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Abstract. The validation of convective processes in global
climate models (GCMs) could benefit from the use of large
datasets that provide long-term climatologies of the spa-
tial statistics of convection. To that regard, echo top heights
(ETHs), convective areas, and frequencies of mesoscale con-
vective systems (MCSs) from 17 years of data from a C-band
polarization (CPOL) radar are analyzed in varying phases
of the Madden—Julian Oscillation (MJO) and northern Aus-
tralian monsoon in order to provide ample validation statis-
tics for GCM validation. The ETHs calculated using velocity
texture and reflectivity provide similar results, showing that
the ETHs are insensitive to various techniques that can be
used. Retrieved ETHs are correlated with those from cloud
top heights retrieved by Multifunctional Transport Satellites
(MTSATS), showing that the ETHs capture the relative vari-
ability in cloud top heights over seasonal scales.

Bimodal distributions of ETH, likely attributable to the cu-
mulus congestus clouds and mature stages of convection, are
more commonly observed when the active phase of the MJO
is over Australia due to greater mid-level moisture during the
active phase of the MJO. The presence of a convectively sta-
ble layer at around 5 km altitude over Darwin inhibiting con-
vection past this level can explain the position of the modes
at around 2-4km and 7-9 km. Larger cells were observed
during break conditions compared to monsoon conditions,
but only during the inactive phase of the MJO. The spatial
distributions show that Hector, a deep convective system that
occurs almost daily during the wet season over the Tiwi Is-
lands, and sea-breeze convergence lines are likely more com-
mon in break conditions. Oceanic MCSs are more common
during the night over Darwin. Convective areas were gener-

ally smaller and MCSs more frequent during active monsoon
conditions. In general, the MJO is a greater control on the
ETHs in the deep convective mode observed over Darwin,
with higher distributions of ETH when the MJO is active over
Darwin.

Copyright statement. Robert C. Jackson’s and Scott M. Collis’
copyright for this publication is transferred to Argonne National
Laboratory.

1 Introduction

Convection in the tropics has an important impact on the
global radiative budget. For example, anvil cirrus that is de-
trained from convection can have a solar forcing of the or-
der of 100 W m—2 (Jensen et al., 1994). The infrared radia-
tive forcing of this anvil cirrus is highly dependent on the
temperature or height where it is present. Furthermore, con-
vection acts as a vehicle to transport moisture to the trop-
ical tropopause layer (TTL; 15km; Dessler, 2002) and can
therefore significantly affect the distribution of moisture at
the tropopause. Furthermore, the largest convective cells ac-
count for a majority of the convective mass flux (Kumar
et al., 2015; Masunaga and Luo, 2016; Hagos et al., 2018).
This shows that the convective cell size is another important
factor for determining vertical moisture transport. Therefore,
knowledge of the cloud top heights and cell sizes of such
convection is useful for determining the impact of deep con-
vection on the global radiative budget and upper tropospheric
distribution of moisture. This provides a need for a climatol-
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ogy of such cloud macrophysical properties in the tropics that
can be used to validate global climate model (GCM) simula-
tions of convection.

A region in the tropics with continuous observations of the
macrophysical properties of clouds provides such a climatol-
ogy. Such a region is located in Darwin, Australia. Decades
of continuous observations have been collected in Darwin,
including 17 years of plan position indicator (PPI) scans from
the C-band polarization radar (CPOL; Keenan et al., 1998;
Sivaraman et al., 2017). This region is also ideal for develop-
ing such a climatology, as the synoptic scale forcing can be
objectively determined from both determining information
about the northern Australian monsoon (Drosdowsky, 1996;
Pope et al., 2009) and about the phase of the MJO (Mad-
den and Julian, 1971; Wheeler and Hendon, 2004), both of
which can provide the forcing necessary for convection to de-
velop over the Darwin area. For example, high (20-30 dBZ)
reflectivities above the freezing level, slightly smaller cells,
and greater amounts of lightning have been observed during
break convection, while monsoonal convection tends to be
shallower, more widespread, and less electrically active (Rut-
ledge et al., 1992; Williams et al., 1992; May and Ballinger,
2007; Kumar et al., 2013a, b). Also, the monsoon preferen-
tially begins when the convectively active phase of the MJO
approaches Darwin (Evans et al., 2014), so the MJO and the
monsoon are not necessarily independent of each other. Be-
sides convection associated with the MJO and the monsoon,
the convection that occurs in this region can also be influ-
enced by the sea breeze and Tiwi Islands, such as the nearly
daily summer occurrence of an intense deep convective sys-
tem called Hector (Keenan et al., 1989; Crook, 2001). The
MJO is poorly resolved in many general circulation models
(GCMs; Gu et al., 2011). Also, convective parameterizations
in GCMs do not account for mesoscale organization result-
ing in insufficient sensitivity to upper tropospheric humidity
(Del Genio, 2012). Therefore, statistical analyses of how the
cloud tops vary for differing phases of the MJO and monsoon
are useful for GCM validation.

Past studies have examined the cloud top heights in con-
vection over Darwin and the maritime continent estimated
by radar through the echo top height (ETH). Observations
in Indonesia by Johnson et al. (1999) showed three modes
in ETH in convection during the Tropical Ocean Global At-
mosphere coupled ocean atmospheric response experiment
that corresponded to stable layers: a mode at 2km, a mode
at around 5km, and a mode at around the tropopause of
15km. Over Darwin, May and Ballinger (2007) examined
the distribution of ETHs in convection for one wet season and
found limited evidence of multimodal distributions of ETH,
but they had only considered the maximum cloud top height
over a cell’s lifetime. Furthermore, they found that cloud top
heights in break convection were higher than those in mon-
soonal convection. Kumar et al. (2013b) analyzed two wet
seasons of CPOL data and found evidence of bimodal ETH
distributions. They also found that convection formed dur-
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ing active monsoon conditions has lower cloud top heights
than convection formed during break conditions similar to
May and Ballinger (2007). Kumar et al. (2013a) investigated
three wet seasons of CPOL data in Darwin and found four
differing modes that corresponded to trade wind cumulus,
cumulus congestus, deep convection, and overshooting con-
vection. Therefore, differing conclusions have been reached
on the number of modes of convection that are present over
Darwin and the maritime continent.

This study improves upon past studies looking at cloud
top heights in Darwin in various ways. First, the analysis is
expanded to the full CPOL record of 17 wet seasons to an-
alyze the relationship between convective properties and the
large-scale environment on a more statistically representative
dataset than has been done in Johnson et al. (1999), May and
Ballinger (2007), and Kumar et al. (2013a, b). This is possi-
ble using recent advances in supercomputing and recent de-
velopments of highly customizable distributed data analysis
packages written in Python such as Dask (Dask Development
Team, 2016). Secondly, none of the past studies have looked
at how ETHs can vary for differing phases of the MJO. Rau-
niyar and Walsh (2016) have found that rainfall rates in Dar-
win are correlated to the presence of the convective phase
of the MJO over Darwin. Also, Evans et al. (2014) have ob-
served that the preferential onset of the monsoon is when the
active phase of the MJO approaches Australia. Therefore it
is worth exploring the possibility that cloud top heights of
convection in Darwin are also influenced by the MJO. In this
study we wish to answer the following questions:

1. Does the MJO have an influence on the observed con-
vective cloud top heights over the Darwin area?

2. Do the conclusions of past studies regarding the heights
of break and monsoonal convection over Darwin still
hold when using 17 wet seasons?

3. What are the spatial distributions and diurnal cycles of
convective cloud top heights over Darwin during the dif-
fering phases of the MJO and monsoon?

4. When do we observe multiple modes in the distributions
of cloud top heights when looking at 17 years worth of
data?

It is also important to note that the past studies have used
a reflectivity (Z) threshold to determine the ETH. Using a
reflectivity threshold, there is the potential that regions near
cloud top that are detected by CPOL could be excluded. Re-
flectivity fields from CPOL are also prone to miscalibration
and attenuation, although these effects have been corrected
as best as possible in the dataset used in the following sec-
tions. As an independent assessment of these corrections and
for sake of comparison of two ETH retrieval techniques, this
study also assesses the applicability of an alternate algorithm
that uses velocity texture o, a quantity not affected by radar
miscalibration and less likely to be affected by attenuation
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than Z, to derive the ETH. This technique also allows for
automatic detection of the noise floor of the radar and po-
tentially the inclusion of more regions near cloud top. The
feasibility of using this methodology is assessed by compar-
ing ETHs derived using varying thresholds of o as well as Z
against satellite-retrieved cloud top heights.

The remainder of the paper is organized as follows. Sec-
tion 2 will go into detail about the data products that are
used. Section 3 describes the algorithms used to process the
radar data, estimate echo top height, and quantify the syn-
optic scale forcing over Darwin. Section 4 shows results of
how the ETHs vary in differing phases of the MJO and in
differing monsoonal regimes. Section 4 also shows the diur-
nal cycle of ETHs over Darwin over varying regions and in
various phases of the MJO and monsoon in order to link the
ETHs to both large-scale and localized mechanisms. Section
5 shows the primary conclusions of this study.

2 Data products
2.1 CPOL

The C-band polarization (CPOL) radar, located at the trop-
ical western Pacific (TWP) atmospheric radiation measure-
ment (ARM) site in Darwin, Australia (Keenan et al., 1998;
Sivaraman et al., 2017), conducted PPI scans every 10 min at
15 elevations ranging from 0.5 to 40° with a 300 m resolu-
tion and gate spacing during the summer seasons of 1998—
2017, excluding 2007 and 2008. While CPOL records po-
larimetric variables, the variables of interest from CPOL for
retrieving ETH are the reflectivity Z and the radial velocity
vr. The reflectivity Z was calibrated using a technique that
combines information from ground clutter and spaceborne
radars that calibrated Z from CPOL within 1 dB (Louf et al.,
2018). Other instrumentation was used to supplement infor-
mation provided by CPOL. Rawinsonde launches were con-
ducted four times per day from the Atmospheric Radiation
Measurement user facility’s (2018) TWP site, providing ver-
tical profiles of temperature 7', dew point Ty, relative humid-
ity RH, and the zonal (¢) and meridional (v) components of
the wind velocity. In order to estimate the uncertainty in the
retrieved ETHs from CPOL, we compare the ETHs against
satellite-retrieved cloud top heights (CTHs). To do this, we
use the Japanese Multifunctional Transport Satellites (MT-
SATs) which image brightness temperature T, every hour at
a 4 km resolution, giving information on CTHs estimated by
the Visible Infrared Solar-Infrared Split Window Technique
(VISST) during the day and the Solar-Infrared Split Window
Technique (SIST) during the night (Minnis et al., 2011). The
MTSATS are integrated into the VISST data product version
4 (Minnis et al., 2011), providing cloud top height over a
12° x 12° region centered over Darwin.

www.atmos-chem-phys.net/18/17687/2018/
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3 Data processing algorithms
3.1 Radar data processing

The previous section gave information about the radars and
other instruments used in this study. This section details how
the echo top heights were estimated from CPOL and evalu-
ated against satellite measurements. The Python ARM Radar
Toolkit (Py-ART; Helmus and Collis, 2016) was used in or-
der to process, grid, and display v; and Z. Before the velocity
texture was calculated, gates that met any of the following
criteria were removed in order to remove ground clutter and
noise:

1. Z<20dBZor Z > 80dBZ,

2. differential reflectivity > 7dB or < —3dB,
3. texture of differential phase greater than 20°,
4. cross-correlation coefficient < 0.45.

The velocity texture was calculated using the standard devi-
ation of the 3 x 3 gate window surrounding a gate and was
then gridded onto a Cartesian grid at a 1 km horizontal and
0.5 km vertical resolution using the interpolation technique
of Barnes (1964). Since at higher elevations and ranges some
gaps in the interpolated radar field may be present due to the
lack of radar sampling at a given location, a radius of influ-
ence that increases as a function of distance from the radar
was used in order to minimize artifacts generated by radar
sampling. Due to the increasing beam width as a function of
distance from the radar as well as decreased vertical resolu-
tion with height, there is greater uncertainty in the ETH as
distance increases from the radar. Therefore, only data on a
200km by 200km box surrounding CPOL were used, fol-
lowing Kumar et al. (2013b), and data less than 20 km from
the radar were excluded, as the radar does not scan at heights
of 20 km at these distances. We use Dask (Dask Development
Team, 2016), a package written in Python to analyze datasets
on distributed clusters, to map the problem of analyzing the
17 years of CPOL data to the Bebop cluster at Argonne Na-
tional Laboratory.

3.2 Calculation of ETHs

When the radar data have been processed and interpolated
onto a Cartesian grid, the next step is to calculate the ETH
from CPOL. Past studies (May and Ballinger, 2007; Kumar
et al., 2013a, b) have used the highest pixel in the column
with Z > 5dBZ as the ETH, while only including time peri-
ods where there were echoes present in all pixels from 2.5 km
to the highest pixel with Z > 5 dBZ to remove time periods
with a cloud layer above the precipitating convection. Since
this threshold can be at least 2dB above the minimum de-
tectable signal at a range within 100 km of CPOL, as seen
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Figure 1. Minimum detectable signal of CPOL as a function of hor-
izontal distance from CPOL for three vertical levels.

in Fig. 1, using reflectivity (Z) could potentially remove re-
gions that are both detected by CPOL and in clouds, espe-
cially for clouds with heights < 10km and ranges < 60km
from CPOL. Also, Z is prone to errors from both miscalibra-
tion and attenuation in heavy rain. Therefore, we examine the
possibility in this study of using Doppler velocity texture o
as a threshold instead of Z, which is immune to errors from
miscalibration and less prone to errors from attenuation than
Z.

Figure 2 shows and example of how ¢ is interpreted. To
demonstrate that higher values of o correspond to noise,
Fig. 2a, b show an example field of Z and o from CPOL
for a case of isolated convection on 5 March 2006. Figure 2b
shows isolated regions of o < 3, corresponding to the regions
of precipitation that are seen in Fig. 2b. The more widespread
regions of o > 3 correspond to clutter, noise, and multi-trip
echoes that are present in Fig. 2a. This is due to the fact that,
in a phase-randomized radar such as CPOL, regions of signif-
icant returns will have smoother velocity fields and regions of
noise will have more random velocity fields, allowing for the
automatic detection of the minimum detectable signal. When
a threshold of o > 3 is used to mask gates in Fig. 2a, Fig. 2¢
shows that only regions of precipitation are still present af-
ter masking, showing that noise is removed. The ETHs are
then determined by looking at the lowest gate in the column
that is masked. We use the lowest gate in the column in order
to ensure that we are capturing the ETHs of the precipitating
convection and not that of detrained anvils and cirrus that can
lie above the precipitating convection.

However, even despite using a methodology that auto-
matically determines the minimum detectable signal using
o that is immune to radar miscalibration and less prone to
errors from attenuation, there is still the possibility that the
smallest cloud water droplets near cloud top are not detected
by CPOL. Therefore, it is important to quantitatively assess
whether the ETHs calculated using the o threshold repre-
sent the variability in cloud top heights that is observed in
convection in Darwin and to test the sensitivity of the re-
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trieved ETHs to the retrieval technique used. To do this,
ETHs from CPOL are compared against CTHSs retrieved by
MTSATs, which provide an independent estimate of CTH.
Since the MTSAT data are at an hourly temporal resolu-
tion, only CPOL scans that were within 10 min of a MTSAT
record were compared against the MTSAT-retrieved cloud
top heights from March 2006 until December 2010. This time
period was chosen as it is the time period covered by version
4 of the VISST product over Darwin and ensures that the
same data processing techniques were used throughout the
dataset. Since the two datasets are at differing resolutions,
the MTSAT data are interpolated onto the same grid as the
CPOL data for the comparison. Furthermore, to ensure that
we are comparing points that are in precipitating convection
we both only include points from MTSATSs where the VISST
product identified cloud and where the convective classifica-
tion algorithm, detailed in Sect. 3.4, classified the grid points
as convection.

Figure 3 shows the results of such comparisons using the
lowest gate in the column where Z < 5 dBZ, with the 5 dBZ
threshold from May and Ballinger (2007) and Kumar et al.
(2013a) (Fig. 3a). Figure 3b, c, d use varying thresholds of
o for the ETHs. In all panels of Fig. 3, there is consider-
able spread in the comparison between the satellite CTHs
and the ETHs retrieved by CPOL. Time periods within 2
hours of sunrise and sunset were excluded in the generation
of Fig. 3, since large uncertainties can exist in the VISST
retrieval during twilight hours. Since VISST uses two differ-
ent retrieval algorithms for day- and nighttime, this can po-
tentially introduce large uncertainties in the retrieved CTHs
from MTSATs. However, when the data were stratified by
day- or nighttime, there was little difference in the generation
of Fig. 3 (not shown). The coarser resolution of the MTSAT
data compared to the CPOL data indicates that smaller-scale
heterogeneity may not be captured by MTSATSs. Neverthe-
less, it is expected that, over timescales of years and spatial
scales of ~ 100km, the MTSATS capture the inter-seasonal
variability in CTH.

There is a clear peak in the frequency distribution present
in all panels at ETHs > 7.5km, and the median ETH is
within 4km of the VISST-retrieved cloud top height for
ETHs > 2.5km. Furthermore, the average ETH retrieved
from CPOL increases with increasing MTSAT-retrieved
cloud top height in Fig. 3, showing that the ETHs retrieved
from CPOL are correlated (Pearson correlation coefficient
of 0.49, p < 0.01 according to a X2 test) with the satellite-
retrieved cloud top heights. As cloud top heights retrieved by
MTSATSs can have an uncertainty as high as 3 km (Hamada
and Nishi, 2010), it is not possible to determine whether
the MTSAT-retrieved cloud top heights or CPOL ETHs pro-
vide the better estimate of cloud top height. Nevertheless, the
correlation between the CPOL ETHs and satellite-retrieved
cloud top heights shows that the CPOL-retrieved ETHs us-
ing any of the tested techniques capture the statistical vari-
ability in cloud top heights that are observed in Darwin.
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while the solid line represents the median of the CPOL ETH. The shading represents the number of occurrences.

The mean, 5th percentile, and 95th percentile are similar in
Fig. 3a, b, c, d, showing that there is little difference between
using the technique of May and Ballinger (2007) and Ku-
mar et al. (2013a) compared to using ¢ for calculating ETH.
Therefore, there is little sensitivity of the retrieved ETH to
the technique used, showing the robustness of the ETH re-
trieval. Therefore, this study uses the lowest gate in the col-
umn where o > 3 to be defined as the ETH. Because of this
definition, the fact that when the VISST CTH is greater than
10km, the median CPOL ETH is 4-5km lower than the
VISST retrieved CTH in Fig. 3, shows that there are com-
monly multiple layers of cloud present. This therefore shows

www.atmos-chem-phys.net/18/17687/2018/

that CPOL is able to detect the presence of multiple cloud
layers, while the VISST technique can only detect the high-
est cloud layer and shows an advantage of using the CPOL
ETHs over the VISST CTHs.

3.3 Quantification of large-scale forcing

Now that a methodology has been developed to calculate the
echo top height from the CPOL data, the next step in this
study is to develop methodologies for quantifying the large-
scale forcing in the Darwin region. The large-scale forcing
in the Darwin region can be quantified with respect to two

Atmos. Chem. Phys., 18, 17687-17704, 2018
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major synoptic phenomena. One of them is the northern Aus-
tralian monsoon (Drosdowsky, 1996; Pope et al., 2009). Its
presence is characterized by deep westerly winds over Dar-
win that provide moisture flow from the Indian Ocean to the
Darwin region. Many algorithms have been used in the lit-
erature to determine the presence of the northern Australian
monsoon. However, only Drosdowsky (1996) and Pope et al.
(2009) robustly identify the presence of the monsoon. These
algorithms depend on the profile of the zonal component u
and meridional component v of the wind as well as tempera-
ture, dew point, and pressure collected by rawinsondes over
Darwin. The first, Drosdowsky (1996), uses the deep-layer
(Surface — 500 hPa) mean u in order to characterize the pres-
ence of the monsoon. Under this classification, a deep layer
of westerly winds is characteristic of the monsoon, which
provides an environment where moisture is flowing from the
Indian Ocean to Darwin. The second, Pope et al. (2009),
uses k means clustering on the winds, temperature, and dew
point to find five regimes that correspond to differing synop-
tic scale phenomena in Darwin: deep west, moist east, east,
dry east, and shallow west. The “deep west” and “shallow
west” regimes correspond to westerly flow from the surface
to 500 hPa, or the active monsoon. The “moist east” regime
corresponds to the “break” regime of Drosdowsky (1996),

Atmos. Chem. Phys., 18, 17687-17704, 2018

where continental convection is more likely to occur, and the
other regimes correspond to either suppressed or transitional
regimes.

The large-scale forcing can also be quantified by the phase
of the Madden—Julian Oscillation (MJO; Madden and Julian,
1971). The phase of the MJO is quantified using a number
from 1-8 that gives an indicator of the position of the en-
hanced and suppressed convective activity associated with
the MJO. When the MJO phase increases from 1-3, the en-
hanced convective activity is traveling to the east from the
Indian Ocean. When the MJO index increases from 4 to 7,
the enhanced convective activity is over the maritime conti-
nent and traveling east to the Pacific Ocean. When the MJO
index is 8, the enhanced convective activity is over the Pacific
Ocean. This MJO index is determined using the database of
Wheeler and Hendon (2004) that is based on both the outgo-
ing long-wave radiation from satellites and the 850-200 hPa
u from reanalysis data. Rauniyar and Walsh (2016) found
that the yearly occurrence of the Pope et al. (2009) regimes
has a high amount of interannual variability, as they are mod-
ulated by the El Nifio-Southern Oscillation (ENSO), while
the occurrence of the MJO does not. Therefore, the use of
Pope et al. (2009) is less suitable for a sample size of 17 sea-
sons than the use of the MJO for analyzing such a dataset.

www.atmos-chem-phys.net/18/17687/2018/
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but for active monsoon conditions.

Furthermore, the five classifications provide more opportu-
nity for over-classification than using the method of Dros-
dowsky (1996). Therefore, to quantify the large-scale forc-
ing over Darwin, the dataset is separated using only the MJO
index and the Drosdowsky (1996) monsoon classification.
To prevent the possibility of over-classification even further,
much of the data in this study are classified into whether the
convective phase of the MJO is over Australia (MJO indices
4-7) or when it is not (MJO indices 1-3, 8).

Figures 4 and 5 show the mean thermodynamic and wind
profiles for given phases of the MJO and monsoon. Fig-

www.atmos-chem-phys.net/18/17687/2018/

ure 4c, d show that break conditions are generally charac-
terized by a layer of east-northeasterly winds extending to
about 10km when the MJO is over Australia and through-
out the troposphere when the convective mode of the MJO
is elsewhere, while westerlies are prevalent at altitudes up
to 8 km during monsoon conditions. Figure 4b shows lower
5th percentiles of relative humidity at 4-8 km than Fig. 5b,
demonstrating a greater number of cases with drier mid-
levels during break conditions. This is suggestive of con-
ditions that would support deep convection would be less

Atmos. Chem. Phys., 18, 17687-17704, 2018
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Figure 7. normalized frequency distribution of ETHs in convective regions as a function of MJO index for break and monsoon conditions.
(a=h) each represent a different MJO index. Solid lines represent medians of modes derived from the fit of the bimodal Gaussian probability

density function (p.d.f.) to the normalized frequency distribution.

prevalent during active break conditions than during the
monsoon (Hagos et al., 2013).

There is a greater variability in the winds below 6 km when
the active phase of the MJO is over Australia in Figs. 4c, d
and 5S¢, d. In particular, the 95th percentiles of u are greater
below 6km when the MJO is active over Australia than
when the active phase of the MJO is away from Australia
in Figs. 4c and 5c. This could lead to enhanced advection

Atmos. Chem. Phys., 18, 17687-17704, 2018

of moisture from the Indian Ocean over Darwin. To exam-
ine whether this is the case, the moisture flux, calculated as
(u2 + vz) 1/2q where ¢ is the water vapor mixing ratio, was
estimated from the rawinsondes and plotted in Fig. 6 for each
of the conditions in Figs. 4 and 5. Figure 6 shows that, in
the lowest 1 km of the atmosphere, there are greater moisture
fluxes during an active MJO and an active monsoon, show-
ing that there is greater advection of moisture over Darwin

www.atmos-chem-phys.net/18/17687/2018/
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during both an active MJO and an active monsoon. The en-
hancement of moisture advection associated with the mon-
soon is stronger than that associated with the MJO. Further-
more, the difference between the 95th and 5Sth percentiles of
relative humidity at 4-8 km are greater when the active phase
of the MJO is away from Australia, as seen in Figs. 4c, d and
5c, d, showing more variability in mid-level moisture when
the MJO is inactive over Australia. Mean relative humidities
are 3 %—20 % higher when the MJO is active over Australia,
as seen in Figs. 4b and 5b. Therefore, conditions are expected
to be consistently more favorable for supporting deep con-
vection during the active phase of the MJO (Hagos et al.,
2013).

The thermodynamic profiles in Figs. 4a and 5a then show
a transition from convectively unstable conditions from 1 km
until 4km to stable conditions at around 4-6km, or tem-
peratures around 0 °C with the tropopause located at around
15 km. Three stable layers over Indonesia were observed by
Johnson et al. (1999): a trade wind layer at 2km, a stable
layer at around 6 km, and the tropopause at 15 km. This sug-
gests that, while the trade wind stable layer is not present
over Darwin, the stable layer at around 0 °C that is present
over Indonesia is also present over Darwin. The presence
of such a layer suggests that any parcel lifted from the sur-
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face would easily rise to heights to around 4—6 km, or to a
temperature of 0 °C, but would need to be dynamically ener-
getic enough to penetrate through the stable layer above this
level. Furthermore, since the stable layer is located at tem-
peratures just below 0 °C, this inhibits the formation of ice,
which releases latent heat that would invigorate the updraft,
further inhibiting convection. Therefore, an updraft strong
enough to reach levels where ice formation can occur would
be more likely able to penetrate up to the tropopause. This
notion is supported by the observations of vertical veloci-
ties in convection that reaches the tropopause, typically being
strongest above 5 km (Cifelli and Rutledge, 1994, 1998; May
and Rajopadhyaya, 1999; Collis et al., 2013; Varble et al.,
2014). This therefore indicates that the thermodynamic pro-
files favor the formation of two distinct populations of con-
vection: weaker cumulus congestus clouds that do not pen-
etrate heights much past the stable layer and stronger deep
convection that would more than likely be able to penetrate
the tropopause.

Atmos. Chem. Phys., 18, 17687-17704, 2018
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Table 1. The normalized frequency of MCSs identified using the criteria of Rowe and Houze (2014) in the radar domain per scan for the

given MJO and monsoonal conditions.

Time of day  Break Monsoon MJO away from Australia ~ MJO over Australia
Total 0.17 0.30 0.14 0.24
Day 0.16 0.34 0.13 0.22
Night 0.18 0.26 0.14 0.24
Time of day = Break and MJO Break and MJO  Monsoon and MJO Monsoon and MJO
away from Australia  over Australia away from Australia over Australia
Total 0.13 0.21 0.20 0.33
Day 0.12 0.19 0.25 0.36
Night 0.13 0.23 0.13 0.30
Day for convection in the tropics, and a visual analysis of the algo-

—— Break MO over Australia

=== Break MJO away from Australia
—— Monsoon MJO over Australia

=== Monsoon MO away from Australia

Normalized frequency [%]

Night

—— Break MJO over Australia

=== Break MO away from Australia
—— Monsoon MJO over Australia

=== Monsoon MO away from Australia

Normalized frequency [%]

Convective area [km?®]

Figure 9. (a) normalized frequency distribution of convective areas
during the day (06:00 to 19:00 LT). Each curve represents the large-
scale forcing specified in the legend. (b) as in (a), but for nighttime.

3.4 Quantification of convective areas and MCSs

In addition to the ETH, two other macrophysical properties
of the convective systems sampled by CPOL were derived in
this study. One, the convective area, was calculated by taking
the total area of continuous regions in each scan that were
identified as convective by the algorithm of Steiner et al.
(1995). This algorithm defines regions with Z > 40dBZ as
well as examines the peakedness of the Z field in order to
classify regions as convective. This algorithm was designed

Atmos. Chem. Phys., 18, 17687-17704, 2018

rithm showed that it reasonably distinguished between strat-
iform and convective regions (not shown). The number of
MCSs per radar scan was also determined. This was done by
using the methodology previously used by Rowe and Houze
(2014), Nesbitt et al. (2006), and others, which first defines
precipitation features (PFs) as all continuous regions where
Z > 15dBZ. After that, the minimum size ellipse that fits
around the PF is calculated using the algorithm in Bradski
(2000). MCSs are then identified as any ellipses that have
a major axis length of greater than 100 km. The number of
MCSs were then normalized by the number of scans that
were identified to be in the large-scale forcing regimes in
Sect. 3.3 and the calculations placed into Table 1. This was
done in order to account for the differences in the amount of
time spent in each large-scale forcing regime over the study
period.

4 Statistical analysis and discussion

4.1 Normalized frequency distributions of ETH and
convective area

The previous section detailed the methods and uncertainties
in the derived ETHs and gave a meteorological overview of
the differing synoptic scale regimes. In this section, the entire
17 year record of ETHs in differing synoptic scale regimes
is analyzed in order to provide a climatology of convective
cloud top heights. In this analysis, only convective regions
are considered, following Steiner et al. (1995) as mentioned
in Sect. 3.4 to define convective regions.

Figure 7 shows the normalized frequency distributions of
ETHs in differing MJO indices and monsoonal classifica-
tions. Some of the distributions shown in Fig. 7 are bimodal
with one mode at an ETH of approximately 4-8 km and the
other at about 9-13 km. The normalized frequency distribu-
tions in Fig. 7e, f, g provide the best examples of such bi-
modal normalized frequency distributions. Two of the modes
are therefore similar to the largest two modes observed by

www.atmos-chem-phys.net/18/17687/2018/
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Johnson et al. (1999): a mode at approximately 4—6 km cor-
responding to the cumulus congestus stage and a mode at
8—10km corresponding to deep convection. Kumar et al.
(2013a) observed four modes, with the trade wind cumulus
mode at 2 km, congestus mode at heights of 3—6.5 km, deep
convection mode at 6.5-15 km, and overshooting convection
at heights greater than 15 km. Some evidence of overshoot-
ing convection is present in Fig. 7, particularly during break
conditions in Fig. 7a-h. Also, some evidence of the trade
wind mode is visible in Fig. 7a—h. However, since the 2km
modes in Johnson et al. (1999); Kumar et al. (2013a) were
observed using measurements with a cloud radar that would
be more sensitive to liquid cloud droplets than CPOL, more
sufficient quantification of this mode would require a radar
with a lower minimum discernable signal than CPOL.

Therefore, we generally observed bimodal distributions of
ETH. May and Ballinger (2007) observed limited evidence
of bimodality, but bimodal distributions of ETH were also
found by Kumar et al. (2013b), corresponding to similar
heights. The thermodynamic profiles shown in the previous
section can explain the bimodality seen in Fig. 7. In particu-
lar, the presence of a stable layer at heights above 5km can
explain the bimodality seen in some of the regimes in Fig. 7.
As convection develops and evolves into deeper convection,
it will first have to grow to the height of the start of the stable
layer and will stop growing in vertical extent if there is not
enough buoyancy to penetrate past it. Updrafts would have to
be energetic enough to penetrate the cap, and such updrafts
would more than likely penetrate up to the tropopause.

In order to quantify the locations and contributions of the
peaks in each p.d.f in Fig. 7, bimodal Gaussian fits of the
form in Eq. (1) are used:

P(x)=A e (=) 207 (1)

o1 21

+(—A)

6,—()6—112)2/20227
(o) 2

where A is the contribution of mode 1, p and u, are the
mean, and o] and o, are the standard deviations of modes 1
and 2, respectively, which were generated for each regime.
Mode 1 is the mode with smaller ETHs, and mode 2 is the
mode with larger ETHs. In Fig. 8, u| ranges between ap-
proximately 2 and 6km, and u;, ranges between approx-
imately 7 and 10km when the distributions are bimodal
(0.1 < A <0.9). This shows that, when the distributions are
bimodal, the location mode 1 roughly corresponds to the lo-
cation of the cumulus congestus mode observed by Johnson
et al. (1999) and Kumar et al. (2013b), and the location of
mode 2 corresponding to their deep convective mode, but 111
was sometimes greater than 6.5 when A was less than 0.1, in-
dicating a unimodal distribution that corresponds to the deep
convective mode of Kumar et al. (2013b). Therefore, in or-
der to properly identify what types of clouds were present,
thresholds based on the bimodality and the locations of the
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modes are required. Therefore, for the rest of this paper, we
define the congestus and deep convective modes as follows:

1. If the ETH distribution is bimodal (0.1 < A < 0.9), then
mode 1 is the congestus mode, and mode 2 is the deep
convective mode.

2. If the ETH distribution is unimodal (A < 0.1) and o <
6.5 km, then the single mode is the congestus mode; oth-
erwise the single mode is the deep convective mode.

3. If the ETH distribution is unimodal (A > 0.9) and | <
6.5 km, then the single mode is the congestus mode; oth-
erwise the single mode is the deep convective mode.

The 6.5 km threshold was chosen following the threshold be-
tween congestus and deep convection used by Kumar et al.
(2013b). Following this, from the w1, ua, and A, if one
mode was identified using criteria 2 or 3 listed above, then
the location of the congestus (deep) mode is u; if criteria
(2) were used to identify the single mode and the location is
w1 if criteria (3) were used to identify the single mode. Since
M1 < 6.5km < wr when bimodal distributions were identi-
fied, the contribution of the congestus mode was defined to
be A and 1 — A for the deep convective mode. In addition, for
the bimodal distributions, 11 is the location of the congestus
mode, and p, is the location of the deep convective mode.
The locations and contributions of each mode from this clas-
sification were then plotted onto Fig. 8.

The contributions of the two modes in Figs. 7 and 8 vary
with MJO index. As the active phase of the MJO is over Aus-
tralia (MJO indices 4-7), in Fig. 8b the contribution of the
congestus and deep convective modes are 40 % to 60 % indi-
cating bimodal distributions. However, the frequency distri-
butions are less bimodal when the active phase of the MJO is
away from Australia, as shown in Fig. 8b, d. Between MJO
phases 1 and 2 in Fig. 8d, there is a switch from a unimodal
distribution of congestus to a unimodal distribution of deep
convection. However, given that the location of the mode is
7.5 km during MJO phase 1 and 6.5 km during MJO phase 2,
this apparent switch is likely attributable to the threshold cho-
sen to define deep convection and shows a limitation in de-
termining convection type by ETH alone. In active monsoon
conditions, more unimodal distributions with lower ETHs are
observed as shown in Fig. 8b, d, when the active phase of the
MJO is away from Australia. The enhanced mid-level spe-
cific humidities during active monsoon and MJO phases in
Figs. 4d and 5d provide an environment that supports the
transition of congestus to deep convection and is likely con-
tributing to the enhanced bimodality of ETHs observed when
the active phase of the MJO is over Australia (Hagos et al.,
2013).

The locations of these modes also vary depending on
whether or not the active phase of the MJO is present over
Australia. In Fig. 8a, on average the cumulus congestus mode
is located at approximately 3.0 (2.8 km) when the MJO is

Atmos. Chem. Phys., 18, 17687-17704, 2018
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Figure 10. The normalized frequency of occurrence of ETHs < 7km in MJO active (a) and (b) MJO inactive conditions during the day
(06:00 to 19:00LT). (¢, d) as in (a, b), but for ETHs > 7 km. (e, f) as in (a, b), but at night (19:00 to 06:00LT). (g, h) as in (e, f) , but for
ETHs > 7 km. The histograms in Fig. 10 were taken during break conditions

active (inactive) over Australia during break conditions, as
shown in Fig. 8a. During monsoon conditions Fig. 8b, this
mode is, on average, at approximately 4.4 km (6.2 km) when
the MJO is active (inactive) over Australia. The average lo-
cations of the deep convective mode during break conditions
are approximately 8.1 and 7.9 km during active and inactive
MIJO conditions, respectively. For the monsoon, the aver-
age locations are approximately 8.9 and 7.5km during ac-
tive and inactive MJO conditions, respectively. However, a
greater percentage of the ETHs are greater than 14km in
Fig. 8a than in Fig. 8c, showing that more overshooting tops
are present during break conditions. Therefore, on average,
when the MJO is active over Australia, there are more over-
shooting tops present during break conditions.

The change in heights of the deep convective mode associ-
ated with an active MJO over Australia is greater than that as-
sociated with the monsoon, while congestus are more sensi-
tive to the presence of the monsoon. Considering that Figs. 4a
and 5a show greater increases in equivalent potential temper-
ature with height above the 5 km stable layer during MJO in-
active conditions, this suggests that the mid-level thermody-
namic profiles support greater inhibition of the convection in
the deep convective mode when the active phase of the MJO
is away from Australia. Furthermore, Figs. 4c, d and 5c, d
showed enhanced mid-level moisture when the MJO was ac-
tive over Australia, which creates an environment more fa-
vorable for supporting deep convection (Hagos et al., 2013).
Evans et al. (2014) noted that the monsoon over Darwin will
preferentially begin at MJO indices 3 and 4, which also sug-
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gests that future studies that examine the properties of con-
vection in Darwin in differing large-scale conditions must
also consider the phase of the MJO in addition to the mon-
soon, as the MJO has been shown here to be of importance.
The convective area is another important indicator of orga-
nized convection, as larger convective areas are typically as-
sociated with stronger updrafts and more organized convec-
tion. Therefore, the normalized frequency distribution of the
convective areas is also plotted in Fig. 9 for differing phases
of the MJO, monsoon, and time of day. During the day, we
see similar distributions of convective area between break
and active monsoon conditions in Fig. 9a, when the MJO
is active over Australia. However, when the active phase of
the MJO is away from Australia, the normalized frequency
distribution narrows in active monsoon conditions, showing
fewer cells with areas greater than 100km? and more cells
with areas in between 7 and 20km?. At night, the differ-
ence in the distribution of convective areas between break
and monsoon conditions in Fig. 9b is greater than that in
Fig. 9a, with broader distributions of convective areas dur-
ing break conditions. In general, little trend in the normalized
frequency distribution is seen with the changing MJO index
in Fig. 9. This is indicative of stronger updrafts during break
conditions compared to monsoon conditions, especially at
night and during inactive MJO conditions. While there is
more widespread coverage of MCSs during active monsoon
and when the active phase of the MJO is over Australia as in-
dicated in Table 1, the analysis in Fig. 9 shows that the lower
convective areas observed in active monsoon conditions indi-
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cate weaker but more frequent MCSs. Meanwhile, the fewer
MCSs observed, larger cell areas, and the increased presence
of overshooting tops in Fig. 8a show that less widespread
but stronger convection is present during break conditions,
but only at night and when the active phase of the MJO is
away from Australia. This is consistent with what has been
observed in studies such as Rutledge et al. (1992), Williams
et al. (1992), May and Rajopadhyaya (1999), and May and
Ballinger (2007).

4.2 Diurnal cycle and spatial distribution of ETHs

The previous section established that the MJO is a signifi-
cant control on the ETHs observed over Darwin. However,
the mechanisms by which convection over Darwin can be
generated does not only depend on the large-scale forcing
but can also be influenced by localized mechanisms such
as sea breezes. Therefore, to investigate under what condi-
tions the formation of convection via localized mechanisms
is more likely, Figs. 10 and 11 show normalized frequencies
of occurrence of ETHs > 7 and < 7 km for the given synoptic
scale forcing shown in Figs. 4 and 5 as a function of space
and time. The threshold of 7km is shown as it is, on aver-
age, the local minimum between the cumulus congestus and
deep convective modes in Fig. 7. Figure 10a, b show that, in
break conditions, the cumulus congestus clouds are confined
to Tiwi Islands and the Australian continent during the day
and more confined to the ocean at night in Fig. 10e, f. When
the MJO is active over Australia, greater counts are present
over the ocean during the day in Fig. 10a compared to b than
when the active phase is away from Australia. Similar con-
clusions can be made for deep convection during break con-
ditions in Fig. 10c, d, g, h.

The peak in deep convection isolated over the Tiwi Islands
present during the day in Fig. 10a, b, c, d is a deep convective
system that forms almost daily during the wet season called
Hector the Convector (Keenan et al., 1989; Crook, 2001). It
is likely forced by sea-breeze convergence lines and is fur-
ther intensified by cold pools that formed from neighboring
cumulus congestus clouds (Dauhut et al., 2016). Given this,
in break conditions, both surface-level easterly flow onto the
Tiwi Islands providing a sea breeze and the presence of cu-
mulus congestus clouds over the Tiwi Islands in Fig. 10ab
show that the environment is favorable for Hector to occur.
The reduced widespread cloud cover that is observed dur-
ing break conditions (May et al., 2012) as well as MCS cov-
erage Table 1 also provides an environment more favorable
for localized sea breezes to develop around the Tiwi Islands
and are hence favorable for Hector to form. A maximum in
rainfall over the Tiwi Islands attributed to Hector, when the
MIJO is inactive over Australia, has been noted by Rauniyar
and Walsh (2016). Figure 10d shows a greater frequency of
deep convective ETHs over the Tiwi Islands when the MJO
is inactive over Australia during the day, which is consis-
tent with increased rainfall over this region. During the night,
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both congestus and deep convection are more focused to-
wards the oceans and the northern Australian coast, as shown
in Fig. 10e, f, g, h. An overnight peak in rainfall in the trop-
ics has been attributed to the presence of long-lived oceanic
MCSs described by Nesbitt and Zipser (2003). The data in
Table 1 suggest that there is a greater coverage of MCSs dur-
ing the night during break conditions, especially when the
MIJO is active over Australia. Kumar et al. (2013a) showed a
peak in ETHs over the ocean in the early morning hours and
over the coast and continents during the afternoon, so this
study extends their conclusion to 17 wet seasons of data.

In active monsoon conditions, cumulus congestus clouds
are widespread throughout the western half of the region in
Fig. 11a, e, while the deeper convection is mostly focused on
the Australian coast in Fig. 11c, e. Fewer occurrences of deep
convection on the Tiwi Islands are present in Fig. 11c, d com-
pared to break conditions, suggesting that conditions are less
favorable for the formation of Hector during an active mon-
soon. Since westerly winds at the surface up to 500 hPa are
prevalent during an active monsoon, the sea breeze is most
likely to occur over the western coast of the Tiwi Islands and
the western Australian coast over Darwin, and therefore any
sea-breeze convergence lines that do form would form there.
However, as active monsoon conditions are typically char-
acterized by widespread stratiform cloud cover (May et al.,
2012), and there are a greater number of MCSs in active
monsoon conditions (Table 1), it is less likely that diurnal
solar heating would be as important during an active mon-
soon. The reduced solar heating during an active monsoon
likely results in the reduced occurrences of Hector, as the
lack of solar heating decreases the likelihood that localized
sea breezes form.

At night, both congestus and deep convection decrease in
occurrence on the continents as one goes east, as shown in
Fig. 11e—h. This suggests that oceanic MCSs, common dur-
ing an active monsoon, as suggested by May et al. (2012)
and Table 1, are decaying as they approach land from the
west, as would be expected with the deep westerly flow. Dur-
ing the night they encounter a drier air mass than over the
ocean, causing a depletion of moisture and hence decay. Fig-
ure 11 also shows more sporadic occurrences of both con-
gestus and deep convective clouds when the MJO is inac-
tive over Australia (Fig. 11f, h) compared to when it is ac-
tive (Fig. 1le, g). There are 63 days where the MJO was
both inactive over Australia and where an active monsoon
occurs, while there are 54 days where the monsoon and MJO
are both active over Australia. Meanwhile, 7.9 x 10° occur-
rences of ETH > 7 km are present when the MJO is inactive
and 2.5 x 10° are present when the MJO is active, as shown
in Fig. 11. Therefore, the more sporadic occurrences are not
due to the fact that the monsoon and MJO were active for
fewer days; rather, this suggests that, even in the presence of
deep westerlies that are characteristic of the monsoon, con-
vection is suppressed when the MJO is inactive over Aus-
tralia. Indeed, Evans et al. (2014) have found that the onset
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Figure 11. As in Fig. 10, but for active monsoon conditions.

of the monsoon preferentially starts when the MJO indices
are 3 and 4 and decays when MJO indices are 7 and 8, as
the convective phase travels east over the maritime continent.
Therefore, it is not surprising to see fewer occurrences of
convection when the MJO is inactive over Australia.

To demonstrate how the locations of the modes and to-
tal occurrences vary with time of day, Fig. 12 shows how
the two modes of convection vary as a function of time of
day, with fits generated from Eq. (1) at 2h intervals. Fig-
ure 12a—d show that total counts start to increase at around
17:00 local time (LT) as convection initiates and transitions
from congestus to deep convection. At midnight, a decrease
in the total number of counts is seen, suggesting that the loss
of solar heating, an important factor during break conditions
(May et al., 2012), is contributing to the decay of convection.
The total counts and then show a second peak during the
overnight hours, as shown in Fig. 12a, ¢ with bimodal dis-
tributions. This secondary peak during the overnight hours,
given the oceanic nature of the overnight convection as sug-
gested by Figs. 10e-h and 11e-h are likely due to an increase
in the number of MCSs at night during break conditions as
indicated in Table 1. Figure 12b, d show that the overnight
peak is less pronounced when the convective phase of the
MJO is away from Australia. Since MCSs are larger in ex-
tent in the convectively active phase of the MJO as seen by
Virts and Houze (2015) and as seen more frequently in Ta-
ble 1, the reduced frequency of MCSs in the inactive phase of
the MJO in Table 1 is consistent with these past observations.
Rather, as suggested by the spatial analysis and Rauniyar and
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Walsh (2016), Hector and sea-breeze convergence lines are
more likely contributing to the distributions seen here. Dur-
ing monsoon conditions, Fig. 12c shows that a majority of
the counts occur when the convective phase of the MJO is
over Australia and during the daytime hours where the high-
est frequencies of MCSs were identified. Similar conclusions
about the peaks of convective activity seen in Fig. 12a, b can
be made in Fig. 12c. However, more unimodal distributions
of ETH are seen in Fig. 12d, with few congesti present and
few occurrences at night.

5 Conclusions

This study examined the macrophysical properties of convec-
tion in Darwin in differing phases of the MJO and northern
Australian monsoon, including the echo top heights, convec-
tive areas, and number of mesoscale convective systems de-
tected by CPOL during 17 wet seasons. The ETHs were gen-
erated using a methodology that uses velocity texture, dif-
fering from past studies that used reflectivity-based thresh-
olds such as May and Ballinger (2007) and Kumar et al.
(20134, b). The use of velocity texture provides the potential
for an automatic detection of the noise floor, which increases
the capability of including the lowest reflectivities that still
correspond to meteorological echoes and is also immune
to radar miscalibration. It is demonstrated that such ETHs
are correlated with CTHs retrieved by satellites (Ohkawara,
2004; Minnis et al., 2011) and that there is little sensitivity
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Figure 12. (a) frequency distribution of occurrence of ETHs in convective regions as a function of time in break conditions when the MJO
is active over Australia. Red line indicates peak of cumulus congestus mode, and blue line indicates peak of deep mode of convection. (b) as
in (a), but for when the MJO is inactive over Australia. (¢, d) as in (a, b), but during active monsoon conditions.

to ETH to whether reflectivity or velocity texture is used to
retrieve the ETH, showing that retrievals of ETH are robust.
In addition the ETHs of the lowest cloud layer detected by
CPOL were 4-5km lower than the VISST-retrieved CTHs
for CTHs > 10 km, showing that CPOL can detect and ac-
count for multilayered clouds. These ETHs, along with con-
vective areas and the occurrences of MCSs, are then sorted
by the Wheeler and Hendon (2004) MJO index and Dros-
dowsky (1996) monsoon and break classification. Some key
conclusions can be made from this data:

1. Bimodal echo top heights were observed, and were
more common during break conditions, with a peak at
around 3—4 km and another around 7-9 km, likely cor-
responding to cumulus congestus and deep convection.
The break between these peaks corresponds with the
presence of a stable layer at 5 km, inhibiting the devel-
opment of more intermediate convection.

2. Unimodal distributions were more common during an
active monsoon, with an enhanced level of MCSs be-
ing observed during these periods as indicated by an
increased average number of MCSs present. This is
consistent with past studies suggesting that long-lived
MCSs are present during these conditions. The lower
convective areas observed in active monsoon condi-
tions, especially at night, indicate that these MCSs are
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generally weaker than those observed during break con-
ditions. The MJO is a more important control on cloud
top heights of deep convection than the phase of the
monsoon for the 17 years of data shown here, with lower
echo top heights observed when the MJO is away from
Australia. For the ETHs of congestus, we show that the
monsoon is a greater control on the observed ETHs.

. The convective cell areas were greater in break condi-

tions than during monsoon conditions, but only when
the active phase of the MJO was away from Aus-
tralia. This difference was particularly present during
the night. This shows that, when the active phase of
the MJO is over Australia, the presence of the monsoon
does not determine the size of the convective cells and
hence the strength of the updrafts. However, when the
active phase of the MJO is away from Australia, we ob-
serve larger cells and hence stronger updrafts during the
break phase of the monsoon.

. The observed cloud top heights during the day in break

and MJO-inactive conditions showed the presence of
Hector and cumulus congestus clouds. Meanwhile, at
night, the distributions of echo top heights along with
the analysis of the number of MCSs observed showed
that oceanic MCSs were more prevalent during the
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nighttime hours during break and MJO-inactive condi-
tions.

5. The fewest occurrences of convection were observed
during both an inactive MJO and an inactive monsoon.
Given that there were more days observed during an in-
active MJO and inactive monsoon than when the MJO
and monsoon were active over Australia, this shows that
convection is suppressed during these conditions.

The observed distributions of echo top heights and convec-
tive areas seen here create a suitable climatology for the
validation of convective parameterizations in global climate
models and are in the process of being used for the valida-
tion of the Department of Energy’s Energy Exascale Earth
System Model model. Future studies should focus on the im-
provement of the representation of the MJO and the mon-
soon in global climate models, as these results demonstrate
the clear importance of both phenomena in determining the
properties of convection observed in northern Australia. It is
also clear from the research presented here that the MJO is
important for determining the properties of convection over
Darwin, and future studies looking at aspects of convection
such as vertical velocities should consider the influence of
the MJO as well as the monsoon.

Code availability. The code used to generate these plots is available
at https://github.com/EVS-ATMOS/cmdv-rrm-anl/ (last access: 29
November 2018, Jackson, 2018). The code used to generate ve-
locity texture is included in the Python Atmospheric Radiation
Measurement (ARM) Radar toolkit, available at: http://github.com/
ARM-DOE/pyart (last access: 29 November 2018, Helmus and
Collis, 2018).

Data availability. The data used to generate the cloud top height
dataset is available from the Atmospheric Radiation Measurement
(ARM) Archive via https://doi.org/10.5439/1150271 (Sivaraman
et al., 2017).

C-band polarimetric radar (CPOL) Level 1b data is available via
https://doi.org/10.5439/1484376 (Louf and Protat, 2018).

Author contributions. RJ generated the figures and contributed to
the writing of the paper. SC and AP provided feedback to the au-
thors and contributed to the writing of the paper. VL processed the
CPOL data for use and contributed to the writing of the paper. LM
provided initial satellite data for analysis in Sect. 3.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. Argonne National Laboratory’s work was
supported by the U.S. Department of Energy’s Office of Science
and Office of Biological and Environmental Research, under

Atmos. Chem. Phys., 18, 17687-17704, 2018

R. C. Jackson et al.: A 17 year climatology

Contract DE-AC02-06CH11357. This work has been supported
by the Office of Biological and Environmental Research (OBER)
of the U.S. Department of Energy (DOE) as part of the Climate
Model Development and Validation activity. The development of
the Python ARM radar toolkit was funded by the ARM program,
part of the Office of Biological and Environmental Research
(OBER) of the U.S. Department of Energy (DOE). The work of
Monash University and the Bureau of Meteorology was partly
supported by the U.S. Department of Energy Atmospheric System
Research Program through the grant DE-SC0014063. We gratefully
acknowledge use of the Bebop cluster in the Laboratory Computing
Resource Center at Argonne National Laboratory. The bulk of
the code has been written using the open-source NumPy, SciPy,
Matplotlib, Jupyter and Dask projects, and the authors are grateful
to the authors of these projects. Special thanks are given to Brad
Atkinson and Dennis Klau for the continual upkeep of the CPOL
radar.

Edited by: Geraint Vaughan
Reviewed by: two anonymous referees

References

Barnes, S. L.. A Technique for Maximizing Details
in Numerical Weather Map Analysis, J. Appl. Me-
teorol., 3, 396-409, https://doi.org/10.1175/1520-
0450(1964)003<0396: ATFMDI>2.0.CO;2, 1964.

Bradski, G.: The OpenCV Library, Dr. Dobb’s Journal of Software
Tools, 2000.

Cifelli, R. and Rutledge, S. A.: Vertical Motion Struc-
ture in Maritime continent mesoscale Convective Sys-
tems: Results from a 50-MHz Profiler, J. Atmos.
Sci., 51, 2631-2652, https://doi.org/10.1175/1520-
0469(1994)051<2631: VMSIMC>2.0.CO;2, 1994.

Cifelli, R. and Rutledge, S. A.: Vertical motion, diabatic heat-
ing, and rainfall characteristics in north Australia convec-
tive systems, Q. J. Roy. Meteorol. Soc., 124, 1133-1162,
https://doi.org/10.1002/qj.49712454806, 1998.

Collis, S., Protat, A., May, P. T., and Williams, C.: Statistics of
Storm Updraft Velocities from TWP-ICE Including Verifica-
tion with Profiling Measurements, J. Appl. Meteorol. Clim., 52,
1909-1922, https://doi.org/10.1175/JAMC-D-12-0230.1, 2013.

Crook, N. A.. Understanding Hector: The Dynam-
ics of Island Thunderstorms, Mon. Weather Rev.,
129, 1550-1563, https://doi.org/10.1175/1520-

0493(2001)129<1550:UHTDOI>2.0.CO;2, 2001.

Dask Development Team: Dask: Library for dynamic task schedul-
ing, http://dask.pydata.org, last access: 20 March 2018, 2016.
Dauhut, T., Chaboureau, J.-P., Escobar, J., and Mascart, P.:
Giga-LES of Hector the Convector and Its Two Tallest Up-
drafts up to the Stratosphere, J. Atmos. Sci., 73, 5041-5060,

https://doi.org/10.1175/JAS-D-16-0083.1, 2016.

Del Genio, A. D.: Representing the Sensitivity of Convec-
tive Cloud Systems to Tropospheric Humidity in Gen-
eral Circulation Models, Surv. Geophys., 33, 637-656,
https://doi.org/10.1007/s10712-011-9148-9, 2012.

www.atmos-chem-phys.net/18/17687/2018/


https://github.com/EVS-ATMOS/cmdv-rrm-anl/
http://github.com/ARM-DOE/pyart
http://github.com/ARM-DOE/pyart
https://doi.org/10.5439/1150271
https://doi.org/10.5439/1484376
https://doi.org/10.1175/1520-0450(1964)003<0396:ATFMDI>2.0.CO;2
https://doi.org/10.1175/1520-0450(1964)003<0396:ATFMDI>2.0.CO;2
https://doi.org/10.1175/1520-0469(1994)051<2631:VMSIMC>2.0.CO;2
https://doi.org/10.1175/1520-0469(1994)051<2631:VMSIMC>2.0.CO;2
https://doi.org/10.1002/qj.49712454806
https://doi.org/10.1175/JAMC-D-12-0230.1
https://doi.org/10.1175/1520-0493(2001)129<1550:UHTDOI>2.0.CO;2
https://doi.org/10.1175/1520-0493(2001)129<1550:UHTDOI>2.0.CO;2
http://dask.pydata.org
https://doi.org/10.1175/JAS-D-16-0083.1
https://doi.org/10.1007/s10712-011-9148-9

R. C. Jackson et al.: A 17 year climatology

Dessler, A. E.: The effect of deep, tropical convection on the
tropical tropopause layer, J. Geophys. Res.-Atmos., 107, 4033,
https://doi.org/10.1029/2001JD000511, 2002.

Drosdowsky, ~W.: Variability of the Australian Sum-
mer Monsoon at  Darwin:  1957-1992, J.  Cli-
mate, 9, 85-96, https://doi.org/10.1175/1520-
0442(1996)009<0085:VOTASM>2.0.CO:;2, 1996.

Evans, S., Marchand, R., and Ackerman, T.: Variability of
the Australian Monsoon and Precipitation Trends at Darwin,
J. Climate, 27, 8487-8500, https://doi.org/10.1175/JCLI-D-13-
00422.1, 2014.

Gu, J.-Y., Ryzhkov, A., Zhang, P., Neilley, P., Knight, M., Wolf,
B., and Lee, D.-I.: Polarimetric Attenuation Correction in
Heavy Rain at C Band, J. Appl. Meteorol. Clim., 50, 39-58,
https://doi.org/10.1175/2010JAMC2258.1, 2011.

Hagos, S., Feng, Z., Landu, K., and Long, C. N.. Ad-
vection, moistening, and shallow-to-deep convection tran-
sitions during the initiation and propagation of Madden-
Julian Oscillation, J. Adv. Model. Earth Syst., 6, 938-949,
https://doi.org/10.1002/2014MS000335, 2013.

Hagos, S., Feng, Z., Plant, R. S., Houze, R. A., and Xiao, H.: A
Stochastic Framework for Modeling the Population Dynamics
of Convective Clouds, J. Adv. Model. Earth Syst., 10, 448-465,
https://doi.org/10.1002/2017MS001214, 2018.

Hamada, A. and Nishi, N.: Development of a Cloud-
Top Height Estimation Method by Geostationary Satel-
lite Split-Window Measurements Trained with Cloud-
Sat Data, J. Appl. Meteorol. Climatol., 49, 2035-2049,
https://doi.org/10.1175/2010JAMC2287.1, 2010.

Helmus, J. and Collis, S.: The Python ARM Radar Toolkit (Py-
ART), a Library for Working with Weather Radar Data in
the Python Programming Language, J. Open Res. Softw., 4,
https://doi.org/10.5334/jors.119, 2016.

Helmus, J. and Collis, S.: The Python ARM Radar Toolkit (Py-
ART), a Library for Working with Weather Radar Data in 20
the Python Programming Language, J. Open Res. Softw., 4,
https://doi.org/10.5334/jors.119, 2016, last access: 29 November
2018.

Jackson, R.: Argonne’s Repository for CMDV, available at:
https://github.com/EVS-ATMOS/cmdv-rrm-anl/, last access: 29
November 2018.

Jensen, E. J., Kinne, S., and Toon, O. B.: Tropical cirrus cloud radia-
tive forcing: Sensitivity studies, Geophys. Res. Lett., 21, 2023—
2026, https://doi.org/10.1029/94GL01358, 1994.

Johnson, R. H., Rickenbach, T. M., Rutledge, S. A,
Ciesielski, P. E., and Schubert, W. H.: Trimodal
Characteristics ~ of  Tropical ~ Convection, J. Cli-
mate, 12, 2397-2418, https://doi.org/10.1175/1520-

0442(1999)012<2397:TCOTC>2.0.CO;2, 1999.

Keenan, T., Glasson, K., Cummings, F., Bird, T. S.,
Keeler, J., and Lutz, J.: The BMRC/NCAR C-Band Po-
larimetric (C-POL) Radar System, J. Atmos. Ocean.
Techn., 15, 871-886, https://doi.org/10.1175/1520-
0426(1998)015<0871: TBNCBP>2.0.CO;2, 1998.

Keenan, T. D., Manton, M. J., Holland, G. J., and Morton,
B. R.: The Island Thunderstorm Experiment (ITEX), A Study
of Tropical Thunderstorms in the Maritime Continent, B.
Am. Meteorol. Soc., 70, 152—159, https://doi.org/10.1175/1520-
0477(1989)070<0152:TITESO>2.0.CO;2, 1989.

www.atmos-chem-phys.net/18/17687/2018/

17703

Kumar, V. V., Jakob, C., Protat, A., May, P. T., and Davies,
L.: The four cumulus cloud modes and their progres-
sion during rainfall events: A C-band polarimetric radar
perspective, J. Geophys. Res.-Atmos., 118, 8375-8389,
https://doi.org/10.1002/jgrd.50640, 2013a.

Kumar, V. V., Protat, A., May, P. T., Jakob, C., Penide, G., Ku-
mar, S., and Davies, L.: On the Effects of Large-Scale Envi-
ronment and Surface Types on Convective Cloud Characteristics
over Darwin, Australia, Mon. Weather Rev., 141, 1358-1374,
https://doi.org/10.1175/MWR-D-12-00160.1, 2013b.

Kumar, V. V., Jakob, C., Protat, A., Williams, C. R., and May,
P. T.: Mass-Flux Characteristics of Tropical Cumulus Clouds
from Wind Profiler Observations at Darwin, Australia, J. Atmos.
Sci., 72, 1837-1855, https://doi.org/10.1175/JAS-D-14-0259.1,
2015.

Louf, V., Protat, A., Warren, R. A., Collis, S. M., Wolff, D. B.,
Raunyiar, S., Jakob, C., and Petersen, W. A.: An integrated ap-
proach to weather radar calibration and monitoring using ground
clutter and satellite comparisons, J. Atmos. Ocean. Tech., in
press, https://doi.org/10.1175/JTECH-D-18-0007.1, 2018.

Louf, V. and Protat, A.: C-band polarimetric radar (CPOL) Level 1b
data, https://doi.org/10.5439/1484376, 2018.

Madden, R. A. and Julian, P. R.: Detection of a 40-50
Day Oscillation in the Zonal Wind in the Tropical Pa-
cific, J. Atmos. Sci., 28, 702—708, https://doi.org/10.1175/1520-
0469(1971)028<0702:DOADOI>2.0.CO;2, 1971.

Masunaga, H. and Luo, Z. J.: Convective and large-scale mass flux
profiles over tropical oceans determined from synergistic analy-
sis of a suite of satellite observations, J. Geophys. Res.-Atmos.,
121, 7958-7974, https://doi.org/10.1002/2016JD024753, 2016.

May, P. T. and Ballinger, A.: The Statistical Characteris-
tics of Convective Cells in a Monsoon Regime (Dar-
win, Northern Australia), Mon. Weather Rev., 135, 82-92,
https://doi.org/10.1175/MWR3273.1, 2007.

May, P. T. and Rajopadhyaya, D. K.: Vertical Velocity Char-
acteristics of Deep Convection over Darwin, Australia, Mon.
Weather Rev., 127, 1056-1071, https://doi.org/10.1175/1520-
0493(1999)127<1056: VVCODC>2.0.CO;2, 1999.

May, P. T., Long, C. N., and Protat, A.: The Diurnal Cycle of
the Boundary Layer, Convection, Clouds, and Surface Radia-
tion in a Coastal Monsoon Environment (Darwin, Australia),
J. Climate, 25, 5309-5326, https://doi.org/10.1175/JCLI-D-11-
00538.1, 2012.

Minnis, P., Sun-Mack, S., Young, D. E, Heck, P. W., Garber,
D. P, Chen, Y., Spangenberg, D. A., Arduini, R. F., Trepte,
Q. Z., Smith, W. L., Ayers, J. K., Gibson, S. C., Miller, W. .,
Hong, G., Chakrapani, V., Takano, Y., Liou, K. N., Xie, Y., and
Yang, P.: CERES Edition-2 Cloud Property Retrievals Using
TRMM VIRS and Terra and Aqua MODIS Data 2014; Part I:
Algorithms, IEEE Trans. Geosci. Remote Sens., 49, 4374-4400,
https://doi.org/10.1109/TGRS.2011.2144601, 2011.

Nesbitt, S. W. and Zipser, E. J.: The Diurnal Cy-
cle of Rainfall and Convective Intensity according
to Three Years of TRMM Measurements, J. Cli-
mate, 16, 1456-1475, https://doi.org/10.1175/1520-
0442(2003)016<1456: TDCORA>2.0.CO;2, 2003.

Nesbitt, S. W., Cifelli, R., and Rutledge, S. A.: Storm
Morphology and Rainfall Characteristics of TRMM Pre-

Atmos. Chem. Phys., 18, 17687-17704, 2018


https://doi.org/10.1029/2001JD000511
https://doi.org/10.1175/1520-0442(1996)009<0085:VOTASM>2.0.CO;2
https://doi.org/10.1175/1520-0442(1996)009<0085:VOTASM>2.0.CO;2
https://doi.org/10.1175/JCLI-D-13-00422.1
https://doi.org/10.1175/JCLI-D-13-00422.1
https://doi.org/10.1175/2010JAMC2258.1
https://doi.org/10.1002/2014MS000335
https://doi.org/10.1002/2017MS001214
https://doi.org/10.1175/2010JAMC2287.1
https://doi.org/10.5334/jors.119
https://github.com/EVS-ATMOS/cmdv-rrm-anl/
https://doi.org/10.1029/94GL01358
https://doi.org/10.1175/1520-0442(1999)012<2397:TCOTC>2.0.CO;2
https://doi.org/10.1175/1520-0442(1999)012<2397:TCOTC>2.0.CO;2
https://doi.org/10.1175/1520-0426(1998)015<0871:TBNCBP>2.0.CO;2
https://doi.org/10.1175/1520-0426(1998)015<0871:TBNCBP>2.0.CO;2
https://doi.org/10.1175/1520-0477(1989)070<0152:TITESO>2.0.CO;2
https://doi.org/10.1175/1520-0477(1989)070<0152:TITESO>2.0.CO;2
https://doi.org/10.1002/jgrd.50640
https://doi.org/10.1175/MWR-D-12-00160.1
https://doi.org/10.1175/JAS-D-14-0259.1
https://doi.org/10.1175/JTECH-D-18-0007.1
https://doi.org/10.5439/1484376
https://doi.org/10.1175/1520-0469(1971)028<0702:DOADOI>2.0.CO;2
https://doi.org/10.1175/1520-0469(1971)028<0702:DOADOI>2.0.CO;2
https://doi.org/10.1002/2016JD024753
https://doi.org/10.1175/MWR3273.1
https://doi.org/10.1175/1520-0493(1999)127<1056:VVCODC>2.0.CO;2
https://doi.org/10.1175/1520-0493(1999)127<1056:VVCODC>2.0.CO;2
https://doi.org/10.1175/JCLI-D-11-00538.1
https://doi.org/10.1175/JCLI-D-11-00538.1
https://doi.org/10.1109/TGRS.2011.2144601
https://doi.org/10.1175/1520-0442(2003)016<1456:TDCORA>2.0.CO;2
https://doi.org/10.1175/1520-0442(2003)016<1456:TDCORA>2.0.CO;2

17704

cipitation Features, Mon. Weather Rev., 134, 2702-2721,
https://doi.org/10.1175/MWR3200.1, 2006.

Ohkawara, N.: Multi-Functional Transport Satellite (mtsat), 2004.

Pope, M., Jakob, C., and Reeder, M. J.: Regimes of the
North Australian Wet Season, J. Climate, 22, 6699-6715,
https://doi.org/10.1175/2009JCLI3057.1, 2009.

Rauniyar, S. and Walsh, K.: Spatial and temporal variations in rain-
fall over Darwin and its vicinity during different large-scale en-
vironments, Clim. Dynam., 46, https://doi.org/10.1007/s00382-
015-2606-1, 2016.

Rowe, A. K. and Houze, R. A.: Microphysical character-
istics of MJO convection over the Indian Ocean dur-
ing DYNAMO, J. Geophys. Res.-Atmos., 119, 2543-2554,
https://doi.org/10.1002/2013JD020799, 2014.

Rutledge, S. A., Williams, E. R., and Keenan, T. D.:
The Down Under Doppler and Electricity Experiment
(DUNDEE): Overview and Preliminary Results, B. Am.
Meteorol. Soc., 73, 3-16, https://doi.org/10.1175/1520-
0477(1992)073<0003:- TDUDAE>2.0.CO;2, 1992.

Steiner, M., Jr., R. A. H.,, and Yuter, S. E.: Climatolog-
ical Characterization of Three-Dimensional Storm Struc-
ture from Operational Radar and Rain Gauge Data, J.
Appl. Meteorol., 34, 1978-2007, https://doi.org/10.1175/1520-
0450(1995)034<1978:CCOTDS>2.0.CO;2, 1995.

Atmos. Chem. Phys., 18, 17687-17704, 2018

R. C. Jackson et al.: A 17 year climatology

Sivaraman, C., Holdridge, D., Troyan, D., Kyrouac, J., Riihimaki,
L., Coulter, R., Giangrande, S., Shippert, T., and Toto, T.: ARM
Data Center, https://doi.org/10.5439/1150271, last access: 20
October 2017.

Varble, A., Zipser, E. J., Fridlind, A. M., Zhu, P., Ackerman, A. S.,
Chaboureau, J.-P., Fan, J., Hill, A., Shipway, B., and Williams,
C.: Evaluation of cloud-resolving and limited area model inter-
comparison simulations using TWP-ICE observations: 2. Pre-
cipitation microphysics, J. Geophys. Res.-Atmos., 119, 13919-
13945, https://doi.org/10.1002/20131D021372, 2013JD021372,
2014.

Virts, K. S. and Houze, R. A.: Variation of Lightning and Convec-
tive Rain Fraction in Mesoscale Convective Systems of the MJO,
J. Atmos. Sci., 72, 1932-1944, https://doi.org/10.1175/JAS-D-
14-0201.1, 2015.

Wheeler, M. C. and Hendon, H. H.: An All-Season Real-
Time Multivariate MJO Index: Development of an
Index for Monitoring and Prediction, Mon. Weather
Rev.,, 132, 1917-1932, https://doi.org/10.1175/1520-
0493(2004)132<1917: AARMMI>2.0.CO;2, 2004.

Williams, E. R., Geotis, S. G., Renno, N., Rutledge,
S. A., Rasmussen, E., and Rickenbach, T.. A Radar
and Electrical Study of Tropical “Hot Towers”, J. At-
mos. Sci., 49, 1386-1395, https://doi.org/10.1175/1520-
0469(1992)049<1386:ARAES0>2.0.CO;2, 1992.

www.atmos-chem-phys.net/18/17687/2018/


https://doi.org/10.1175/MWR3200.1
https://doi.org/10.1175/2009JCLI3057.1
https://doi.org/10.1007/s00382-015-2606-1
https://doi.org/10.1007/s00382-015-2606-1
https://doi.org/10.1002/2013JD020799
https://doi.org/10.1175/1520-0477(1992)073<0003:TDUDAE>2.0.CO;2
https://doi.org/10.1175/1520-0477(1992)073<0003:TDUDAE>2.0.CO;2
https://doi.org/10.1175/1520-0450(1995)034<1978:CCOTDS>2.0.CO;2
https://doi.org/10.1175/1520-0450(1995)034<1978:CCOTDS>2.0.CO;2
https://doi.org/10.5439/1150271
https://doi.org/10.1002/2013JD021372
https://doi.org/10.1175/JAS-D-14-0201.1
https://doi.org/10.1175/JAS-D-14-0201.1
https://doi.org/10.1175/1520-0493(2004)132<1917:AARMMI>2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132<1917:AARMMI>2.0.CO;2
https://doi.org/10.1175/1520-0469(1992)049<1386:ARAESO>2.0.CO;2
https://doi.org/10.1175/1520-0469(1992)049<1386:ARAESO>2.0.CO;2

	Abstract
	Copyright statement
	Introduction
	Data products
	CPOL

	Data processing algorithms
	Radar data processing
	Calculation of ETHs
	Quantification of large-scale forcing
	Quantification of convective areas and MCSs

	Statistical analysis and discussion
	Normalized frequency distributions of ETH and convective area
	Diurnal cycle and spatial distribution of ETHs

	Conclusions
	Code availability
	Data availability
	Author contributions
	Competing interests
	Acknowledgements
	References

