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ABSTRACT

A clustering algorithm was applied to Frequency with Altitude Diagrams (FADs) derived from 4 yr of

hourly radar data to objectively define four tropical precipitation regimes that occur during the wet season

over Darwin Australia. The precipitation regimes defined are distinguished in terms of convective intensity,

presence of stratiform precipitation, and precipitation coverage. Regime 1 consists of patchy convection of

medium intensity and low area coverage, and regime 2 contains strong convection with relatively small area

coverage. Regime 3 is composed of weak convection with large area coverage and large stratiform regions,

and regime 4 contains strong convection with large area coverage and large stratiform regions. Analysis of

the seasonal cycle, diurnal cycle, and regime occurrence as a function of monsoon activity all provide insight

into the different physical character of the precipitation regimes. Two of the regimes exhibit a diurnal cycle

with a peak in the afternoon, while the other two show a peak in their frequency of occurrence in the early

morning. The different character of the regimes is also confirmed by the varying contributions that convective

and stratiform rainfall make to the overall within-regime precipitation.

1. Introduction

Tropical rainfall is largely controlled by convective

processes. However, as has been shown in numerous

studies (e.g., Orlanski 1975; Rickenbach and Rutledge

1998; Nesbitt et al. 2000, 2006; Houze et al. 1981; Houze

and Churchill 1984; Houze 1987; Mapes and Houze

1993; Mapes 1993; Houze et al. 1980), these processes

are often organized on a variety of scales, that can vary

from the local to mesoscale (e.g., topographically driven

convection) to the large scale in convectively coupled

tropical waves (e.g., the Madden–Julian oscillation).

Because of convective organization, the spatial and

temporal structure of tropical precipitation events is far

more complex than that of a simple archetypal con-

vective shower. Many convective systems exhibit a large

stratiform component (Houze 1997, 1993), identifiable

both by its anvil cloud signature and its spatially ex-

tensive but lower (in comparison to a convective shower)

rain rates. The stratiform component of tropical rainfall

constitutes a major fraction of the total both globally

and regionally (Schumacher and Houze 2003) and its

vertical structure of latent heat release is likely to play

an important role in the interaction of convection with

large-scale dynamical features of the tropical atmos-

phere (Lin et al. 2004; Schumacher et al. 2004; Mapes

and Lin 2005; Tao et al. 2006). Recently, Mapes et al.
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(2006) have shown that the archetypal composition of

precipitating tropical convective systems, consisting of a

shallow and deep convective mode, as well as a stratiform

mode, is observable over many scales. This raises the

question, if convective systems in the tropics indeed occur

in distinguishable and repeatedly occurring regimes, what

are the characteristics of those regimes and how are they

linked to the well-known tropical circulation features?

Jakob and Tselioudis (2003) and Rossow et al. (2005)

used a simple clustering algorithm applied to data from

the International Satellite Cloud Climatology Project

(ISCCP; Schiffer and Rossow 1983), to show that trop-

ical cloudiness on a 280 3 280 km2 scale (the size of the

ISCCP grid box) appears to be organized into six major

regimes: three convectively active (and hence likely

precipitating) and three suppressed. By their very na-

ture the regimes identified in this fashion are based on

the radiative signature of the tropical cloud systems, and

further work (Jakob et al. 2005) established that the

ISCCP-based regimes show distinct signatures in their

radiative and thermodynamic properties. However, be-

cause of a lack of suitable data no conclusions on the

precipitation characteristics of the ISCCP-based re-

gimes could be drawn. Nevertheless, based on the suc-

cess of these studies it is valid to ask the question if a

similar regime character can be found in the precipita-

tion signature of tropical convection.

An ideal tool to observe the spatial structure of con-

vective cloud systems is the centimeter wavelength ra-

dar. Previously Boccippio et al. (2005) used clustering

analysis on vertical profiles derived from the Tropical

Rainfall Measuring Mission (TRMM) precipitation ra-

dar to define a number of archetypal vertical structures

for the entire tropics. The profiles used by Boccippio

et al. (2005) were essentially vertical columns with a

horizontal diameter of 4 km, consequently very little

spatial information entered into their regime definition.

Ground-based radars are routinely deployed by weather

services worldwide (Demott and Rutledge 1998;

Kawashima et al. 2006) for research and forecasting

purposes. The Australian Bureau of Meteorology has

operated a polarimetric research C-band radar (C-Pol;

Keenan et al. 1998; May et al. 1999; Carey and Rutledge

2000), in Darwin (Australia) since 1995. Darwin is lo-

cated in the tropical north of Australia and has been the

site of numerous field studies on tropical convection,

such as the Australian Monsoon Experiment (AMEX;

Holland et al. 1986; Gunn et al. 1989; Keenan et al.

1989), the Marine Continental Thunderstorm Experi-

ment (MCTEX; Keenan et al. 2000; Carbone et al.

2000), the Darwin Area Wave Experiment (DAWEX;

Hamilton et al. 2004; Alexander et al. 2004; Pautet et al.

2005), and most recently the Tropical Warm Pool In-

ternational Cloud Experiment (TWP-ICE; May et al.

2005). These experiments established that with its

tropical monsoon climate, characterized by distinct wet,

dry, and transition seasons, Darwin constitutes an ideal

location to observe many of the variety of convective

systems observed in the tropics (Keenan and Carbone

1992; Keenan and Rutledge 1993). During active mon-

soon spells, convection in the Darwin area has been

shown to often resemble maritime convection found

over the tropical oceans (Steiner et al. 1995; Keenan and

Carbone 1992). The often topographically driven con-

vective systems observed during both the transition

seasons and in monsoon breaks on the other hand are

among the most intense observed on the planet (Crook

2001; Zipser et al. 2006) and have been shown to be

good examples of continental convection observed over

the tropical continents. For these reasons the Atmospheric

Radiation Measurement (ARM) program (Ackerman

and Stokes 2003) established the third Tropical Western

Pacific (TWP) climate research facility in Darwin. The

combination of the availability of many years of radar

data and the ability to observe a variety of convective

systems makes Darwin an ideal location to study the

possible regime character of tropical precipitation on

scales of a few hundred kilometers.

The aim of this paper is to determine if such regimes

can be objectively defined from radar data and used to

describe the rainfall–precipitation properties of con-

vective systems occurring over long periods of time

(e.g., seasons) for the region surrounding Darwin. To

establish if tropical rainfall exhibits such regime char-

acter this study applies a cluster algorithm similar to

that used in Jakob and Tselioudis (2003) and Rossow

et al. (2005) to Frequency with Altitude diagrams (FADs;

Yuter and Houze 1995; Neiman et al. 2005) of radar

reflectivity derived from four wet seasons of radar data.

The properties of the regimes identified by this algo-

rithm are investigated and their relationship to the main

circulation regime in tropical Australia—the monsoon—

is established. The relationship of the radar-based re-

gimes to the ISCCP-based tropical cloud regimes is also

investigated.

2. Data description and method

The dataset used in this study is composed of reflec-

tivity values observed by the scanning C-band polari-

metric (C-Pol) radar located near Darwin (Keenan et al.

1998). Figure 1 shows a map of the radar domain indi-

cating land areas (gray) and the maximum coverage of

the radar footprint (achieved at 3 km in the vertical)

used in this study. The radar performs a full volume

scan every 10 min. Given the aim of studying possible
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precipitation regimes as they occur over long periods of

time it was necessary (because of computational limi-

tations) to reduce the volume of information by using

only one scan per hour. The hourly dataset used in

this investigation is composed of the four wet seasons

[November–April (NDJFMA)] of 1999/2000, 2001/02,

2002/03, and 2003/04, bringing the total number of

sampled radar volumes to just over 13 500.

As a first step in calculating FADs (Yuter and Houze

1995) of radar reflectivity for each of the 13 500 sampled

volumes, the volume scans were interpolated into a

Cartesian space consisting of 40 vertical levels with a

grid spacing of 500 m, and 121 grid points in each hor-

izontal direction with a grid spacing of 2.5 km. The

change in the horizontal extent of the radar domain with

height is taken into account by applying masks of the

actual observed area at each vertical level. The histo-

grams forming the basis of the FADs were then created

by iteratively searching through all valid reflectivity

values at each vertical level and calculating the fre-

quency with which these values fall into reflectivity bins

of width 2 dBZ. Reflectivity values below 0 dBZ are

excluded from the analysis as they are considered at the

detection limit of the radar, especially at longer ranges.

At each vertical level the relative frequency of occur-

rence of each reflectivity bin was then calculated by

dividing the number in each bin by the total number of

observed points defined by the radar mask at that level.

Consequently, summation over the frequencies for each

vertical level can be thought of as a measure for the

fractional coverage with radar signal (or precipitation)

at that level. This deliberately deviates from the stan-

dard normalization of Contoured Frequency with Alti-

tude Diagrams (CFADs, the graphical representation of

FADs; Yuter and Houze 1995), where each level is

normalized by its fractional coverage. This choice was

made to maintain area coverage information in the re-

gime analysis that follows, as this provides a crucial

distinction between regimes.

For illustrative purposes Fig. 2 shows the mean FAD

over all samples used in this study. An important sum-

mary measure used throughout the study is the total

volume coverage (TVC) with radar echo. This quantity

is calculated by summing the number of radar returns

over all levels and reflectivity values then dividing by

the total number of observable points. It therefore

represents the fractional coverage of the radar signal

over the entire three-dimensional domain. The TVC for

the mean histogram is 0.04, indicating that on average

approximately 4% of the volume scanned by the radar

has a reflectivity value above the 0-dBZ threshold. It

can also be seen that, on average, the maximum echo-

top height reaches approximately 16 km and reflectivity

values greater than 40 dBZ are observed up to 8 km.

A large fraction of the returns have reflectivity values

less than 18 dBZ. As this is the cutoff threshold for

the TRMM radar, Fig. 2 gives some indication of

the number of hydrometeors the TRMM radar will not

observe.

Each of the more than 13 500 histograms provides an

input into the definition of objectively derived regimes.

To focus the clustering algorithm (see below) onto the

major regimes, first all (trivial) null cases (i.e., those

with little or no radar return anywhere in the volume)

were removed from the analysis. For this purpose any

histogram that did not have at least 1% coverage in

at least one of the vertical levels was defined as a no-

precipitation histogram and was removed. This elimi-

nated roughly 5000 histograms from the analysis. While

these ‘‘no-precipitation’’ cases do not enter the regime

definition algorithm, they do nevertheless provide im-

portant physical information about the state of the at-

mosphere. Their high frequency of occurrence and their

‘‘trivial’’ nature justifies their removal to avoid them

dominating the outcome of the cluster algorithm.

A K-means clustering algorithm (Anderberg 1973)

was applied to the remaining histograms to identify pos-

sible recurring patterns in the FADs that could be in-

dicative of recurring precipitation regimes. The choice

of algorithm is largely driven by its successful applica-

tion in previous studies (Jakob and Tselioudis 2003) and

efficiency requirements due to the large sample size

used here. As discussed in Jakob and Tselioudis (2003)

and Rossow et al. (2005) a feature of this particular al-

gorithm is that it requires the user to predefine the

FIG. 1. CAPPI showing the maximum coverage of the Gunn

Point radar, near Darwin, Australia. CAPPI is valid at 3 km in the

vertical. The land is shaded gray and the oceans are white.
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number of clusters searched for (i.e., k). This is over-

come by repeating the analysis several times with

varying values of k. Here 2 # k # 10 are used. The basic

concept of the iterative K-means algorithm is as follows:

d randomly choose k ‘‘seed vectors’’ from the dataset as

initial cluster centroids,
d assign each input histogram to one cluster by finding

the minimum Euclidean distance to any of the cluster

centroids,
d calculate new cluster centroids by averaging over all

histograms assigned to a cluster,
d use the newly calculated centroids as seed vectors, and
d iterate the algorithm.

With each iteration the difference between the old

and new centroids decreases and the clusters are said to

be stable when this difference is less than a prescribed

threshold value. The histograms associated with each

cluster are known to be closer to the centroid of this

cluster than to those of any of the others. Each regime is

then characterized by its centroid or mean histogram.

The regimes defined by the clustering algorithm should

not depend on initial histograms chosen at random and

tests were performed to ensure this was the case.

The advantage of using the K-means algorithm is that

it provides an objective method for defining regimes

from large sets of data. However, as discussed above,

the number of clusters, k, searched for in the algorithm

needs to be prescribed. It is therefore necessary to de-

fine a strategy for choosing the optimal set of clusters

from the application of the algorithm to values of 2 #

k # 10. Here the same ‘‘quasi-objective’’ method as in

Rossow et al. (2005) is used. For each increase in cluster

number the stability of the solution to the (randomly

chosen) initial seeds is investigated. Furthermore, the

emerging new cluster in the k 1 1 analysis is compared

to the existing k clusters of the previous application. The

optimal number of regimes in this study, K, is then de-

fined as the smallest possible number of clusters for

which (i) the algorithm provides stable solutions with

respect to initial seeds and (ii) the addition of further

clusters leads to regimes similar to the already existing

ones. Here it is found that K 5 4. Note, that since no-

precipitation histograms have been excluded from the

analysis to begin with, the total number of physical re-

gimes defined in this study is five. Nevertheless, the rest

of the paper will continue to refer to four precipitation

regimes, treating the no-precipitation regime as a ‘‘ze-

roth’’ regime because of its trivial character. The main

features of the four major precipitation regimes identi-

fied will now be described. It should be noted a partic-

ular storm event or mesoscale convective system (MCS)

may and indeed does fall into multiple precipitation

regimes. Transition of a storm event or MCS between

regimes occurs when the temporal evolution of the event

is captured within the domain of the radar. Transition

between regimes may also occur when a storm event or

MCS enters and leaves the domain of the radar.

3. Tropical precipitation regimes as identified in
radar data

The application of a cluster algorithm to the FADs de-

rived from hourly volume scans using the polarimetric C-

Pol radar located near Darwin reveals four major precipi-

tation regimes in that region. To determine the robustness

of the precipitation regimes each wet season was analyzed

separately. The regimes defined when using individual

seasons (not shown) were found to be very similar in

structure and composition to the precipitation regimes de-

fined here, although the relative frequency of occurrence

(RFO) of the four regimes does vary from year to year.

The mean FADs for each of the four regimes are

shown in Fig. 3. The order of the panels in this figure is

in terms of the RFO of each regime, which is shown in

the top-left-hand corner of each panel. Because of its

trivial nature the no-precipitation regime is not plotted;

however, for completeness the RFO of this zeroth re-

gime is displayed on the right-hand side of each panel. It

is evident that for the dataset used here—hourly data

for four wet seasons (NDJFMA)—this regime has the

second highest frequency of occurrence (about 38%),

highlighting the well-known fact that even on the scale

FIG. 2. FAD showing the mean of all time periods used in the

study (13 508 histograms). The contours show bin counts divided

by total observed grid points. The TVC is shown at the top of the

diagram, indicating that on average 4% of the volume scanned by

the radar is covered by hydrometeors.
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of the radar footprint used here (about 300-km diame-

ter) there are many times with no precipitation. Most of

those occur in the transition season early and late in the

wet-season definition used here (see section 4). Another

important regime characteristic displayed in Fig. 3 is

the TVC of the radar signal introduced in the previ-

ous section. The TVC provides a useful first indication for

the differences between regimes. TVC increases steadily

from 2% for the most frequent precipitation regime to

26% for the least frequent regime, indicating that in the

Darwin region the tropical atmosphere exhibits regimes

with small precipitation coverage significantly more fre-

quently than those with large precipitation coverage.

Below follows a brief description of each of the re-

gimes displayed in Fig. 3. In describing the regimes

‘‘low’’ reflectivities will refer to values between 0 and 20

dBZ, ‘‘medium’’ reflectivities will refer to values be-

tween 20 and 40 dBZ, and ‘‘high’’ reflectivities will refer

to values between 40 and 60 dBZ. Those ranges are

indicated in the figures by vertical lines. To further aid

conceptualization of the precipitation regimes Constant

Altitude Plan Position Indicator (CAPPI) examples of

each regime are shown in Fig. 4 for both 2.5 and 10 km

in the vertical. These specific examples are representative

of each regime and were chosen by finding those histo-

grams with the minimum Euclidean distance from the

cluster mean histograms displayed in Fig. 3. These CAPPI

examples confirm that the regimes are well differentiated

by TVC and the distribution of reflectivity values.

Regime 1 is the dominant weather condition occurring

over Darwin during the four wet seasons analyzed. It

occurs approximately 45% of the time. The precipitation

associated with this regime is weak and shallow. It has the

lowest frequency of reflectivity values above 40 dBZ and

a maximum echo-top height up to 2 km shallower when

compared with the other regimes. The TVC for this re-

gime is 2%, which is an order of magnitude smaller than

the next closest regime. The low TVC value and absence

of a bright band at the freezing level (approximately

5 km) indicates that the convection has a low spatial/

FIG. 3. The four precipitation regimes defined by the K-means algorithm. Regimes are ordered (most to

least) by their RFO. The RFO of the zeroth regime (i.e., the regime containing time periods that have no

precipitation over the entire radar domain) is listed for completeness. The contours show bin counts

divided by total observed grid points.
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FIG. 4. CAPPI examples deemed representative of (top to bottom) the four

precipitation regimes. Examples are given for both (left) 2.5 and (right) 10 km in the

vertical.
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volume coverage and is therefore probably patchy and

contains only a small proportion of stratiform precipita-

tion. Average convective and stratiform rain contribu-

tions for each regime will be analyzed below to further

investigate this hypothesis. On average, higher rain rates

occur over the continent than over the ocean in this re-

gime (cf. Fig. 5). This is an important feature of regime

1 and will be investigated further below.

Regime 2 has a RFO of approximately 10%. The

TVC of this regime is an order of magnitude greater

than in regime 1 indicating that the precipitation covers

a much larger volume of the radar domain. In this re-

gime the maximum echo-top height extends to just over

16 km and there is a greater frequency of high reflec-

tivity values at low levels, indicating that the convection

is of greater intensity than was found for regime 1. It

should be noted that regime 2 actually has the highest

reflectivity values of all four regimes. Another defining

feature of regime 2 is the increased occurrence of me-

dium reflectivity values (20–40 dBZ) from the lowest

level to about 13 km, with the greatest frequency oc-

curring between 6 and 12 km.

As was the case in regime 1, the absence of a strong

brightband signal near 5 km is indicative of precipita-

tion that is likely to be predominately convective, which

will be further investigated in this section.

Regimes 3 has a RFO of approximately 4%. A sig-

nificant increase can be seen in both TVC and echo

coverage at low levels. The low occurrence of high

reflectivity values below 5 km and the decreased echo-

top height indicates that the convective component of

this regime is weaker than the convection associated

with regime 2. Oceanic convection tends to be shallower

and have lower maximum reflectivity than continental

convection (Toracinta et al. 2002; Nesbitt et al. 2000),

the possibility that regime 3 could be influenced by

precipitating systems with oceanic origins will be in-

vestigated in section 4. The large increase in frequency

of low and medium reflectivity values is likely due to the

presence of significant areas of stratiform precipitation

and would explain the relatively high TVC for this re-

gime; evidence of stratiform precipitation can be seen in

the form of a bright band at approximately 5 km for

medium reflectivity values. However, as the regime is an

average of many time periods and contains both strati-

form and convective precipitation, the bright band is

less pronounced than would normally be the case for

purely stratiform states. Further evidence of the strati-

form component of this regime will be provided in this

section.

Regime 4 is the rarest of all the regimes and has a

RFO of under 3%. In contrast to regime 3 there is a

large occurrence of high reflectivity values below 5 km.

The maximum echo-top height for this regime is higher

than in regime 3 and is even slightly higher than was

found for regime 2. The spread of reflectivity values at

15 km is larger than in regime 2 and extends to much

higher reflectivity values than those found in regime 3.

Regime 4 has the largest TVC and by far the greatest

frequency of medium reflectivity values, indicating the

presence of large amounts of stratiform precipitation

with greater vertical extent than the stratiform precip-

itation seen in regime 3. The bright band in regime 4 is

more pronounced than was seen in regime 3 and can be

seen up to approximately 46 dBZ. Another defining

feature of regime 4 is the large frequency of medium

reflectivity at the lowest levels, particularly between

reflectivity values of 24 and 36 dBZ.

Figure 5 shows the average rain rate in millimeters

per hour for the four regimes. For each time period used

in the study (approximately 13 500) the 2.5-km reflec-

tivity data was converted to rain rate maps using the

relationship Z 5 305R1.36 (Bringi et al. 2001), where Z is

the absolute reflectivity and R is the rain rate in milli-

meters per hour. Averaged rain-rate maps for each re-

gime were then created by summing the n rain-rate

maps associated with each regime and dividing by n.

The Rtotal is displayed in the top-right-hand corner of

each figure, calculated by summing the rain rates over

the entire radar domain and dividing by the number of

valid grid points, thereby giving some measure (spatially

averaged) of the rain rate of each regime. The rainfall

distribution in Fig. 5a shows that on average more

rainfall occurs over land than over the ocean for regime

1; this is especially true over the Tiwi Islands. As ex-

pected this regime has the lowest rain rate of all the

regimes, approximately 0.3 mm h21 averaged over the

entire domain.

Figure 5b supports the assertion that regime 2 con-

tains convection initiated by convergence due to land–

sea breezes; a slightly higher rain rate can be seen

orientated parallel to the coastline of the mainland.

Slightly higher rain rates can also be seen over the ocean

in the west of the radar domain. Analysis of the diurnal

cycle of rain rate for regime 2 (not shown) helps explain

the patterns seen in Fig. 5b. During the afternoon pre-

cipitation occurs preferentially over land areas, while

during the night and early morning, precipitation occurs

over the ocean. The higher rain rates over the ocean in

the west of the domain in Fig. 5b are due almost ex-

clusively to precipitation occurring at night. Although

Rtotal of regime 2 is approximately 4 times that of regime

1 (cf. 1.1 and 0.3), its RFO is approximately 1/4 times

that of regime 1 (cf. approximately 11% for regime 2

and 45% for regime 1). Thus regimes 1 and 2 contribute

approximately equal amounts of rainfall to the region.
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Figure 5c shows that in regime 3 rainfall is fairly con-

stant throughout the domain of the radar, with perhaps

a slight increase in rainfall over the ocean to the west.

An interesting feature of this regime is that Rtotal is

much lower than was found for regime 2, despite the

fact that the volume coverage of hydrometeors is much

larger for regime 3 than regime 2. This might be ex-

plained by the finding that the convection associated

with regime 3 is weaker than the convection associated

with regime 2.

Figure 5d shows that in regime 4 high rainfall rates

occur preferentially over the ocean. As expected, Rtotal

for this regime is the largest of all four regimes, owing to

the large amounts of stratiform precipitation and in-

tense convection found within this regime.

To further test the spatial distribution of the precip-

itation within the regimes a land–ocean mask was ap-

plied and the rain intensities over land and ocean were

calculated for each regime. The land (ocean) rain in-

tensity is defined as the sum of the rainfall over the land

(ocean) divided by the number of land (ocean) points.

Table 1 shows that the rain intensity is greater over land

in regime 1. Regime 2 has approximately the same rain

intensity over land and ocean, as discussed above this

regime contains contributions from convection occurring

over land (during the afternoon) and over the ocean

(during the night). Both regimes 3 and 4 have greater

rain intensity over the ocean than the land.

Figure 6 shows the average rain rate for each regime

split into convective and stratiform components. The

rain fields measured with the C-Pol radar have been

disaggregated into convective and stratiform areas using

the algorithm described by Steiner et al. (1995). The

only modification to this was to utilize the polarimetric

rain estimates obtained with the C-Pol radar using al-

gorithms described by Bringi et al. (2001, 2004). These

rain estimates were then converted to an effective re-

flectivity using a simple Z–R relation (Zeff 5 305R1.36)

FIG. 5. Average rainfall rates for the four precipitation regimes in mm h21.
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in order to apply the Steiner et al. algorithms. This

had the benefit of the classification being less sensitive

to variations in measured reflectivity associated with

drop size distributions, attenuation of the sampled re-

flectivity, and hail contamination as well as being con-

sistent with the simple mapping of the observed field.

The convective and stratiform rain was then summed

over the radar domain (a 300-km-diameter circle) to

calculate the contributions of convective and stratiform

rain areas to the total rain accumulation. Figure 6 in-

dicates that regime 1 is predominately a convective re-

gime, with stratiform precipitation contributing 24% to

the overall rain rate. Regime 2 is also predominately

convective in nature; however, the stratiform compo-

nent of this regime has increased to 35%. Regime 3

contains the most stratiform precipitation relative to

convective precipitation; 64% of the precipitation in

regime 3 is stratiform in nature. Regime 4 also contains

a large proportion of stratiform precipitation (53%);

however, the convective component of this regime is quite

large, almost as high as the total rain rate for regime 2.

In summary, analysis of the CFADs and convective–

stratiform rain rates leads to the conclusion that regime

1 contains shallow, patchy, and relatively weak con-

vection. Furthermore, the average rain-rate map for re-

gime 1 and land–ocean rain intensities indicates that the

convection associated with regime 1 preferentially oc-

curs over land areas. Regime 2 was found to be a rela-

tively strong convective regime that precipitates pref-

erentially over the land during the day and over the

ocean at night. The convection in this regime has greater

intensity and scale than the convection in regime 1, with a

greater proportion of the convection likely initiated

by land–sea breezes. The convective nature of this re-

gime was confirmed by the relatively large proportion

of convective rain as seen in Fig. 6 and absence of a

brightband signature in Fig. 3. Regime 3 was found to

contain a mixture of relatively weak convection and

large amounts of stratiform precipitation. The temporal

evolution of regimes (not shown), indicates that regime

3 is likely to occur from maturing systems associated

with regimes 2 and 4. Regime 4 was found to be a

mixture of relatively strong convection with large

amounts of stratiform precipitation.

Having discovered some of the basic characteristics of

the regimes the next section aims to shed further light

on their characteristics by studying their seasonal and

diurnal cycles, and their link to the monsoon.

4. Some characteristics of the precipitation regimes

The previous section has objectively identified four

(five if the no precipitation is included) major convec-

tive regimes in the Darwin region. The four nontrivial

TABLE 1. Rain intensity of each regime split into land and

ocean contributions (mm h21).

Regime 1 2 3 4

Land 0.3518 1.0824 0.5844 2.0265

Ocean 0.2252 1.1261 0.6656 2.6141

FIG. 6. Area-averaged stratiform and convective rain rates for the four precipitation regimes.
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regimes show characteristic distributions of radar

reflectivity both in the horizontal and vertical on the

scale of a typical weather radar footprint. While it was

possible to link the regimes to known features of trop-

ical convection, their link to large-scale features of the

tropics as they affect the Darwin region remain to be

elucidated. This section is aimed at establishing links

between the regimes identified in the previous section

and the known features of the tropical atmosphere. First

their response to the main forced modes of the atmos-

phere, namely the seasonal and diurnal cycles are in-

vestigated. This is followed by establishing the regime

characteristics as a function of monsoon activity in the

Darwin region.

a. The seasonal cycle

In the Darwin region the seasonal mode is dominated

by the Australian summer monsoon, which dominates

the region’s weather usually from the second half of

December into early March (Drosdowsky 1996). Active

monsoon periods are interlaced with monsoon breaks.

The monsoon period is bordered by a buildup and decay

period on the order of 1–2 months each, while the rest of

the year has a distinct dry-season character.

Here the signature of the seasonal cycle on the con-

vective regimes is investigated by studying the seasonal

variation of their frequency of occurrence. Figure 7

shows the relative frequency of occurrence of the five

regimes (including the no-precipitation regime) as a

function of month. The no-precipitation regime (regime

0) shows the expected seasonal cycle with a minimum in

January, the month with the largest influence of the

Australian summer monsoon, and maxima in the months

of March and April, those in which the Darwin region

transits into the dry season. The RFO of the patchy

convection regime (regime 1), is remarkably constant

throughout November–February with a decline in oc-

currence in March and April. The stronger convective

regimes (regimes 2–4) show an increase in their RFO

from November to January, a decline in February and

are virtually absent in March and April. The most no-

table change from November to January occurs for re-

gimes 3 and 4, confirming the impression gained in the

previous section that these regimes probably have a

more monsoonal character (Steiner et al. 1995). This

provides a further indication that the objectively iden-

tified precipitation regimes may represent physically

relevant states of the atmosphere around Darwin, a

claim that will be further investigated below.

b. The diurnal cycle

Figure 8 shows the diurnal cycle of the RFO of the

four precipitating regimes. The RFO for each regime

has been normalized including the no-precipitation re-

gime. The diurnal cycles of the four precipitation re-

gimes appear to be separated into two distinct patterns.

Regimes 1 and 2 (top panels) have a peak in their RFO

in the late afternoon, while regimes 3 and 4 (bottom

panels) show a peak in the late at night and in the early

hours of the morning. The two distinct patterns seen in

the diurnal cycles may indicate a physical difference be-

tween the precipitation regimes. One possible explanation

for this difference would be that the ratio of land to

oceanic convection is different for the different regimes

(as seen in Table 1). Convection tends to peak during

the late afternoon/early evening over land, while over

the oceans convection tends to peak during the early

morning (Yang and Slingo 2001; Gray and Jacobson

1977; Mapes and Houze 1993). However any conclusion

based on the diurnal cycle alone is problematic, Mapes

and Houze (1993) have shown that the diurnal cycle of

cold cloud clusters depends on the size of the cluster and

Yang and Slingo (2001) showed that the diurnal signal

over land often extends to the adjacent oceans. Fur-

thermore Nesbitt and Zipser (2003) found that MCS

rainfall over land peaks in the early morning. As re-

gimes 3 and 4 both have high TVC values it is likely that

MCS occurring over land are also associated with re-

gimes 3 and 4.

Apart from the late afternoon maximum, regime 1 is

equally likely to occur at any other hour of the day.

This may be indicative for the fact that while land

heating strongly influences regime 1, this relatively

weak convection may well occur over the ocean and at

other times of the day. Earlier it was postulated that

regime 2 has a larger proportion of convection initialed

by sea breezes, if this is the case, the minimum in the

diurnal cycle for regime 2 (around 10 am) may well be

due to the lack of the sea breeze at this time. Regime 2

also displays a secondary peak in the early hours of the

morning, which is likely due to the precipitation that

occurs over the ocean in the western part of the do-

main.

c. Regime occurrence and monsoon activity

Another well-known indicator for the character of

convection in the Darwin area is the synoptic meteo-

rology of the Australian summer monsoon. A simple

but effective definition of monsoon activity is wind di-

rection in the lower troposphere, with westerly winds

indicative for an active phase of the monsoon, while

easterly winds dominate the break as well as pre- and

postmonsoon periods (Drosdowsky 1996). Convection

tends to be shallower and more representative of that

found over oceans during periods when a westerly wind

places Darwin in an oceanic air mass. Easterly wind
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conditions bring air from northeast Australia to the

region and the convection is often more representative

of that occurring over continents. Here the concept

of an east–west split in wind direction that previously

proved useful in other investigations (e.g., Keenan and

Carbone 1992) is utilized with the aim of determining if

the wind direction has any influence on the occurrence

of the four precipitation regimes defined. The purpose

of the analysis is not to find a clear delineation between

the regimes, but rather to compare how the precipita-

tion regimes found using cluster analysis compare to

traditional methods. For the analysis, wind data from

the Darwin airport at 700 hPa is defined as easterly or

westerly if the wind direction has any component in

those directions. The frequencies of occurrence of wind

direction within each regime are shown in Fig. 9.

It is evident from the figure that there are major dif-

ferences between regimes in their relationship with

wind direction and hence monsoon activity. Regimes 0–2

show a predominance in their occurrence during times

when the wind is coming from the east (break condi-

tions), during break conditions precipitating cloud sys-

tems are known to be typical of those with continental

origin (Steiner et al. 1995). The no-precipitation regime

shows the strongest association with easterly flow. As

indicated in Fig. 7 this regime occurs most frequently in

the monsoon buildup and decay phases of the season.

Those periods are associated with steady easterly flow,

which explains the high frequency of occurrence of

easterlies when this regime is found. Although regime 2

is predominately an easterly regime, it contains more

westerly flow than regime 1. This may help to explain

why regime 2 was found to have to be a mixture of

oceanic and land convection. In contrast, regimes 3 and

4 are most strongly associated with westerly conditions;

westerly flow is typical for active monsoon periods,

which have previously been shown to be associated with

convection of maritime character (Keenan and Carbone

1992).

While simple, analyzing the predominant wind di-

rection in each of the precipitation regimes has further

supported the findings of the previous sections, that the

precipitation regimes identified in this study are physi-

cally sensible. While probably following intuition, this

constitutes a nontrivial finding, as there is no physical a

priori information that supports that division entering

into the cluster algorithm. The fact that the four (five)

regimes could be objectively identified and match phy-

sical characteristics of convection rather well enables

their use for further studies of convective systems in the

Darwin area and possibly beyond.

5. Precipitation versus ISCCP-based cloud regimes

The previous section has established that the con-

vective regimes identified in this study for the Darwin

area exhibit two distinctly different patterns of their

diurnal cycles and that the objectively defined regimes

FIG. 7. Seasonal cycle of the precipitation regimes showing the RFO of each regime, for the

months November–April.
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are able to naturally separate when analyzing the syn-

optic-scale winds. Furthermore, the strength of the con-

vection and the presence and size of the stratiform pre-

cipitation component all constitute information con-

tained in the convective regimes. This enables the use of

these regimes for further studies of tropical convection

and its interaction with the large-scale circulation.

Given this and the fact that this work was partially mo-

tivated by the success of finding tropical regimes based

on cloud properties retrieved from satellites, it appears

worthwhile to investigate the relationship of the six

ISCCP-based tropical cloud regimes of Rossow et al.

(2005) with the ‘‘precipitation-based’’ regimes identi-

fied here. This will provide some insight into the pre-

cipitation structure (in a statistical sense) of the cloud

regimes, which in turn have already been shown to have

links to tropical circulation features (Rossow et al. 2005;

Höglund 2005).

To set the context for further discussion a brief

summary of the six ISCCP weather states is given in this

section; for a detailed discussion of the regimes the

reader is referred to Rossow et al. (2005). Based on their

cloud signature, three of the six regimes can be de-

scribed as suppressed with respect to the occurrence

of deep convection, while the other three have been

identified as convectively active. Of the active regimes

the deep anvil cloud (CD) regime exhibits a large cov-

erage with optically thick clouds, most likely a mix of

thick anvils and convective towers, while the convective

cirrus (CC) regime is dominated by a large coverage

with cirrus clouds of small-to-medium optical thickness.

Probably the weakest (in terms of convection) of the

three convectively active regimes is the mixed cloud

(MIX) regime, termed because it likely consists of a

mixture of shallow, congestus, and deep convection with-

out significant anvil and cirrus coverage. The suppressed

thin cirrus (STC) regime is categorized as a suppressed

regime and is dominated by a large coverage with thin

cirrus clouds. As shown by Rossow et al. (2005) this

regime occurs close to convection without containing

significant amounts of convective clouds in the area over

which the ISCCP histogram is calculated. The sup-

pressed shallow cloud regime (SSCL) regime has high

frequencies of occurrence for clouds with high cloud-

top pressure (low tops) and is interpreted as consisting

in most part of suppressed shallow clouds with a low

total cloud cover as is typically found in shallow cu-

mulus cloud fields. The suppressed shallow cloud re-

gime with high cloud cover (SSCH) is also dominated by

low clouds, but generally shows a much higher total

FIG. 8. Diurnal cycle of the four precipitation regimes (in local time), the RFO has been normalized

including the zeroth regime.
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coverage with clouds indicative of stratocumulus clouds.

Stratocumulus is almost never observed in the Darwin

area resulting in an extremely low frequency of occur-

rence of the SSCH satellite regime in the study region.

To avoid sampling biases this regime was excluded from

further analysis.

As in previous studies (Höglund 2005) one ISCCP

weather state per day is defined for each ISCCP grid

box. As Darwin straddles several ISCCP grid boxes,

sensitivity studies to the choice of grid point were car-

ried out, but showed little sensitivity with regard to the

main conclusions. Hence, the analysis presented here

uses four ISCCP grid boxes each having an area of

280 3 280 km2 located roughly between 108–158S

and 128.58–1338E. The relationship of the ISCCP-based

cloud regimes to the precipitation regimes of this study,

which are identified hourly, is investigated by calculat-

ing the mean frequencies of occurrence of each pre-

cipitation regime on all days that fall into a particular

ISCCP regime. Note that the C-Pol radar detects pre-

cipitation-sized particles and is unlikely to observe cir-

rus and nonprecipitating clouds.

Figure 10 shows the RFO of the five regimes of this

study for each ISCCP-based cloud regime. The cloud

regimes are sorted as in Rossow et al. (2005) from what

is considered the most convectively active regime (CD)

to the most suppressed regime (SSCL). Several note-

worthy features are evident in Fig. 10. The occurrence

of no precipitation (regime 0) increases steadily from

CD to SSCL. This supports the intuitive interpretation

used in earlier work defining the ISCCP-based cloud

regimes as convectively active versus suppressed. Of the

suppressed regimes, SSCL clearly shows the least oc-

currence of deep convective regimes (regimes 2– 4) and

is mostly characterized by the relatively shallow pre-

cipitation regime 1. There is a steady increase in the deep

convective regimes (regimes 2– 4) for the MIX and CC

regimes, mostly at the expense of the no-precipitation

regime. Nevertheless, both these cloud regimes remain

dominated by the regimes with low precipitation cov-

erage (regimes 1 and 2). The only cloud regime with a

significant occurrence of the regimes with high precip-

itation coverage (regimes 3 and 4) is the CD regime. In

this regime the frequency of occurrence of no precipi-

tation at all has dropped to around 10% indicating the

frequent occurrence of precipitation in that regime. In

earlier studies (Rossow et al. 2005; Höglund 2005) it was

found that the ISCCP-based CD regime occurs pre-

dominantly in active phases (i.e., convergence zones)

of large-scale tropical circulation features such as the

Madden–Julian oscillation (MJO) or the Australian sum-

mer monsoon. This and the identification of the CD

regime as the only regime containing high frequencies

of regimes 3 and 4 leaves the intriguing possibility that

what is thought of as ‘‘typical’’ maritime precipitating

convection is in fact a convective type that is enabled

and supported only by larger-scale circulation features.

An in-depth study into the precipitation characteris-

tics of the ISCCP regimes is beyond the scope of this

investigation; however, for completeness a simplistic

calculation is performed to determine the average rain

rate per hour of each ISCCP regime. As the rain rates

for the ISCCP regimes have been derived from data

obtained from the region surrounding Darwin, they are

not intended to be applied to the tropics as a whole. The

rain rate for each of the ISCCP regimes was calculated

by multiplying the rain rate for each precipitation re-

gime (Fig. 5) by the frequency with which the radar

regimes occur within the given ISCCP regime (Fig. 10).

These results are displayed in Table 2 and show that the

rain rates for the ISCCP regimes is highest for the most

convective regime CD, and decreases corresponding to

convective intensity, with the suppressed regimes hav-

ing the lowest rain rates. It is interesting to note that the

CC and the MIX regimes both have approximately the

same rain rates. Although simplistic, associating an av-

erage rain rate with each of the ISCCP regimes can be

thought of as a first step in creating/assessing parame-

terizations for numerical modeling. For example Fig. 10

and Table 2 show that from a precipitation point of

view regimes CC and MIX are quite similar; therefore,

it may be useful to create parameterizations for tropical

weather conditions based on the ISSCP regimes (which

represent distinct and different states of the tropical

atmosphere that can distinguish the four main classes

found here), using the radar regimes to estimate of the

total rainfall and latent heating associated with each

regime.

FIG. 9. RFO of the four precipitation and zeroth regimes for a

given wind direction (defined as either easterly or westerly).
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6. Concluding remarks

This study has investigated if the three-dimensional

structure of precipitation in the Darwin area as mea-

sured by a scanning polarimetric weather radar can

be objectively classified into regimes. It has further-

more posed the question if those regimes have physical

connections to the known features of the tropical at-

mosphere in the region. A cluster algorithm was ap-

plied to two-dimensional histograms of reflectivity with

height derived from quasi-instantaneous radar volumes.

After excluding a regime with virtually no radar returns

in the volume (a ‘‘no-precipitation’’ regime) the analysis

revealed the existence of four precipitation regimes in

the Darwin region:

d Regime 1— a patchy convective regime of medium

intensity and low area coverage. This regime occurs

most frequently in the afternoon and during break

conditions.
d Regime 2—a strong convective regime with relatively

small area coverage. This regime has a peak in the

diurnal cycle in the afternoon and a secondary peak in

the early morning.
d Regime 3—a weak convective regime with large area

coverage and large stratiform regions. This regime

occurs most frequently during the late night/early

morning and during monsoon conditions.
d Regime 4—a strong convective regime with large

area coverage and large stratiform regions. This re-

gime has a peak in the diurnal cycle in the late night–

early morning and has links to monsoon conditions.

The overall statistics of the occurrence of these re-

gimes once again highlights that even during convec-

tively active periods such as the Australian summer

monsoon, the spatial coverage with precipitation is

overall small (cf. Figs. 2 and 3).

Linking the regimes identified by the algorithm to

known features such as the seasonal and diurnal cycle

and a simple description of monsoon activity through

wind direction has confirmed their different physical

character. Regimes 1 and 2 show signs of a strongly land-

induced diurnal cycle with an afternoon peak and occur

throughout the wet season. They are largely associated

with winds from the east, typical for monsoon buildup

and decay as well as monsoon break conditions, during

which convection is often observed to be of continental

character. Regimes 3 and 4 have their largest frequency

of occurrence in January—the peak of the monsoon

season. Their diurnal variation peaks at night or early

morninghoursandtheyare largelyassociatedwithwesterly

winds, as is typical for monsoon conditions.

Combining the precipitation regimes with tropical

cloud regimes previously identified from ISCCP data

reveals interesting relationships between the two. Ar-

guably there exist probably three (maybe four) broad

precipitation regimes across the five ISCCP-based re-

gimes present at Darwin. The suppressed shallow cloud

regime (SSCL) is dominated by the no-precipitation

and the patchy convection regimes. The stronger con-

vection regimes, in particular, the maritime ones do not

feature strongly in this cloud regime. While still domi-

nated by the patchy convection regimes, the convective

cirrus (CC) and mixed (MIX) cloud regimes and, to a

lesser extent, the suppressed thin cirrus (STC) regime

show larger frequencies of occurrence of the stronger

precipitation regimes. The fraction of maritime versus

continental precipitation regimes shifts steadily to more

and more maritime with increasing convective character

as identified in the cloud regimes themselves. By far the

most active and most ‘‘maritime’’ regime is the con-

vective deep anvil cloud regime (CD). About 50% of

the time in this cloud regime one of the three strong

convective precipitation regimes is present and this is

the only regime where the strong maritime regime oc-

curs with almost equal frequency to its weaker coun-

terpart. The occurrence of no precipitation or patchy

convection in this cloud regime is significantly reduced

compared to any other cloud regime, showing the

FIG. 10. Comparison between satellite and radar regimes. RFO

as a function of radar regime, for the satellite regimes defined by

Rossow et al. The SSCH satellite regime has not been included

because of an extremely low frequency of occurrence.

TABLE 2. Calculated average rain rate of each ISCCP regime

(mm h21).

CD CC MIX STC SSCL

0.8007 0.4325 0.3981 0.2729 0.1994
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significantly different character of this regime. Given

the aforementioned strong links of the CD cloud regime

to large-scale circulation features (Rossow et al. 2005;

Höglund 2005) further investigations into the precipi-

tation characteristics using the regimes definitions de-

rived here seem warranted.

The objective identification of precipitation regimes

from radar data and the establishment of some of

their physical characteristics open several avenues for fur-

ther research. Their simplest application is in the objec-

tive identification of the overall character (i.e., mostly

maritime versus mostly continental) and intensity (i.e.,

strong versus weak). Such characterization obviously

already exists and is used regularly, but has so far largely

been based on subjective criteria and/or the use of wind

direction to identify convective character. The use of

radar data as suggested here is both objective and more

directly based on the precipitation features themselves.

An obvious question for future research is how general

the regimes found at Darwin are for the wider tropi-

cal region. Applying the techniques proposed here to

other radar locations in the tropics, such as Kwajalein

(Cetrone and Houze 2006), would be a natural exten-

sion of this study. Another possibility would be the ap-

plication to data collected by the TRMM precipita-

tion radar. It would also be interesting to investigate if

regimes defined in a similar way to those used here

could helpful in objectively determining some of the

‘‘building blocks’’ used in the stretched building block

conceptual model described by Mapes et al. (2006).

The regimes identified here represent the statistical

characteristics of convection at the spatial scale of the

radar footprint (roughly 300 km2). Studying the regime

identification as a function of scale is therefore another

possible extension of this work. As has been highlighted

here, combining the precipitation regime information

with data from different types of instruments is another

promising avenue of research. The brief example of the

ISCCP-based cloud regimes emphasizes the potential

of such investigations. The presence of a large suite of

instruments deployed by the U.S. Department of En-

ergy’s ARM program (Ackerman and Stokes 2003) as

well as recently conducted field studies such as TWP-

ICE (May et al. 2005) make Darwin the ideal location

for such studies. On a longer time scale, objectively

defined precipitation regimes may also prove useful

when studying local changes in rainfall patterns due to

changes in synoptic conditions and seasonal weather

patterns (e.g., El Niño). A similar analysis could be

performed over a much larger time scale to determine

how or if the precipitation regimes change with time

and determine any possible links with climate change.

Finally it would be very interesting to investigate if

models, in particular those that resolve deep convec-

tion, are able to reproduce the observed regimes when

forced with realistic large-scale conditions. Recent field

data will enable such studies in the near future.
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