoon and break period hadtast
apparent is the ratio of the CD and CC classification. Themeuth more cirrus per
deep convective classification in the break. This is probably a adsthie relatively

isolated, but intense convection in the break producing large cirruslsshidhe

convection in the monsoon seems less intense and likely has wedtkeal motions

in the upper troposphere as well as is inferred around the frdez®igso the anvils
are likely smaller. However, there is more convective agtiwit total during the
monsoon as is reflected in the higher amounts of CD and the higlhernaia rates.
There are some caveats to this however. The ISCCP optical thscHlat is confined
to the daytime, so the full diurnal variation cannot be monitored.

Conclusions

The radar images of the distribution of storm tops show a didiifference in
character between monsoon and break conditions. This is consistenbtigth
analyses showing that break period storms are more continentdlaracter with
large vertical velocities inferred around the freezing level andgbelectrically
active. However, the main impact that these differences geenpact on the ISCCP
cloud analyses is in the relative frequency of different clogimes. The fact that
deeper storms are more likely in the break does not apparentty #ffe optical
properties of the resulting cloud systems. However, it viddly have an impact on
the thermal, moisture and chemical budgets of the upper tropospher®vesrd |
stratosphere.

These results can be extended to other regimes. It can bedehdfom the ISSCP
data that the area around Darwin contains all the cloud reginoesirgered in the
TWP with deep convection present in almost 60 % of the cases omaesoon
conditions as well as about 20% relative occurrence of a regimenaied by
transparent cirrus. As just discussed, the main differenegebrtmonsoon and break
periods in this analysis was the relative frequency of the rdifteclusters, but
underlying this were significant differences in the maximumnstbeights and the
numbers of storms. The larger (smaller) number of intense (wéakhssin the
breaks is consistent with the different relative frequencies.
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Introduction

The 2004 ozone hole had a relatively slow development compared with the 2003
event (L.Deschamps et al., 2004). Winter and spring temperaturks #ntarctic
stratosphere from the global atmospheric weather forecast méd&P @Gnd those
observed at Davis (68.6°S, 78.0°E) were higher than 2003. The warmer tenegerat
resulted in reduced coverage by polar stratospheric cloud (PisEgave way to a
smaller region of depleted ozone in 2004. In this Letter we prds=méteorological
conditions relevant to the ozone distribution during winter and the ulteavizdex

(UV Index) during the Southern Hemisphere summer.

Ozone and UV Index

As observed by ozonesondes at Davis, Antarctica, the ozone hole during 2004
behaved quite differently from that observed in 2003. The altitude-tiidepof

ozone partial pressure (Figure 1) shows that the hole was na¢@asi¢hat observed

in the previous year, and its onset and development above 20km altiasdess
pronounced.

Figure 1. Altitude-time contour profile of ozonarfial pressure obtained from ozonesondes launched
by the Bureau of Meteorology at Davis, Antarctifde data have been resampled to a grid with
spacing of 15 days in time and 250 metres in @étiDiamonds along the bottom of the plot show the
times of individual measurements.
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The polar vortex in 2004 was generally smaller in area than in B@03use of
weaker temperature gradient between the equator and the pole. atmger
anomalies at 70hPa over the South Pole are shown in Figure 2 wgmefieant polar
warming events beginning in October are observed in both years.dantynto late
October 2004 a warming event at subpolar latitudes propagated from 70%d8stowa
the east. This forced the vortex off the pole and reduced the fatiea ozone hole.
The warming event was followed during early November by a pronowasdard-
propagating cooling, which wave way to a general warmiog fmid-November.
This event is also seen in Figure 4 (bottom left) as a recovery of the ozonechaole a

Figure 2. Hovmoller diagram (longitude vs day) aaged over the polar region 60-9® for the
meridional temperature anomaly for 2003 (left) &G04 (right).

At Davis 2004, ozone levels in the lower stratosphere (>18km) recoxelegtvely
quickly at the end of November, while summer values in the upper tropospbere
much larger than observed previously (Figure 3). The high ozone lavibls upper
troposphere between December 2003 and February 2004 (near 10km altitude in
Figure 1) were probably related to stratosphere-troposphere ngech&igure 4
bottom right) driven by planetary wave activity (Figure 2) dgrihe break-up of the
vortex.

During the warming event of October in 2004 altitude (Figure 2),cacunced
increase in ozone above 20km was observed at Davis. This was likelp dioe
influx of ozone-rich air from lower latitudes. Similar behaviour &b seen at the
German Neumayer station in Antarctica:
(http://www.awi-bremerhaven.de/MET/Neumayer/ozone_his Jatml




Figure 3 — Ozone partial pressure at Davis for thierval [2004 Feb, 2005 Feb] divided by data for
the interval [2003 Feb, 2004 Feb]. Unit ratio (i.enchanged ozone partial pressure between the two
time intervals) is shown by the white contour.

Figure 4. Polar Zonal mean temperature (top lefiflanomaly (daily minus mean over July
December) (top right), Ozone area (bottom left) andal wind anomaly (bottom right).



The area of the ozone hole (Figure 4) showed decreases during rOatabe
November. This was the result of ‘shedding’ of the outer edgeeohdte in zonal
wind reversals associated with high latitude planetary wavesgditeral warming of
stratospheric temperatures from mid-September (Figure Z2ateft Figure 4 top),
combined with wave disturbances around mid-October and mid-November,
considerably reduced the formation of PSCs limiting the ozone Hstever, the
cooling observed from early November to mid-November resulted imod-lsved
increase in ozone destruction (Figure 4). Notably, planetary waityadeveloped
during mid-November almost splitting the ozone hole (Figure 5) into riegions,
reminiscent of the behavior seen during the unprecedented stratosphemmg
event in September 2002. The final warming during late November Badember
marked the end of the ozone hole (Figure 4).

Figure 5. Total column ozone data obtained from T®)Mith data gaps filled using interpolated data
from the TOVS instrument on the NOAA POES spadedita¢ white contour shows the 220 Dobson
Unit level, which defines the edge of the ozone.Hébte the region of high ozone levels (red capur

between Australia and Antarctica. The outline @ tlegion resembles the mythical Minotaur, which is
shown caught in the act of shredding the ozone hbke location of Davis is also shown.

The clear-sky UV Index monthly mean from January 2002 to February 8005
displayed for some selected cities in Figure 6 by solid lifilke.monthly means are
calculated from the Bureau of Meteorology operational UV and O&yséem that

has TOVS/TOMS total ozone amounts as input. The monthly means over 1997-2001
calculated by L. Deschmaps et al. (2004) using only total ozone amioomighe

Earth probe total ozone mapping spectrometer (TOMS) are alsoygidpraFigure 6

by dashed lines. The results show that the summer 2004-2005 mealusardo the
monthly means over the period 1997 to 2001 than during summer 2003-2004. The
high values for Darwin, over the summers 2002-2003 and 2003-2004 are mainly due
to the assimilation of very low ozone values in the tropics présehe satellite data



UV Index

sets. The monthly means show that all the cities reached UX Vadiges larger than
11 (extreme) during summer, with the lowest values for Melbournéhandrgest for
Darwin, but Perth reached values closer to those observed in Brishgue 6 also
shows inter-annual variability, closely related to inter-anm@dne distribution
variations since UV increases are in general associated with ozone decreases

—— Adelaide —— Brisbane Darwin Melbourne —— Perth —— Sydney

0 I I I I I I
Jan-02 Jul-02 Jan-03 Jul-03 Jan-04 Jul-04 Jan-05

DATE

Figure 6. Operational Clear-sky UV Index monthlyam® for some selected Australian cities from
January 2002 to February 2005 (solid line) and Clsy UV Index monthly mean over the period

(1997-2001) calculated using total ozone from TOMEoted by dashed lines

Conclusions

The ozone hole of 2004 was smaller than that of 2003 due to comparativeigrwa
temperatures in the Antarctic stratosphere. Disturbances itrétespheric wind and
temperature fields due to high-latitude planetary wave actptitduced marked
variations in the size of the ozone hole in spring. Of particularwasea short-lived
increase in the size of the ozone hole during October, which was dudecrease in
stratospheric temperatures over Antarctica, and the abrupt dehitse hole in mid-
November when the polar vortex almost split in two. The monthly mean clear-sky UV
index levels observed over Australia were similar to the monthly meanvet seter
1997-2001, with the exceptions of Melbourne and Adelaide that had leigtidys|
lower than the mean over 1997-2001.
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During summer, the daily UV Index values
(http://www.bom.gov.au/weather/national/charts/UV.shtml
were slightly lower than in 2003
(http://gale.ho.bom.au/internal/regn/staf/lid/uv/Ild.h&nid
http://comms.ho.bom.gov.au/gasp/QJV

This is not an ozone hole statement; the ozone hole statements can be found at
http://kelly.ho.bom.gov.au/htdocs/ozone/index.asd at
http://www.wmo.ch/web/arep/arep-home.himl
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