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ABSTRACT: Data from an upward-pointing wind profiler radar pair at Darwin in tropical Australia are used to determine
the characteristics of individual convective up- and downdrafts observed at the site. Drafts are identified as vertically
contiguous regions of instantaneous upward or downward motion exceeding 0.2 ms™'. Most updrafts and downdrafts found
are less than 2 km in vertical extent, and updrafts exceeding 5 km in vertical length carry no more than 33% of the total
upward mass flux. Updraft length correlates positively with rain rates, and on very high rain rates (greater than 20 mm h 1),
average updraft lengths are ~5 km. Typical peak updraft velocities increase from ~2.5m's ™' for the smallest to ~4ms ™' for

the largest drafts, while those for downdrafts remain ~2ms™

regardless of size. These results are broadly consistent with

other numerical modeling studies, but contrast with the common view of deep convection as being dominated by contin-

uous, deep drafts.
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1. Introduction

Cumulus convection is a vertical mixing process that spans
the troposphere in the tropics and often in midlatitudes. It is
typically thought of as consisting of continuous, entraining ver-
tical plumes that individually extend through the troposphere, as
opposed to incoherent upward convective activities in smaller
scales. This picture dates back to the pioneering work of Riehl
and Malkus (1958) who argued, in contrast to earlier ideas
(Scorer and Ludlam 1953), that the vertical profile of equivalent
potential temperature implied direct transport of air from near
the surface to the upper troposphere in undilute ‘‘hot towers.”
Their argument ignored the important role of the latent heat of
freezing in heating updrafts (Fierro et al. 2012), but the idea of
deep, sometimes weakly entraining plumes continues to hold
sway and play a prominent role in many deep convective pa-
rameterizations for global models (Arakawa 2004; Yano 2014).

Numerical simulations of convection in small domains,
however, do not show continuous, deep undiluted plumes
playing a significant role at least when deep convection is not
strongly organized (Khairoutdinov and Randall 2006; Romps
and Kuang 2010). Moreover, detailed analysis of updrafts in
such simulations shows that upward motions tend to occur in
compact thermals typically of order 1km in size (Carpenter
et al. 1998; Sherwood et al. 2013; Hernandez-Deckers and
Sherwood 2016), with essentially no deep coherent updrafts.
This conclusion is also supported by aircraft observations of
continental small or congestus cumulus (Blyth et al. 1988;
French et al. 1999; Damiani and Vali 2007; Blyth et al. 2005;
Yang et al. 2016).
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Information on highly organized convection is harder to
come by. A large-eddy simulation of one of the consistently
strongest observed thunderstorms, the Hector over the Tiwi
islands north of Australia, produced thousands of small thermal-
like drafts similar to the previous studies. However it also even-
tually produced two deep plumes that carried most of the total
upward mass transport (Dauhut et al. 2016). Draft length in
numerical simulations may also decrease with increasing res-
olution (Bryan et al. 2003). Similarly, a detailed analysis of a
multicellular thunderstorm over Florida found that upward
mass transport was dominated by smaller drafts of less than
Skm (Yuter and Houze 1995a). On the other hand, highly
organized severe storms in the subtropics and midlatitudes can
produce coherent updrafts and downdrafts via mesoscale dy-
namical mechanisms (Rotunno et al. 1988). Using a series of
axisymmetric numerical cloud simulations, a recent study
suggests that in a dry environment, a small initial cloud radius
would produce an isolated rising thermal, while a moderate-to-
large radius would lead to a succession of thermal pulses
(Peters et al. 2020). In contrast, a moderate-to-large radius in a
moist environment would support plume-like behavior. Thus,
while “hot towers” may dominate in some extreme forms of
convection, such storms are not necessarily typical of warm-
season convection and it remains uncertain how common deep
convective drafts are in nature.

Indirect evidence can be brought to bear, such as stable
isotopes of water vapor which are less depleted in the upper
troposphere than predicted by an adiabatic calculation, con-
sistent with a short vertical mixing length and suggesting that
undilute transport from low levels is rare (Sherwood and Risi
2012). Similarly, profiles of chemical constituents in the upper
troposphere indicate that air there has been out of contact with
the surface for many days on average (Luo et al. 2018). These
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FIG. 1. A sample of upward, zonal, and meridional velocity at the time where an updraft or downdraft is detected.
The white areas in the right column are missing values. The 920-MHz reflectivity from which rain fluxes are esti-
mated is also shown (note that the surface rain rate should be taken from the estimate nearest to the surface). The
line plots in the left column correspond to the time of the vertical dashed line in the right column.

results provide further evidence against widespread undilute
ascent, and moreover show that this aspect of convective be-
havior matters for atmospheric chemistry, among other likely
ramifications. But the results could be explained either by short
mixing lengths or by highly entraining deep drafts. Direct ev-
idence of vertical updraft scales over a large sample of atmo-
spheric conditions, which is needed to properly constrain
convective theories or parameterizations, is lacking.

A key platform for studying storm morphology is radar.
Most radars look quasi-horizontally and measure large (raining)
hydrometeors, and sometimes the horizontal wind, although a few
studies have obtained vertical velocities. Standard radars often
show vertically extensive regions of backscatter from rain, graupel
or other large hydrometeors, but this does not mean the wind field
itself is vertically continuous, especially since the updraft and
precipitation distributions do not correspond as tightly as might
be expected (Yuter and Houze 1995b). Indeed by eye one can
sometimes see isolated towering cumulus reach through most of
the troposphere as a coherent column, even though evidence
indicates that the updrafts within will be sporadic and compact.
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Deep clouds can result from a sequence of small thermals rising
along the same path (e.g., French et al. 1999).

At Darwin in Australia’s Northern Territory there is an
upward-looking wind profiler radar pair that measures air and
hydrometeor vertical velocities. Past studies have used this
radar to examine mass fluxes (Kumar et al. 2015). Schumacher
et al. (2015) examined vertical velocities at the same site
(Darwin) as the present study. In deep convection they re-
ported updrafts of up to 18 ms ™' peaking in the upper tropo-
sphere, with weaker velocities for other cloud types, and found
statistics were insensitive to the phase of the monsoon-break
cycle. They did not, however, examine the vertical coherence
of the motions or scale of drafts. Another study using a wind
profiler located in Oklahoma (Giangrande et al. 2013) exam-
ined this, and found a median updraft and downdraft length of
only 1.5-2 km and 90th percentile length of 4 km. Our study has
similar aims as Giangrande et al. (2013) but in the tropics. Past
studies have reported similar storm structures in mesoscale
convective systems (MCSs) across both midlatitude and trop-
ical sites (Oklahoma and Manaus, Brazil), although with
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stronger up- and downdrafts in the midlatitude storms (Wang
et al. 2019), but again did not examine draft lengths. Here, we
use a long time series from the Darwin radar to explore how
often extensive plumes of upward motion occur versus com-
pact thermals. We also stratify results by rain rate to test the
hypothesis that upward motions become more plume-like in
stronger convection.

2. Methods

Over the Darwin wet seasons (October—April) from 2002 to
2012, 1019 days of data collected by a 50- and 920-MHz wind
profiler pair were used in this study. It has a temporal resolu-
tion of 1 min and vertical spatial resolution of 100 m, with the
beamwidths being 3° and 9° for the 50- and 920-MHz profilers,
respectively. The Darwin wind profiler radar pair estimate in-
cloud velocity by Doppler returns. It is more accurate than
other remote sensing methods, such as the dual-Doppler radar
techniques (e.g., Collis et al. 2013). However, measurements
are limited to a single air column, but taken frequently in time.
Vertical velocity computation from the 50- and 920-MHz
beams and the full description of the wind profiler setting can
be found in Williams (2012).

The 50-MHz profiler directly measures the vertical velocity
of air parcels through Bragg scatter from ambient air, but also
observes Rayleigh scatter from falling hydrometeors. To avoid
observed air velocity being biased downward by hydrometeors,
signals from these two scattering processes need to be sepa-
rated. Since the 920-MHz profiler is mainly sensitive to hy-
drometeor returns, its spectra are used to remove the Rayleigh
scattering signal from the 50-MHz spectra (Williams 2012).
The resulting 50-MHz signal is then further processed by the
standard wind profiling processing technique described in Carter
et al. (1995). The accuracy of vertical air velocity derived from this
dual-frequency spectral processing has been estimated as bet-
ter than 0.2ms ™! (Protat and Williams 2011; Williams 2012).

Over the range of 1.7-17 km in altitude, vertical air velocity
measured by the profiler pair is interpolated onto a vertical grid
of 100-m interval. Due to reducing sensitivity and increasing
beamwidth with height, quality data should be limited to heights
below 11 km (May and Rajopadhyaya 1999). As the UHF and
VHF radars have the sensitivity to detect vertical velocity in
higher altitudes, further examination of our data suggests
raising the limit to below 15 km.

Here we present the criteria for detecting updrafts and
downdrafts from the wind profiler pair. An algorithm is de-
veloped to detect and pick out sections of wind profiles from
the available data. For simplicity, we did not apply any time-
related criteria in the algorithm. Instead, it is run through in-
dividual vertical profiles for every increment in time, as if every
profile is independent of each other. This does not ensure that
every detection is a distinct draft but should produce statistics
that are representative of the total area covered by drafts of
any given size or type.

The criteria for an updraft or downdraft are as follows:

1) Updrafts and downdrafts are explicitly defined as a section of
continuous upward or downward airflow. Taking upward
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FIG. 2. Number of updrafts and downdrafts in various lengths.
Updrafts are shown in blue as positive values, and downdrafts are
shown in orange as negative values. Bins are 0.2 km.

as positive, they must have consecutive velocity values
over 0.2ms ™! in magnitude, and contain velocities above
1.5ms~! in magnitude in at least two intervals. Since the
velocities of most mesoscale (stratiform) up- and down-
drafts are less than 1ms™! (Knupp and Cotton 1985), the
requirement that drafts must reach over 1.5m s~ ! should be
eliminating nearly all mesoscale drafts.

2) The magnitude of first (bottommost) and last (uppermost)
velocities of an updraft or downdraft must be below Sms ™.
This is to avoid artifacts with sharp increases in velocity
from less than 0.2 to over Sms™~ ' within 100m. Such an
increase is unrealistic and could be due to instrumental
error. This removes 47% of data selected from criterion 1,
due to the presence of numerous, small blips of reported
high velocity that meet criterion 1 but are clearly not
legitimate convective drafts.

3) Change in velocity across every 100-m interval must be
below 5ms™!. Again, this is to avoid unrealistic data. This
criterion further removes 1.6% of data (14% if without
criterion 2).

4) A single updraft or downdraft must have a minimum
vertical length of at least 500 m. This is because we want
to focus on long and consistent updrafts or downdrafts. If
this vertical length limit is shortened, the resulting data may
be susceptible to the effects of turbulence.

5) Detection is limited to below 15km in altitude, since the
data above this height often exhibit unrealistic or inconsis-
tent behavior.

In total, by applying the above criteria, we detected 61376
updrafts and 53 038 downdrafts. Out of 1019 days of data with
1-min temporal resolution and 15km in vertical extent, this
corresponds to 4.2 updraft detections and 3.6 downdraft
detections per 100 soundings. Since large drafts could be
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FIG. 3. Number of updrafts and downdrafts vs 100-m height bin. Total up- and downdrafts
are shown in blue and orange, respectively. Green curves show only drafts in the 0.5-1.4-km
length range, magenta shows only drafts in the 1.5-3.4-km length range, and cyan shows only

drafts in the 3.5-6.4-km length range.

detected in more than one successive sounding, the number
of actual drafts seen will be somewhat less than this. About
12% of updrafts are sampled from soundings that individ-
ually contain multiple distinct updrafts; this figure is 7% for
downdrafts. Our method does not identify or remove over-
lapped cores, but treats them as one single draft as long as
they fit the selecting criteria.

A limitation of this approach is that since instantaneous
upward-looking data are used, tilted drafts may be incom-
pletely seen. In principle this could bias our results toward
smaller drafts. Inspection of selected time—height series did not
suggest a prevalence of evident tilted structures, so it does not
appear that our results would be significantly affected by such
structures. Tilting in a direction transverse to the storm motion
past the radar cannot be ruled out, but would not be detectable
from the available data. However, we do not expect drafts to be
preferentially tilted perpendicular to winds. It will turn out that
most of our draft lengths are too small to be consistent with a
tilted draft of the expected width (at least a few kilometers),
minimizing the likely role of tilting; and as will be seen, our
results are consistent with numerical model simulations (see
section 1) showing that most updrafts occur in thermals with
length-to-height ratios of order unity.
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An example sequence of data is shown in Fig. 1. This figure
includes vertical velocity, zonal and meridional velocity and
reflectivity, during a period in which an updraft of 2.6 km in
length was detected. Convective activity is evident. Upward,
zonal, and meridional velocities all peak at ~5 km, coinciding
with high reflectivity. As will be shown further in section 3,
small drafts are quite typical.

In section 3c, draft relationship with rain rates is discussed.
Rain rates are derived from the reflectivity of the 920-MHz
profiler, which is sensitive to hydrometeor. The conversion
follows a locally derived relationship during the wet season in
Darwin:

R=0.017 X (10710)°72, W

where R is the rain rate (mm h ') and Zh is the reflectivity of
the 920-MHz profiler vertical beam at 200-m range (dBZ).
Equation (1) was obtained by the Australian Bureau of
Meteorology from radar and disdrometer observations using
the method described in section 3.2 of Jackson et al. (2021),
except using S-band reflectivities, which should be closer to
those from the Doppler radar used in the present study. The
rain rate associated with any detected draft has been averaged
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over =30 min of the time of detection. This is to smooth out any
artifacts and create a more reliable representation of convec-
tive activities.

3. Results

The numbers of updrafts and downdrafts both decrease ap-
proximately exponentially with increasing length scale (Fig. 2).
Updrafts and downdrafts between 0.9 and 1.1km in length
occur most frequently, comprising 6466 updrafts (~11% of all
updrafts), and 4725 downdrafts (~9% of all downdrafts).
Coincidentally, the largest updraft and downdraft detected are
both 13.8 km in length.

The median updraft length is 1.6 km, with the 90th percentile
length being 4.5km. For downdrafts, the median and 90th
percentile length are 1.7 and 3.7 km, respectively. Interestingly,
these values are similar to the statistics of horizontal draft size
obtained in midlatitude cases by Giangrande et al. (2013).

The prevalence of updrafts over downdrafts is expected
since there should be net upward motion in regions of rainfall
and latent heat release. The sizeable number of downdrafts is
consistent with previous modeling and observational studies
(Xu and Randall 2001), and the exponentially decreasing size
distribution and small average size are consistent with that
reported in a large number of thermals tracked by Hernandez-
Deckers and Sherwood (2016).

a. Distribution across altitudes

How updrafts and downdrafts are distributed across alti-
tudes is a subject of interest. In Fig. 3, histograms of draft
midpoint altitude are plotted separately for up- and down-
drafts, separately for several length categories. The most
common updraft altitude is at around 2km, and these are
heavily dominated by small updrafts (lengths from 0.5 to
1.4km). There is a corresponding peak in small downdrafts at
these altitudes. These low peaks could be due to the fact that
there is often turbulence in the boundary layer.

There are also peaks in detected updrafts and downdrafts at
3.5 and 5km, respectively, again coming from the smallest
drafts. Between the peaks dominated by small drafts at 2 and
3.5 km for updrafts and at 2 and 5 km for downdrafts, drafts in
the middle size category (1.5-3.4km) take over and have the
highest proportion. Since we are using the midpoint of drafts to
produce Fig. 3, this suggests that under an altitude of ~3 km for
updrafts and ~4 km for downdrafts, drafts in lengths between
0.5 and 3.4km usually share a common starting altitude at
about 2 km. Above 4 km for updrafts and 5 km for downdrafts,
middle-sized drafts (1.5-3.4km) become dominant up to
about 8 km.

The result from Fig. 3 is in contrast to the previous obser-
vation that average upward convective motions peak higher in
the atmosphere than downward motions (Schumacher et al.
2015). This discrepancy may be due to the fact that midpoints
of draft locations are shown in Fig. 3 instead of the full aver-
age convective motions from 0 to 15km. An average velocity
profile will be dominated by the strongest drafts, while Fig. 3
shows the distribution of draft locations in various lengths re-
gardless of their strengths. Furthermore, upon investigating the
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FIG. 4. The average altitude of draft peak (maximum velocity)
associated with each draft length.

relationship between draft lengths and each of their associated
average altitude of draft peaks, the peak altitudes of updrafts
with lengths between 6 and 10 km are found to be lower than
those of downdrafts (Fig. 4). Updrafts and downdrafts shorter
than 6 km have similar peaking altitudes, while a difference is
not clear for drafts longer than 10 km as their sample size is
too small.

b. Averaged profiles

To examine the typical velocity profile within an updraft or
downdraft for various length scales, the mean and median
profile of the detected updrafts and downdrafts are shown in
Figs. 5 and 6 for a range of size bins. Taking the average of the
profiles in this way may lose information on features of indi-
vidual profiles, such as any sharp increase or decrease in ve-
locity, unless such features are occurring consistently at a
particular point. It can, however, give us reliable insights about
the general trend of velocity distribution, as the average is
taken across numerous profiles.

Due to the way that our algorithm was set up, most profiles
have a starting and ending mean velocity of around 1ms™! in
magnitude for updrafts and 0.5ms ' for downdrafts. The
maxima of updrafts are often located near the midpoint, with
deviations up to ~1km for longer drafts. Meanwhile for
downdrafts of lengths 0.5-3 km, maxima are located near the
midpoint or slightly below the midpoint. For downdrafts of
4km or over in length, maxima are often located in the upper
section, close to one-third of the way from the top. The mean
velocities of updrafts in various length profiles are consistently
higher than those of downdrafts, and updraft velocities also
demonstrate a greater gradient, such that mean updrafts profile
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FIG. 5. Composite updraft profiles with lengths from 0.5 to 9 km, in increments of 0.5 km. Black dotted lines mark the midpoint of
the updraft, and solid black circle marks the peak velocity. Solid red shows the mean, solid blue shows the median, and dashed
magenta shows the standard deviation. The number of drafts going into each composite, and mean length, are shown at top of

each panel.

is more curved” than downdrafts. Having said that, updraft
profiles have higher standard deviations and they consistently
peak close to the midpoint. Furthermore, the peak velocity of
updrafts scales up with its length, while the peak velocity of
downdrafts is often at ~2ms ™.

¢. Relationship with rain rates

To further investigate the characteristics of detected up-
drafts and downdrafts, rain rates derived from the 920-MHz
reflectivity are discussed. Its conversion follows Eq. (1), and
the rain rate associated with any detected draft has been av-
eraged over £30 min of the time of detection.

Statistics of rain rate for each height bin of updrafts/downdrafts
are shown in Fig. 7. A positive relationship between rain rate
and draft size is evident for both updrafts and downdrafts. The
mean and median of rain rate become more inconsistent with
increasing draft length, since the number of detected updrafts
and downdrafts decreases exponentially with length, but in
general the longer and deeper drafts produce higher rain rates,
with almost a linear relationship albeit with significant scatter
for larger drafts. This is true for drafts whose lengths are below
~10km, as above which there is significant scatter and the
sample size is small (Fig. 7).

Because the relationship between rain rate and draft length
is noisy, and because rain rates are typically better known than
draft sizes both in observations and large-scale models, it is
worth examining the data the other way around by regressing
draft lengths onto rain rate (Fig. 8). Naturally this confirms the
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positive relationship seen before, but shows that the depen-
dence of mean draft length on rain rate is relatively modest.
The mean updraft length increases from about 2 km at low
rain rates, to about 5-5.5km at the highest rain rates. The
90th percentile changes more, from 4km to about 10 km.
Thus, the (rare) longest drafts tend to occur at high rain
rates, but even the highest rain rates (20-30 mm h™!) usually
do not imply updrafts of more than 5-km length. Similar
conclusions apply to downdrafts, whose mean length in-
creases from roughly 2km to about 3km going from the
lowest to highest rain rates.

d. Mass flux of updrafts

The average mass flux per draft of many drafts through the
whole troposphere is (pwH)A/H,, where p is the density, o the
vertical velocity, H the draft length, A the cross-section area, and
H, the depth of troposphere. By taking p(z) =~ p,exp(—z/7.5),
where p, is the density at the surface and z the altitude (km),
and assuming (pw) ~ (p)(w) if w is not strongly varying, the
fraction of total mass flux carried by a subset of updrafts, j, can
be calculated using the following:

N, (@)

_L

. j<H>]- < _(Z)].—(z)a"
Ny (@), (H) ¢ p( 7.5 )’

all

@

where N is the number of drafts.

Figure 9 shows the fraction of total mass flux carried by
updrafts shorter than or equal to a certain length. It follows a
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FIG. 6. As in Fig. 5, but for downdrafts.

nonlinear relationship, with the majority of total mass flux updrafts seen in Fig. 3 are discarded as suspicious, the rela-
(~90%) carried by updrafts shorter than 8 km, and updrafts tionship (not shown) remains very close to what is shown in
shorter than 3.2 km responsible for half of the total mass flux  Fig. 9, such that half of the mass flux is still produced by up-
from all detected drafts. Even if the spikes dominated by small ~ drafts shorter than 3.3 km.
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FIG. 7. Mean and median of derived rain rates against lengths of updrafts and downdrafts,
starting from 500 m in increments of 100 m.
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FIG. 8. (top) Updraft and (bottom) downdraft sizes binned by rain rate (where rain-rate
bins scale logarithmically). Mean, median, 10%-90% percentile ranges, and one-sigma

ranges about the mean are all shown.

4. Conclusions

We have compiled statistics of draft length in a dataset
collected over roughly 1000 days during the rainy season in a
tropical location, which spans over eight rainy seasons. The
results appear broadly consistent with the conclusion from
previous case studies, both numerically simulated and ob-
served by radar, that most up- and downdrafts are quite small,
though not as small as those found for isolated cumulus clouds
in aircraft data Yang et al. (2016), and individual drafts
spanning a majority of the troposphere are extremely rare.
This study does not investigate the width, intensity, or duration
of drafts.

We have explored the hypothesis suggested by case studies
(particularly Dauhut et al. 2016) that strong, deep updrafts may
finally appear when convection is sufficiently intense. We did
this by stratifying the draft statistics by rain rate. Results con-
firm that drafts become longer at higher rain rates.

Since the sampling characteristics of our data are random,
the upward mass flux per draft at any given level scales linearly
with vertical velocity, and the frequency of occurrence of drafts
at any given altitude scales with the overall number and ver-
tical extents of drafts. The mean vertical velocity for drafts of
greater than 5km (~3.2ms ') is about 45% greater than for
small drafts that are 1-1.5km in length (~2.2ms™ '), and the
former are roughly 3 times larger than the latter, but only 4712
out of the 61376 drafts observed (7.7%) are greater than 5km
in length. Only 29% of the upward mass flux at any given level
is carried by drafts greater than 5km long (Fig. 9) (this per-
centage will be slightly higher in the midtroposphere and
slightly lower toward the surface). At very high rain rates this
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percentage will be higher. For drafts greater than 8km, this
percentage drops to 9%. In other words, ~71% of the upward
mass flux is attributed to drafts smaller than 5 km.

The implication, that two-thirds of upward mass flux occurs
in thermals or updrafts much less than half the troposphere in
vertical extent, may explain previous findings that air in the
upper troposphere has undergone substantial dilution, mixing,
and/or delays in reaching the upper troposphere (Sherwood
and Risi 2012; Luo et al. 2018). It suggests that massive updrafts

’ ' ; 5 5 0 2 T
Updraft length H (km)

FI1G. 9. Fraction of total mass flux of updrafts with length smaller
than or equal to H out of all detected updrafts, calculated us-

ing Eq. (2).
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of the type simulated in Hector by Dauhut et al. (2016) may not
be the majority in convective systems, and that the near-
absence of undilute ascent found in simulations of weakly or-
ganized convection is probably more typical. Even in the
Hector case, huge numbers of small thermals were active
throughout the troposphere well before the massive updrafts
finally arrived. The relatively low occurrence of large drafts
supports previous suggestions that a rethink of convective
schemes used in global models may be in order, since most of
these focus on deep, coherent, and often undilute plumes. As
such, instead of assuming that they dominate in convective
systems, we should consider a spectrum of draft sizes.
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