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ABSTRACT

C-band polarimetric radar measurements spanning two wet seasons are used to study the effects of the
large-scale environment on the statistical properties of stratiform and convective rainfall around Darwin,
Australia. The rainfall physical properties presented herein are the reflectivity fields, daily rainfall accumu-
lations and raining area, rain rates, and drop size distribution (DSD) parameters (median volume diameter
and “‘normalized” intercept parameter). Each of these properties is then analyzed according to five different
atmospheric regimes and further separated into stratiform or convective rain categories following a DSD-
based approach. The regimes, objectively identified by radiosonde thermodynamic and wind measurements,
represent typical wet-season atmospheric conditions: the active monsoon regime, the “break” periods, the
“buildup” regime, the trade wind regime, and a mixture of inactive/break periods. The large-scale context is
found to strongly modulate rainfall and cloud microphysical properties. For example, during the active
monsoon regime, the daily rain accumulation is higher than in the other regimes, while this regime is asso-
ciated with the lowest rain rates. Precipitation in this active monsoon regime is found to be widespread and
mainly composed of small particles in high concentration compared to the other regimes. Vertical profiles of
reflectivity and DSD parameters suggest that warm rain processes are dominant during this regime. In
contrast, rainfall properties in the drier regimes (trade wind/buildup regimes) are mostly of continental origin,
with rain rates higher than in the moister regimes. In these drier regimes, precipitation is mainly formed of
large raindrops in relatively low concentration due to a larger contribution of the ice microphysical processes
on the rainfall formation.

1. Introduction observations when they are globally composited (Stephens
et al. 2010). However, this good match is produced by
global models through a compensation of errors, with
models producing precipitation approximately twice
as often as that observed and making rainfall far too
light (Stephens et al. 2010). Thus, global models are

* A partnership between the Bureau of Meteorology and the u.nz.lble' to represent the spatlal Yarlablhty of the pre-

Commonwealth Scientific and Industrial Research Organisation. cipitation frequency and intensity (Sun et al. 2006).

But, if we are to better predict how precipitation pat-

) . . . terns might vary in a changing climate, global models
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E-mail: guillaume.penide@univ-lille].fr present climate.

It has been recently shown (Stephens et al. 2010)
that the time-integrated accumulations of precipita-
tion produced by global climate models closely match
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Precipitation patterns and their associated physical
processes remain difficult to characterize at different
scales because of their large spatial and temporal var-
iability. Thus, long-term observations from active and
passive remote sensing instruments such as radars, li-
dars, and radiometers on the ground or on board sat-
ellites represent key datasets that can help improve our
understanding of cloud and rainfall properties.

The underlying motivation of this work is to contrib-
ute to the improvement of climate models and satellite-
based retrievals such as the Tropical Rainfall Measuring
Mission (TRMM; Kummerow et al. 1998) and the future
Global Precipitation Measurement (GPM) project by
providing an observational basis to assess their outputs
and, in a second step, to help constrain or build new
parameterizations of microphysics for numerical models
that would account for the large-scale context [as pro-
posed, for instance, as a new framework for parame-
terization developments in Jakob (2010)]. The approach
considered in the present paper, building on the prior
studies of Bringi et al. (2009) and Thurai et al. (2010),
uses long time series of observations from the Darwin
(Northern Territory, Australia) dual-polarized C-band
radar to determine the effect of the large-scale atmo-
spheric environment on the rainfall properties. The un-
derlying question here is: How variable are the rainfall
physical properties as a function of the large-scale con-
text? Moreover, this work aims to complement the studies
of Protat et al. (2011) on the variability of tropical ice
cloud properties (ice water content, visible extinction,
effective radius, total concentration) and Kumar et al.
(2013) on convective cloud characteristics (life cycle,
cloud-top height, electrical activity, cell volume). These
studies make use of the same large-scale regime defini-
tions and the same observational periods [as defined in
Pope et al. (2009)] in order to build a comprehensive test
bed for large-scale model verification of cloud and pre-
cipitation properties and also to help improve cloud re-
solving model (CRM) microphysical parameterizations.

To achieve this, the identification of physically based
large-scale regimes is of primary importance, as the
synoptic environment inherently drives cloud and rain-
fall properties at smaller scales. Various large-scale en-
vironment definitions could be used for this kind of study
(Protat et al. 2011), such as the convective modulation
over the tropics defined by the Madden—Julian oscilla-
tion (MJO; Madden and Julian 1972) index (Wheeler
and Hendon 2004) or the cloud regimes in the tropical
western Pacific as defined by Jakob and Tselioudis (2003)
within the framework of the International Satellite Cloud
Climatology Project (ISCCP; Rossow and Schiffer 1991).
But, as the aim of this work is to provide small-scale
statistics useful for the evaluation of numerical models
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and satellite-based retrievals, as well as to inform pa-
rameterization development, there is a need to link the
rainfall properties to large-scale atmospheric regimes
identified with thermodynamical (temperature, dewpoint
temperature) and kinematic (horizontal winds) profiles.
Indeed, these basic variables, which can be easily mea-
sured with radiosondes and simulated in numerical at-
mospheric models, provide a strong foundation to build
and compare long-term statistics.

Statistics of drop size distribution (DSD) parameters
and rain rates retrieved from C-band polarimetric radar
measurements over Darwin during two consecutive wet
seasons (October—April 2005/06 and 2006/07) are ana-
lyzed. DSD parameters were retrieved following the
technique described in Bringi et al. (2009) and further
separated according to five large-scale regimes and
two different rain types: stratiform and convective. The
dataset used herein is larger than in the previous studies
of Bringi et al. (2009) and Thurai et al. (2010), which used
only a few days to study the DSD variability as a function
of only two regimes (buildup and active monsoon).

2. Methodology
a. C-PoL radar and DSD retrievals

C-Pol (Keenan et al. 1998) is a C-band (5.5 GHz) dual-
polarization radar located near Darwin. The C-Pol radar
performs a volumetric scan every 10 min within a 150-km
scan radius, using 15 elevation angles (from 0.5° to 43.1°)
and a range resolution of 300 m. It transmits and receives
linear vertical and horizontal polarizations, which give
access to key polarimetric variables such as the hori-
zontal reflectivity Z;, the differential reflectivity Zg;,
and the specific differential phase Kg,, which are the
inputs into the DSD retrieval algorithm of Bringi et al.
(2009) that is used in the present study.

In this method, DSD parameters and rain rates are
retrieved on each plan position indicator (PPI) scan using
a normalized gamma DSD functional form (Testud et al.
2001) described by the median volume diameter Dy and
the “generalized” intercept parameter N,,. In this study,
N,, is the same as the intercept parameter of an expo-
nential DSD with the same D, and liquid water content
as the gamma DSD. This algorithm uses a multiparam-
eter approach to take advantage of the complementary
information contained in the polarized backscattered
signals and has been developed using 6 months of dis-
drometer data. First, Z;, and Z,, are corrected for at-
tenuation using the ZPHI method [correction of Z,
using the differential propagation phase ®g4, (Testud
et al. 2000; Bringi et al. 2001)] and the Tan et al. (1995)
approach, respectively. The third input variable, Kqp, is
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FIG. 1. Location of the C-Pol radar (diamond) near Darwin (square) and of the analyzed area
(dashed circles delimitating the [20-120] km around the radar center).

derived from the measured differential propagation
phase ®gj, using the finite impulse response (FIR) range
filter (Hubbert and Bringi 1995). Note that as a result of
large gate-to-gate fluctuations, Zy, was also treated us-
ing the FIR range filter. Then, Dy is retrieved from the
differential reflectivity using polynomial fits [i.e., Dy =
f(Zar)], N, is then estimated using a power law from both
Zy, and D [N,, = f(Zy, Dy)], and finally the rain rate is
estimated using a function of the form R = f(Kgp), R =
f(Zy, Za),0r R = f(Z},), depending on various thresholds
and a decision tree (Bringi et al. 2009).
Constant-altitude plan position indicators (CAPPIs)
at an altitude of 2.5km are used so that each analysis
is realized at the same altitude. This avoids biases from
microphysical properties, which vary with height, such
as those introduced by the evaporation—coalescence—
breakup of raindrops. Each CAPPI is horizontally de-
fined within a radius of 140 km and a horizontal resolution
of 2.5km. To avoid any issues that might appear during
the interpolation from PPIs to CAPPIs, only the values
in the range 20-120 km are analyzed, which corresponds
to a total coverage area of 43 982 km?, as shown in Fig. 1.

b. Convective—stratiform separation

Many studies have been devoted to the classification
of rain types into stratiform and convective parts using
rain gauges and/or radar data (Williams et al. 1995;

Steiner et al. 1995; Tokay and Short 1996; Biggerstaff
and Listemaa 2000; Ulbrich and Atlas 2007; Bringi et al.
2009; Thurai et al. 2010) or visible-infrared-microwave
satellite data (Adler and Negri 1988; Anagnostou and
Kummerow 1997; Hong et al. 1999). Convective and
stratiform parts of cloud systems show significant dif-
ferences in terms of dynamics and thus in terms of mi-
crophysics, so it is obvious that different rain types have
to be treated separately in order to extract consistent
conclusions.

The approach considered in the present paper was
to use a DSD-based separation technique as described
in Bringi et al. (2009). They introduced a third class of
precipitation, defined as “mixed” rain or ‘“‘transition”
rain formed from decaying convective cells that have
enough microphysical differences from purely strati-
form and convective rain types to be considered as a
(self-consistent) separate rain class (Williams et al. 1995).
They showed that the inherent microphysical differ-
ences within the three regimes can be easily identified in
the log,,(NVw) — Dy space using a simple linear function
(separator criterion) given by

log,((N};P)=—1.6D,+ 6.3, (1)
where Dy is in units of millimeters, N,, is in units of per
millimeters per meter cubed, and the superscript sep
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FIG. 2. Two-year mean profiles of radiosonde measurements of (a) horizontal winds and (b) relative humidity, for the
five wet-season regimes.

stands for the separator. From this separator criterion,
a simple index i defined as the difference between the
retrieved log,,(NSPOY) and Eq. (1) is calculated:

i= logm(NSPOL) —log,,(N,;P). (2)
As a result, large positive values of i refer to convective
regions, large negative values of i represent stratiform
regions, and low-magnitude values of i, both positive
and negative, indicate transition regions.

Bringi et al. (2009) have also compared their classifi-
cation method with the nonpolarimetric Steiner et al.
(1995) approach. Bringi et al. showed by using proba-
bility density function (PDF) comparisons of the two
techniques that the DSD-based approach allows a more
constrained definition of the convective regions without
any small values of rain rates, Dy, and N,, (smaller than
10mmh~!, 0.7mm, and 3.2, respectively). They con-
cluded that this approach seemed more realistic in terms
of the definition of convection, and that stratiform re-
gions were as accurately identified as with the texture-
based method with the addition of a smoother transition
between the two regimes via the introduction of the
mixed rain class. As the mixed or “‘uncertain’ category
represents only 3% of the dataset, only purely strati-
form and purely convective precipitation categories

have been used in the following. In addition, two-sample
Kolmogorov-Smirnov tests have been realized on every
pair of PDFs presented herein in order to test the in-
dependency and the statistical significance of the results.
The test gives 0 if the two PDFs being tested are totally
independent and 1 if the two samples come from the
same distribution. We found that the maximum value
of all the tests that we realized is about 10~°, which in-
dicates that all the PDFs are clearly independent and
that all the comparisons between the PDFs are statisti-
cally significant.

¢. Thermodynamic and kinematic large-scale regimes

Pope et al. (2009) performed a cluster analysis on wind
and thermodynamical profiles from daily radiosondes
(2300 UTC) launched at Darwin corresponding to 49
wet seasons between 1957/58 and 2005/06. They defined
five atmospheric regimes corresponding to different hori-
zontal wind, temperature, and dewpoint temperature
profiles. The mean profiles of horizontal wind and rel-
ative humidity corresponding to the five atmospheric
regimes within our two-wet season dataset are shown
in Figs. 2a and 2b, respectively. Additionally, Table 1
summarizes the number of points and the occurrence
corresponding to each of the five large-scale regimes,
which are then separated into stratiform and convective
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TABLE 1. Number of days and occurrences of the five large-scale regimes, and the corresponding stratiform and convective number of
points and occurrence used to build the statistics.

Regimes Dry east Deep west East Shallow west Moist east
No. of days (%) 37 (10.3) 64 (17.8) 25 (6.9) 59 (16.4) 175 (48.6)
No. of points (%)  Stratiform 149190 (88.7) 6183388 (91.9) 482655 (89.2) 4320299 (92.6)  1.155714 6 x 107 (91.4)
Convective 13742 (8.1) 342194 (5.0) 41151 (7.6) 227776 (4.8) 705488 (5.5)
precipitation. The following main features of the five DE regime but is characterized by a moister profile.
regimes are identified: This regime represents about 7% of the dataset.

o Shallow westerly regime (SW)—This regime is asso-
ciated with a weaker monsoon circulation than occurs
during the DW regime due to an eastward propaga-
tion of the MJO (Pope et al. 2009). It is composed of
shallow southwesterly winds below 2 km and weak
southeasterly winds above with an intermediate mois-
ture profile. This regime can be seen as a mixed inactive
and break monsoon regime with a relative occurrence
of about 16% during the wet season.

e Moist easterly regime (ME)—This regime is charac-
terized by weak easterlies throughout the entire atmo-
sphere associated with higher humidity profiles than
the other easterly regimes. The ME regime corresponds
to break monsoon conditions and occurs on about half
of the days during the north Australian wet season.

e Dry easterly regime (DE)—This regime is character-
ized by drier than normal southeasterly winds from the
surface up to the midtroposphere (7-8 km) and weak
northwesterlies above 8 km. As relative humidity de-
creases dramatically with height compared to the other
regimes, the DE regime is considered to be the driest
of the five regimes and can be viewed as a trade wind
regime. This regime occurs on about 10% of the days
in our dataset (Table 1).

e Deep westerly regime (DW)—This regime is com-
posed of northwesterly winds below 7-8 km associated
with high humidity and southeasterly winds above
8 km. This regime is identified with the typical active
monsoon regime at Darwin (Drosdowsky 1996) and
represents about 18% of the days.

o Easterly regime (E)—This regime represents a transi- To illustrate the variability and length of each regime,
tion environment (buildup) between the trade winds the temporal evolution of the regime classification is
(DE regime) and the active monsoon (DW regime) shown in Fig. 3. One can see that the active monsoon
(cf. Keenan and Carbone 1992). It has almost the same  regime (DW) and the break periods (ME) are the only
horizontal wind profile (with lower magnitudes) as the  two regimes that, once established, tend to last several
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FIG. 3. Temporal evolution of the five large-scale regimes during the two wet seasons (2005/06 and 2006/07).
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FIG. 4. Bar graph of daily total radar domain rainfall (left bars
labeled “R”’) and average raining area (right bars labeled “A’’)
within 120 km of the radar using all data and separately for the five
large-scale atmospheric regimes. Amounts that are convective in
nature are shown in a darker shade and the remaining lighter
shades represent the stratiform contributions. The stratiform con-
tributions have also been expressed as the percentage of the total.

days. Except during the first two months (October—
November) of the 2006/07 wet season, the DE regime
is very sparse. The E regime is infrequently represented
(only about 7% ) and mainly appears between two break
periods. Finally, the SW regime has an intermediate
pattern of behavior since it tends to last for a few days
once established and it almost always appears after the
DW regime, which is consistent with the hypothesis that
the SW and DW regimes are connected with the east-
ward propagation of the MJO (Pope et al. 2009).

3. Results

In this section we present an overview of the strati-
form and convective rainfall properties as a function of
the five Darwin wet season regimes. First, the general
patterns of the stratiform and convective precipitation
are discussed. Next, the vertical structure of the reflec-
tivity fields and DSD parameters will be analyzed. Fi-
nally, the variability of the DSD parameters at 2.5-km
height will be presented.

a. Overview of stratiform—convective precipitation
during the five Darwin wet-season regimes

Figures 4 and 5 summarize the general patterns of
stratiform and convective precipitation corresponding
to the five large-scale regimes. Figure 4 shows the daily
average rainfall and raining area retrieved from C-Pol
measurements, and Fig. 5 illustrates the rainfall spatial
variability. It is clear from Fig. 4 that the active monsoon
regime (DW) corresponds to the largest precipitation
area and the highest daily rainfall accumulation. The DE
and E are the driest regimes. The SW and ME regimes
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are quite similar in terms of rainfall accumulation and
raining area with magnitudes closer to the DW regime
than to the DE and E regimes. A main difference be-
tween the regimes is the convective contribution to the
total rainfall, which is only 49% within the DW regime
(lowest percentage) while it reaches 65% and 69% within
the E and DE regimes, respectively. In addition, the
convective contribution to the total raining area varies
from 8% (DW, SW, and ME) up to 13% for the DE
regime. More stratiform rain is produced during the DW
regime as compared to the other regimes (51% versus
48% for ME) due to longer-lived anvil clouds generated
by deep convection (May and Ballinger 2007; Protat et al.
2011; Kumar et al. 2013). The active monsoon regime
shows a widespread spatial variability over the whole
radar scan (Fig. 5) with clear evidence of oceanic and
coastal influences (e.g., Keenan and Carbone 1992). The
oceanic convection is usually embedded within a clean
maritime environment associated with high concentra-
tions of coarse- and fine-mode sulfate aerosols (Allen
et al. 2008), while the coastal influence is mainly due to
the land- and sea-breeze convergence around Darwin.
Within all the easterly regimes, large daily rainfall
accumulations are located on the western part of the
Tiwi Islands, off the coast of northern Australia (Fig. 5).
This particular feature of the easterly regimes can be
attributed to the strong interactions between sea breezes
and cold pools that often evolve in mesoscale convective
systems (MCSs; a.k.a. Hectors) when gust fronts amplify
the convection along the zonal breeze fronts (Carbone
et al. 2000). During the dry easterly regime, convective
precipitation is mainly present over the Tiwi Islands
with only a weak coastal influence while the E regime
exhibits a much more widespread area of coverage with
a noticeable coastal influence. The ME regime also ex-
hibits secondary maxima over the inland sector and over
the Australian western coast. Finally, precipitation within
the SW regime has no real preferential geographical
location (Fig. 5). During this regime, the accumulated
rainfall and the convective contribution to rainfall are
slightly larger than average (54% versus 52%; Fig. 4).

b. Vertical structure of stratiform—convective
precipitation during the five Darwin wet-season
regimes

To further analyze the regime dependence of rainfall
parameters in terms of microphysical processes, verti-
cal information is needed. Figure 6 shows the height-
dependent probability density functions of reflectivities
[hereafter HPDF, as defined in Protat et al. (2010)], and
Fig. 7 shows the mean profiles of D, and N,, together
with, at each CAPPI level, a bar representing the “in-
terquartile range” (i.e., the range within which 50% of
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quartile range represents the difference between the third and the first quartiles (i.e., the range within which are
located 50% of the population around the median value).

the population around the median value is located). Two
kinds of HPDFs are presented in Fig. 6; the top two
HPDFs are built considering all the stratiform and con-
vective points (Figs. 6a and 6b, respectively), and the
remaining panels represent the HPDFs of reflectivity
anomalies (i.e., regime — total) corresponding to the five
regimes and separated in stratiform (left-hand side in
Fig. 6) and convective precipitation (right-hand side).
Figures 6a and 6b exhibit very common features relative
to the stratiform and convective precipitation (Yuter
and Houze 1995). The HPDF of stratiform precipitation

(Fig. 6a) shows a slow increase in the reflectivities with
decreasing height from 14 to 5Skm (the approximate al-
titude of the 0°C isotherm), followed by a slight decrease
in liquid phase toward the surface. The increase in the
reflectivities from 14 to Skm can be explained by the
growth processes of ice particles, such as the aggregation
and diffusional growth processes, which are preponder-
ant in stratiform clouds (e.g., Houghton 1968; Yuter and
Houze 1995; Houze 1997; McFarquhar et al. 2007; Penide
et al. 2010; Protat et al. 2011). The decreasing reflec-
tivities from the melting level toward the surface can
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be interpreted as a combination of the evaporation and
breakup processes, which tend to decrease the particle
diameters and thus the reflectivities. Moreover, Figs. 7a
and 7c clearly show that, when considering all the data
(shaded area), there is a quasi-constant D value from 4 to
2km associated with increasing values of N,,, which can
be interpreted as a competition between coalescence and
breakup leading to an increase in the number of both
small and large particles that could explain the constant
median volume diameter (hydrometeors such as aggre-
gates, once melted, can lead to large and unstable drops).
In addition, the slight increase in LWC (not shown) from
4 to 2km can be explained by the growth of the particles
in a humid environment. Indeed, at such altitudes addi-
tional condensational growth and/or accretion of cloud
water may contribute to the increase in mass. These pro-
cesses are sensitive to the local dynamics and thermody-
namics as well as to the DSD shape, given that small
droplets evaporate first and that breakup is mainly related
to the larger raindrops.

In contrast, the HPDF of the convective precipitation
(Fig. 6b) exhibits a different pattern of vertical behavior.
There is a steeper increase in the reflectivity mode from
14km down to 4-km altitude (compared to the strati-
form HPDF; Fig. 6a), followed by a quasi-constant mode
of reflectivity toward the surface (around 42 dBZ). The
faster increase of the convective reflectivity mode with
decreasing height is due to the difference between the
growth processes involved. Convective clouds have larger
updrafts than do stratiform clouds, resulting in different
ice crystal microphysics notably via the activation of the
riming process. Usually, large rimed hydrometeors such
as hail or graupel are created exclusively within the
convective parts of tropical thunderstorms and mainly
above the melting layer where there is supercooled water
available (e.g., Ludlam 1950; Houghton 1968; Musil
1970; Browning et al. 1976; Houze 2004). Reflectivities
associated with these types of hydrometeors increase
rapidly with decreasing height, which explains the dif-
ferent slope found between the stratiform and convec-
tive regions at these levels. Once created, these large
and dense hydrometeors fall rapidly and thus take time
to melt after they fall through the 0°C isotherm so that
they are not associated with a well-defined melting layer
(bright band). Thus, the reflectivity maximum is ob-
served between 2 and 4 km (i.e., below the 0°C level) due
to the presence of both melting hail (and/or graupel)
and large raindrops (coming from melted ice crystals)
that are not as affected by the evaporation process as
stratiform precipitation, but where the collisional pro-
cesses (breakup and coalescence) dominate (Hu and
Srivastava 1995). The increase of the HPDF width close
to the ground is due to the cumulative effect of both
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large raindrops’ breakup and coalescence processes,
which have opposite consequences on the DSD pa-
rameters (i.e., the coalescence process increases D and
decreases N,,, whereas breakup decreases D, and in-
creases N,,). Therefore, a wide range of possible re-
flectivity values can be observed according to the different
relative efficiencies of these two processes within the
2-yr dataset. Nevertheless, the vertical profiles of con-
vective Dy and N,, (Figs. 7b and 7d) show that, within
all the regimes, there is a slow decrease of D from 4 to
3 km associated with a large increase in N,,, which is the
signature of the breakup process. But, as D decreases
faster between 2km and the surface, the breakup pro-
cess between 3 and 4 km must be in competition with the
coalescence process that has the opposite effect on the
DSD parameters, as explained previously. Then, from
3km to the surface there is a steeper decrease of D,
associated with a slightly increasing N,, for DW, ME,
and SW, while it is almost constant for DE and E. This
may be interpreted as being a competition between an
enhanced breakup process (and/or the activation of the
evaporation process in addition to the breakup one,
but this is less probable in convective precipitation)
that is compensated, at least in terms of N,,, by the co-
alescence process (and/or, to a lesser extent, by the
evaporation process).

The HPDFs of reflectivity anomalies show that there
are some fundamental differences between the five re-
gimes. For example, during the DE and E regimes, con-
vection is rare but very intense (Figs. 6d and 6f) and
corresponds to larger than average reflectivities in the
lower levels (between 40 and 50 dBZ). These large
reflectivity values are correlated with the larger relative
occurrence of high-level ice clouds with reflectivities in
the 20-40-dBZ range that are mainly generated by deep
convection (Protat et al. 2011; Kumar et al. 2013). These
large reflectivities in the DE and E regimes are also
associated with the largest mean median volume di-
ameters (Fig. 7b) and with the largest rain rates (see the
tails of the black and red PDFs of rain rates in Fig. 8b),
with averages of 33.4 and 32.1mmh ', respectively.
These two regimes also generate very different signa-
tures in the stratiform part (compared to the other re-
gimes) in response to different convective parts. This
includes a much wider distribution of the reflectivities
(Figs. 6¢ and 6e) in the ice-only region (positive anom-
alies on both sides of a negative anomaly indicate a
broader distribution at these levels) as well as additional
structures with, notably, a strong bimodality (two max-
ima at a given altitude) above 8 km that is not present
within the other regimes. These large differences, com-
pared to the other regimes, can be explained by the
larger variability of the convective cell intensities within
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FIG. 8. PDFs of (a) stratiform and (b) convective rain rates separated according to the five large-scale regimes. Means
and standard deviations (in brackets) for each PDF are also represented. Bins of 1 mmh ™! have been used.

the E and DE regimes (Kumar et al. 2013), yielding
a wider range of stratiform cloud properties. Neverthe-
less, an important part of the distributions in the upper
levels (above 8 km) is associated with large reflectivities,
so ice particles are larger than in the other regimes,
yielding a weaker vertical reflectivity gradient (variation
of the reflectivity toward the 0°C level). At lower levels
(i.e., below the 0°Clevel), one can see clear signatures of
large positive anomalies that rapidly decrease toward
the ground. This is the result of a more efficient evapo-
ration process due to the drier environment in the E and
DE regimes. Indeed, Fig. 7a shows that the E and DE
regimes are the only two regimes that exhibit an increase
in Dy from 2km toward the surface associated with
a decrease in N,, (Fig. 7c), which is the signature of the
evaporation process at those levels (Li and Srivastava
2001; Kumjian and Ryzhkov 2010). Moreover, the pos-
itive anomaly mode within the DE regime (Fig. 6c) is
slightly shifted toward smaller reflectivity values com-
pared to the E regime (Fig. 6¢), which indicates an even
more important role of the evaporation within the DE
regime that is also clearly visible in the vertical profiles
(Fig. 7) as D increases not only from 2 km toward the
ground but from 4 km in altitude to the ground.
Convective precipitation within the DW regime (ac-
tive monsoon; Fig. 6h) is characterized by a large shift
(5-10 dBZ) of the main reflectivity mode toward smaller
values through the whole troposphere (similar to the
stratiform precipitation) with a larger occurrence of low-
reflectivity/high-level clouds compared to the climatology.

This feature demonstrates that during the active mon-
soon regime, convection is less intense. Indeed, 25%
of the DW convective points have reflectivities below
40 dBZ (at 2.5km), which is a higher fraction than in
the other regimes: DE = 8%, E = 13%,SW = 14%, and
ME = 20%. Moreover, the vertical profile of the mean
D, (Fig. 7b) shows smaller magnitudes within the DW
regime compared to the others from the 0°C level to-
ward the surface. These results may be explained by the
presence of more cells embedded within large areas of
stratiform clouds typical of monsoon conditions. Some
of these cells may be in their mature/decaying phase, but
considering the large dataset used herein it seems more
probable that these cells are overall associated with
weaker updrafts (May and Ballinger 2007). Moreover,
this is consistent with the vertical reflectivity gradient
in the DW regime, which is larger than in the other re-
gimes, especially between 4 and 10km in altitude. This
implies that ice microphysical processes (mainly aggre-
gation and riming) play a less important role in the
convective precipitation pattern, as it tends to act on
a smaller depth (only between 4 and 8 km roughly)
compared to the E and DE regimes. Thus, convective
rain rates within this regime are naturally smaller than
in the other regimes (Fig. 8b) with a mean value of
253mmh ! (compared to 33.4mmh " within the DE
regime).

During the SW regime, convective parts are charac-
terized by larger reflectivities than average in liquid
phase (from the HPDF anomaly; Fig. 6j) that correspond
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to larger raindrops (Fig. 7b). This is consistent with the
fast increase in the reflectivity mode with decreasing
height in the ice phase, which indicates the presence
of large ice crystals as explained earlier. As shown in
Kumar et al. (2013), the SW regime is the most efficient
regime at producing deep convective, electrically active,
and long lasting (MCS like) storms. Both statistics for
the 5-dBZ cloud-top heights and the electrical activity
are clearly highest in the SW regime, followed by the
easterly regimes (DE/E and ME) and, finally, the DW
regime. These convective parts are associated with in-
creased frequencies of occurrence of large rainfall (mean
value of 31.7mmh ™ '; Fig. 8b). Interestingly, these larger
frequencies of occurrence of liquid phase reflectivities
are associated with a wider distribution of ice-phase
reflectivities (i.e., a larger difference between the two
extrema of positive anomalies). But, compared to the
other regimes that exhibit the same bimodality in the
distribution of the convective reflectivity anomalies (i.e.,
E and DE), this variability is not translated in the re-
sulting stratiform ice parts of the storms during the SW
regime (no more bimodality). This might indicate that
the transfer of ice particles from the SW convective part
to the stratiform part is different than in the other re-
gimes. Presumably, as the mode associated with the large
reflectivities has disappeared, smaller ice particles are
transferred and/or generated in the SW stratiform part.

Finally, the ME regime (break) shows a clear and
simple signature both in the convective and stratiform

parts (Figs. 6k and 61). The vertical reflectivity gradient
is quite similar to that of the DW regime but associated
with larger reflectivities, which correspond to bigger
hydrometeors than in the DW regime (Fig. 7b). This is
consistent with the fact that ME and DW are the two
regimes that generate most of the total precipitation
and exhibit identical convective—stratiform contribu-
tions to the raining area (Fig. 4), but with more rain
produced by the convective part in the ME regime (52%
versus 49%). Thus, the convective rain rate is slightly
larger than in the DW regime with a mean value of
28.6mmh ! (Fig. 8b).

c¢. PDFs of DSD parameters for the five large-scale
regimes

As shown in the previous section, each large-scale
regime is associated with different predominant cell
types: deep—shallow convection, stratiform—convective
rainfall contribution, life cycle, geographical location,
and all of these features are dependent on both the
thermodynamical environment and the vertical velocity
field (May and Ballinger 2007). Moreover, as these ther-
modynamic and vertical velocity fields drive the cloud
microphysics, it is worthwhile to analyze the statistical
differences that may exist on the DSD parameters.

PDFs of DSD parameters [D and log;o(N,,)] for the
five wet-season regimes and separated according to the
rain type are presented in Fig. 9. The first noteworthy
result is that whatever the parameter and precipitation
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type considered, the width (standard deviation, marked
in Fig. 9) of the PDF is smaller during the DW regime
(active monsoon), where ice microphysical processes are
expected to have a smaller impact on precipitation. The
main differences between the regimes appear when
comparing the “moist” regimes (DW and ME) with the
“dry” ones (DE and E); the shallow westerly regime
exhibits an intermediate pattern of behavior. This ob-
servation is well marked in the convective PDFs (Figs. 9¢
and 9d) while it is less obvious in the stratiform ones
(Figs. 9a and 9b).

Even though the differences are small in Figs. 9a and
9b, a noticeable fraction of the stratiform precipita-
tion during the E and DE regimes (considering the
number of points used to build the PDFs; Table 1) have
higher values of D (above 1.2 mm) and lower values of
log1o(N,,) (below 3.5; e.g., 3160 mm ! m?) compared to
the other regimes. These differences might be attributed
to the larger influence of ice processes on the production
of rainfall (Thurai et al. 2010) in addition to the evap-
oration of the smallest droplets during their fall, which
tends to decrease the number of small hydrometeors,
thereby increasing the median volume diameter. Con-
trary to the dry regimes, higher concentrations of small
raindrops are observed during the active monsoon (DW)
and break periods (ME), both in stratiform and con-
vective precipitation, which strengthens (from a statisti-
cal point of view) the results of previous studies (May
and Ballinger 2007; Bringi et al. 2009; Thurai et al. 2010;
May et al. 2011; Munchak et al. 2012).

Differences among regimes in the ““‘convective’” PDFs
are larger, indicating that the large-scale environment
clearly affects the DSD characteristics. Mean median
volume diameters for convective rain vary from 1.40 mm
during the DW regime to 1.71 mm during the DE re-
gime, which corresponds to a variation of about 18% in
terms of mean D, while there is a factor of 2.8 between
the means of the corresponding N,,. Even though the
behavior of Dy and N,, is generally opposite (as shown
in Figs. 7c and 7d), it is interesting to combine those
two variables to explore the variation of the associated
LWC. Figure 10 represents the PDF of the LWC cal-
culated following Testud et al. (2001) and assuming a
constant shape parameter of u = 1. It is interesting to
note in Fig. 10 that, whatever the regime considered, the
LWC of the convective rainfall is very similar due to the
compensation between the size and the concentration.
However, the mean LWC corresponding to the active
monsoon and the break regime are slightly greater than
for the DE and E regimes, which can be explained by the
fact that LWC is mainly carried by the smaller hydro-
meteors and that both ice processes and evaporation
play a key role within the E and DE regimes. This also
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explains the differences in term of skewness in the dis-
tributions. The DE and E regimes have a small positive
skewness (0.11, and 0.07, respectively) whereas DW, SW,
and ME have a well-marked positive skewness (0.34,0.23,
and 0.29, respectively), which represents the signature
of the larger amount of small droplets. May et al. (2011)
investigated the impact of aerosols on DSD parameters
and noticed that high positive values of skewness in the
N,, distributions were correlated to enhanced aerosol
loadings. They also showed that in low aerosol concen-
tration regimes larger supercooled droplets are advected
within the convective towers, which is consistent with
the presence of larger ice crystals and raindrops within
the E and DE regimes.

To further investigate these differences and make sure
they are not simply as a result of differences in reflec-
tivity PDFs among regimes, conditional PDFs were
also built in reflectivity bins. Figure 11 shows conditional
PDFs of rain rates and DSD parameters relative to con-
vective precipitation and separated according to both
large-scale regimes and reflectivity ranges (bins of 5 dBZ
were used). First, one can see that below 40 dBZ, PDFs
of rain rates are very similar within the five regimes with
only a few differences in terms of relative occurrence.
PDFs of DSD parameters show more differences and
notably a clear secondary mode within the DE and E
regimes, where the other regimes exhibit a slightly de-
creasing (Do) or increasing (N,,) slope of the PDF. Size
sorting within developing cells and/or evaporation (which
can be efficient since Z;, < 40 dBZ) could be good can-
didates to explain this secondary mode, as these pro-
cesses produce an increase in D, and a decrease in N,,
(Li and Srivastava 2001; Kumjian and Ryzhkov 2012).
This secondary peak in the DE and E regimes could also
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FIG. 11. Conditional PDFs of (top) rain rates, (middle) Dy, and (bottom) log;o(N,,) for convective precipitation according to various
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be due to the lack of representativeness in these regimes.
For example, less than 8% of the DE convective points
were used to build the PDF in the 35-40-dBZ range
compared to almost 21% of the DW convective points,
and the second peak represents 27% of these points (i.e.,
a total of about 280 points scattered within the 2-yr
scans). The main statistical differences appear in the 40—
45- and 45-50-dBZ ranges because they represent to-
gether about 75%-80% of all the convective points. One
can see that PDFs of rain rates are very different be-
tween the 40-45- and 45-50-dBZ ranges, as means and
the standard deviations increase by about 50% whereas
there is only a slight shift (same shape) in the corre-
sponding PDFs of D, and N,, toward larger values
without any increase in the standard deviations. Indeed,
a small increase in the mean diameter of 10% leads to
an increase of about 30% in terms of the mean raindrop
volume, which, associated with a 17% increase in the
number concentration, explain, in part, the 50% varia-
tion of the rain rate.

4. Conclusions

In this paper, a 2-yr dataset collected using a C-band
dual-polarization radar (C-Pol) located near Darwin,

Australia, is used to extract statistics of stratiform and
convective precipitation within five large-scale regimes.
The statistical properties presented in the present paper
are the total daily rainfall accumulations and raining
area, the spatial variability of the daily rainfall accu-
mulations, the vertical variability of the reflectivity fields
and DSD parameters retrieved following Bringi et al.
(2009), and the probability density functions of rain
rates and DSD parameters at a constant altitude of
2.5km. Each of these properties is then examined as
a function of five large-scale atmospheric regimes and
separately for stratiform and convective rainfall.
The main results can be summarized as follows:

o First, as this paper is based on preliminary studies by
Bringi et al. (2009) and Thurai et al. (2010) but using
a much larger dataset and a different approach con-
cerning the definition of the regimes, their main con-
clusions on the active monsoon regime (DW) and the
buildup one (DE) needed to be checked/strengthened
(from a statistical point of view) and extended using
vertical variability analysis.

 Precipitation is mostly of convective origin within the
DE and E regimes while the convective—stratiform
precipitation ratio is around unity for the other re-
gimes. SW and ME have almost the same total rainfall
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accumulation and average raining area. The DW
regime produces the most daily precipitation. How-
ever, since the ME regime occurrence composes 50%
of the wet season, it is the main contributor to the
annual rainfall in this region.

o Spatial maps of total rainfall accumulation show that
stratiform rainfall and convective rainfall are strongly
correlated in space. All of the “easterly” regimes (DE,
E, and ME) have a maximum over the Tiwi Islands
and have a noticeable coastal influence. “Westerly”
regimes show a more scattered precipitation pattern
over the whole domain. The DW regime has a strong
coastal influence, mainly over the western part of the
radar domain, whereas during the SW regime precipi-
tation is widespread with a weak land influence.

o The differences in terms of vertical reflectivity gradi-
ent and DSD parameter profiles highlight clear differ-
ences between the regimes such as the larger impact of
the evaporation process during the E and DE regimes,
or the fact that the active monsoon regime is predom-
inantly associated with warm rain processes whereas
the other regimes are more sensitive to ice microphys-
ical processes.

o PDFs of stratiform rain rates show a nearly identical
pattern of behavior whatever the regime considered.
PDFs of convective precipitation show that all the
regimes have a peak of occurrence at 18 mmh ! and
then differ according to the shape of the decreasing
slopes. The moist regimes (DW and ME) are associ-
ated with the lowest convective rain rates and stan-
dard deviations compared to the dry regimes (DE
and E).

o PDFs of DSD parameters exhibit significant differ-
ences according to the environmental conditions. The
active monsoon regime (DW) exhibits the narrower
distributions of both D, and N,, for both rain types.
The DW regime has the highest concentrations of small
droplets, followed by the ME (break), the SW, and
finally the driest regimes (E and DE). Conditional
PDFs have also shown that the shape of the PDF of
the DSD parameters was very similar between the 40—
45- and 45-50-dBZ ranges, which represent more than
75% of the convective points.

Based on the present study and the previous ones of
Protat et al. (2011) and Kumar et al. (2013), it is clear
that cloud and precipitation statistical properties are
strongly linked to the environmental conditions (i.e.,
large-scale forcing). Such complementary results on ice
cloud (Protat et al. 2011) and convective cell properties
(Kumar et al. 2013), as well as on precipitation charac-
teristics (this paper), provide a comprehensive picture of
the statistical properties of cloud systems as a whole in
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this area. Moreover, they offer a nearly complete ob-
servational basis to assess model parameterizations and
satellite retrievals in light of this regime framework.
Further developments in model parameterizations and
retrieval algorithms can also be guided by comparing the
statistics as a function of large-scale atmospheric re-
gimes. As a future work, and with the aim of having an
even more complete (and unprecedented) picture of the
statistical properties of the tropical troposphere in this
region, aerosol physical and chemical properties should
also be studied as a function of the same large-scale at-
mospheric regimes.
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