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1 Introduction

Drop size distribution (DSD) measurements using ground-based disdrometers (point measurements) have often been used
to derive equations to relate radar observations to the integral rainfall parameters (Atlas et al. 1999, Bringi et al., 2003, Kozu
et al., 2006, Tokay and Short, 1996, Ajayi and Owolabi, 1987, Battan, 1973). Disdrometers such as JWD, MRR and several
others have a major limitation in measuring drops with equi-volume diameters (D.q) larger than 5 mm because they often
rely on the velocity-diameter relationship which plateaus beyond this diameter range (Atlas et al., 1973, Gunn & Kinzer,
1949). Other disdrometers such as Parsivel also lack accuracy beyond this diameter range. The 2D video disdrometer
(2DVD: Schonhuber et al., 2008) on the other hand gives drop-shape contours and velocities for each individual
drop/hydrometeor falling through its sensor area; this provides a unique opportunity to study the role of very-large drops on
radar measurements in particular those with polarimetric radar capability where DSDs with a significant component of very
large drops may require special consideration given that the differential reflectivity and other polarimetric radar parameters
including attenuation-correction methods will be sensitive to the concentrations of these large drops.

A recent study on the occurrence of large drops by Gatlin et al. (2014) has compiled a large and diverse set of
measurements made with the 2D video disdrometers from many locations around the globe. Some of the largest drops found
in this study were 9 mm D, and larger, and in this paper, we report on three such events, with maximum D¢y’s of 9.0, 9.1
and 9.7 mm, which occurred in Colorado, Northern Alabama, and Oklahoma, respectively. Detailed examination of the
2DVD data — in terms of shapes and fall velocities — has confirmed that these are fully-melted hydrometeors , although for
the last case in Oklahoma, a bigger and non-fully-melted hydrometeor was also observed. All three events were also
captured by polarimetric radars, namely the S-band CHILL radar operated by Colorado State University (Brunkow et al.,
2000), the C-band ARMOR radar (Petersen et al., 2007) operated by University of Alabama in Huntsville, and NEXRAD-
KVNZX, operated by the US National Weather Service, respectively. For the last event, several other radar observations were
also made, including two X-band radars operated by the US Dept. of Energy.

Analyses of 2DVD data in conjunction with the corresponding radar observations are presented, along with some
discussion on sampling issues related to the measurements of such large rain drops. The latter is addressed using maximum
diameter D,,,,x measurements from 1-minute DSDs using two collocated 2DVDs for 37 events in Huntsville.

2 The three events

2.1 The Colorado event

This event occurred on Sept. 10 2006 and was captured both by a 2DVD unit located near the town of Platteville and the
CHILL radar ~30 km away which performed a predefined series of scans that included some ‘fixed pointing’ (dwell mode,
along the azimuth of the 2DVD site, with low elevation angle) and RHI scans over Platteville as well as a few interlaced PPI
scans. Weather reports during this event had reported thunderstorm activity associated with this event. The radiosonde data
collected at 00 UTC 11 September 2006 sounding from Denver, Colorado, indicated that relatively moist conditions were
present between the 700 and 240 mb levels (corresponding to 3.14 and 10.97 km a.s.1.); this sounding contained ~1.9 cm of
precipitable water which is a little higher than normal for September in Colorado.

The PPI scans showed an isolated and intense rain cell with 50 dBZ reflectivity and 4 dB differential reflectivity, while
the low values of hail detection ratio (HDR<0 dB) suggested that it was all fully-melted hydrometeors, at least near the
ground. One of the RHI scans is shown in Fig. 1. Both reflectivity and the linear depolarization ratio (LDR) are given. The
intense, isolated cell can be seen over the 2DVD site at 30 km range. The cell is detached from another more widespread
system which can be seen at closer ranges (up to 15 km). The melting layer is clearly visible for this widespread system,
particularly in LDR at a height around 2 km. By comparison, LDR values within the intense isolated cell are very low (< -28
dB), indicating that there was no hail aloft. (Unfortunately, due to another project commitment, the radar was transmitting
only H polarization for RHI scans — but H & V on receive).

In the fixed pointing and PPI modes, all polarization parameters were recorded. An example of a PPI scan taken 21
minutes earlier is shown in Fig. 2. The isolated cell can be seen a few km away at this time from the 2DVD site. The
reflectivity values can be seen (once again) to be more than 50 dBZ and Z, values reaching 5 dB and higher, indicating the
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presence of very large drops. The S-band hail detection ratio (HDR<0 dB) indicates that this rain cell is composed of fully-
melted raindrops, also confirmed by high specific differential propagation phase shift (Kg4,) values (not shown here). The
isolated cell reaches an altitude of nearly 10 km with echo-top reflectivities around 0 dBZ at these heights.

12] - ‘
Fig. 1: RHI scans of Z and LDR 1Q§-CHLZUU6U910_222825

recorded by the CSU-CHILL radar
over the 2DVD site at Platteville
(30.4 km range) on 10 Sept 2006
when large drops were recorded by
the 2DVD. Scan time is: 22:28
UTC. The biggest drop was 9 mm
(fully-melted) for this event.
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Fig. 2: A PPI sector scan for the same
event as Fig. 1 but taken earlier at
22:07 UTC. The 2DVD location is
marked with a black star.
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Using the radar data collected in the fixed, pointing dwell mode, it was possible to extract Z4 over the 2DVD site and
correlate with Dy, from the 2DVD [-minute DSD measurements. Fig. 3 shows this comparison from 22:18 to 22:36 UTC.
Just after 22:30 UTC, the 9 mm D,,,x can be seen and it is around this time that the Z, reaches its highest value of ~ 4 dB. T-
matrix calculations using the measured 1-minute DSDs also resulted in Zy, near 4 dB. At C-band, the T-matrix calculations
yielded Z4 as high as 6.5 dB (due to non-Rayleigh scattering effects), whereas at X-band and Ku-band, Z4 values of 4 dB
and 3.4 dB were obtained. This clearly shows the importance of D,y particularly for Z, at C-band.
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Fig. 3: Z4 extracted over the 2DVD site (after
smoothing in range) as time series from the CHILL
radar fixed pointing measurements and Dmax recorded
by the 2DVD at ground level.

II_’I_H_'_III|III|I

o = (@) 0.9

i

Zdr (dB) & Dmax (mm)

ERAD 2014 Abstract ID 231 2 merhala@engr.colostate.edu



ERAD 2014 - THE EIGHTH EUROPEAN CONFERENCE ON RADAR IN METEOROLOGY AND HYDROLOGY

The 1-minute DSD during which the 9 mm drop was detected consisted of only drops with D.q < 7 mm except for the one
single drop with D¢, = 9.0 mm. Fig. 4 shows three 1-minute consecutive DSDs around this period. The variability of DSD is
not all that significant for diameters less than 7 mm. Clearly, sampling issues need to be considered when determining Dy«
for scattering calculations. The importance of Dy, particularly for Z4 at C-band, has also been shown by Keenan et al.
(2001) and Carey and Petersen (2014).
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In Table 1 we show the effect of neglecting the 9 mm drop on the radar parameters at S, C and X bands. T-matrix
calculations were performed assuming identical values for parameters such as temperature, shape-size relation and
orientation angle distribution. Marked differences can be seen in Z,,, Zg and Ky, (with and without the 9 mm drop). They
largely show a reduction in their values when the 9 mm drop is excluded, except for Z, at C-band which is due to the non-
Rayleigh scattering effects (resonance) which peak around 6 mm for Z,, at C-band. Values of py,, do not change appreciably
except — again — for C-band. The sensitivity of py, to the width of the DSD has been noted before and the possibility of
including this parameter for improving DSD retrievals has been explored at C-band (Thurai et al., 2008). However at S-band
(CHILL radar frequency) and indeed for X band also, the reduction on py,, for wide DSDs is not sufficient to make use of this
parameter for improving DSD estimates. As seen from Table 1, these values are higher than 0.99 for the 2 frequency bands.

Also included in Table 1 are the values of D, and oy (the mass-weighted mean diameter and the standard deviation of the
mass spectrum respectively) for the same DSD with and without the 9 mm drop. A 7% reduction is seen in D, and a 15%
reduction in oy;.

Table 1: The effect of including (with) and excluding (without) the 9 mm drop on the radar parameters at various frequency
bands. The assumptions are: Temperature = 22 °C, std. dev. (canting angle) = 5 deg., and oblate spheroid shapes for drops
with axis ratios given in eq. (2) of Thurai et al. (2007).

Zy(dBz) | Z4 (dB) | Ky, (deg/km) Phy

S-band (with) 55.4 4.1 2.0 0.991
S-band (without) 53.1 3.5 1.3 0.995
C-band (with) 59.6 5.5 2.9 0.960
C-band (without) 55.6 6.0 2.3 0.936
X-band (with) 58.6 4.0 5.3 0.988
X-band (without) 56.6 3.5 3.9 0.996
D, (with) = 4.36 mm

D, (without) = 4.05 mm

oy (With) = 2.17 mm

oy (without) = 1.85 mm

2.2 The Oklahoma event

In the study by Gatlin et al. (2014) using global 2DVD datasets, the very large drops - exceeding 8 mm D, - were found
in both tropical and mid-latitude locations. The greatest number of giant raindrops were found in the mid-latitudes, with the
largest being a 9.7 mm raindrop that occurred in northern Oklahoma during the passage of a hail producing thunderstorm.
The results suggested that the very large raindrops are more likely to fall from clouds that contain hail, especially those
raindrops exceeding 8 mm in diameter.
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The event with the biggest raindrop (D.q of 9.7 mm as mentioned earlier) was observed in northern Oklahoma at the
Atmospheric Radiation Measurement Central Facility (ARM-CF) site operated by the U.S. Department of Energy (DoE). A
reconstructed three dimensional image of this giant raindrop, which was recorded by the DoE’s compact-version of 2DVD,
is shown in Fig. 5. The shape of the 9.7 mm raindrop is very similar to the raindrop shape contours computed by Thurai et al.
(2007) . The raindrop was produced by a left-moving supercell storm, which is commonly known to be a large hail-bearing
type of storm (Bunkers 2000), that occurred during the overnight hours of April 29, 2012. The 2DVD also recorded some
melting hail, similar in shape to that described by Rasmussen et al. (1984), as this storm passed over the site. Thus the
existence of a small ice core within this 9.7 mm hydrometeor cannot be ruled out, but is very unlikely given its shape (Fig.
5). Furthermore, one minute prior to when the 9.7 mm raindrop was recorded, dual-polarimetric measurements from the
Vance, OK NEXRAD radar, which is located about 55 km away, indicate that the precipitation over the ARM Central
Facility was dominated by high Z, around 3-4 dB, Ky, of 3° km™' and HDR << 0 dB, similar to the CHILL radar
measurements of the event which produced the 9.0 mm raindrop presented in section 2.1.

Deq=9.66 mm, OK/US, April 29, 2012, 05:40:38

Fig. 5: A three-dimensional reconstruction of the 9.7 mm raindrop that was recorded by the DOE’s 2DVD at their ARM
Central Facility site in Oklahoma on April 29, 2012 at 05:38:53 UTC. This is the biggest drop (fully melted) recorded to
date. X, Y and Z dimensions are in mm. A well known fact is that any drop with D, even a little bit larger than this will
become aerodynamically unstable resulting in spontaneous drop break-up.

As mentioned earlier, the 2DVD at the SGP-CF did measure some non-fully melted hydrometeors during this event. The
contours of the projected silhouettes onto the two orthogonal planes are shown in Fig. 6 for (a) the 9.7 mm drop
corresponding to Fig. 5 and (b) a larger hydrometeor which is not fully melted. The differences in the two sets of images are
obvious. In the case of the unmelted hydrometeor it is evident that it does not possess the flattened base as predicted for
example by the Beard-Chuang (1986) model and instead shows some irregularities/discontinuities near the base and more
flatted shape at the top.
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Fig 6: The silhouette contours from the 2DVD of (a) the largest, T w“""‘:""“‘--‘,\‘
fully melted, drop shown in Fig. 5 and (b) a larger, non-fully .“'f‘ , %
melted, hydrometeor. X/Y and Z dimensions are in mm. B j $ S LR
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A PPI sector scan taken from the Vance OK NEXRAD (KVNX) is shown in Fig. 7. The time of the scan is 05:41:42
UTC—a few minutes affer the largest drop was recorded. The black square indicates the 2DVD location. High Z, Z4 and K,
values are seen around this location indicating that it is mostly due to rain although the lower than expected py, values (at S-
band) also suggest the possibility of graupel/hail mixture. High values of HDR can be seen some 5-10 km west of the 2DVD
site, indicating high probability of graupel/hail contamination in this region. Also shown — as a pink diamond — is the
location of an X-band radar (belonging to US Dept. of Energy) at Garber which also captured this event. The Garber radar
data are shown in Fig. 8, together with the estimated rainfall rate. Because of the higher radar range resolution (50 m) and
the closer range, the X-band data show finer details of the storm structure. At 5:40 UTC, the Garber radar shows the core of
left-moving cell is over the 2DVD site. The larger drops are associated with the sharp edge of the storm.

By comparing Fig. 7 and Fig. 8, the following observations can be made: (a) Z;, and Zg, at S and X band are somewhat
similar in the regions around the 2DVD location (attenuation correction schemes have been applied); (b) Ky, is significantly
higher at X-band; (c) Kq, based rainfall rates at S and X bands give similar values and in fact, at the location of the 2DVD,
they also agree well with the 2DVD-based estimate (~80 mm/h at the time of the PPI scans).
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Fig. 7: Sector (SE) of PPI scan (S-band) taken at 05:41:42 UTC, a few minutes after the biggest drop was recorded by the
2DVD. The location of the 2DVD is marked with a black square. The top three panels are Z,, Zg, and Ky, and the bottom

panels are 1-ppy,, HDR and rainfall rate estimated from Kg,. The pink diamond shows the location of the Garber X-band radar
and the pink dashed line represents the area of the sector corresponding to Fig. 8.
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Fig. 8: A PPI sector scan (X-band) taken at 05:40 UTC, a few minutes after the biggest drop was recorded by the 2DVD. The
black square marks the location of the 2DVD. The panels from right to left are Zy,, Zg;, Kap, 1-phy, and log;o(R(Kgp)) in mm/h.

The similarity between S-band Z,, and X-band Z,, can also be corroborated by 2DVD data. Fig. 9(a) shows the variation
of Dy, versus Zg at S and X bands calculated using the 1-minute DSDs from the 2DVD measurements for this event. The
variation is not very different between the two. Fig. 9(b) shows Ky, versus rainfall rate using the same DSDs, and as
observed earlier (see point (b) above), the X-band K, values are significantly higher than those at S-band. For 30 mm/h
rainfall rate, the S-band K, is typically around 0.6 deg/km compared with ~2.65 deg/km at X-band. For 100 mm/h, they are
~2.3 and 8.3 deg/km respectively. Matrosov et al. (2006) have also shown similar values (ratio of 3.6 for 33 mm/h rainfall
rate for Kg, at X-band to S-band, but it should be noted that the ratios are sensitive to drop shapes).
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Fig. 9: (a) Z4 versus Dy, and (b) K, versus R, calculated using the measured 1-minute DSDs for S and X bands.

Further comparisons between the Gerber radar observations and the 2DVD based calculations are shown in Fig. 10 in
terms of (a) Kq, versus Z, variation and (b) Zg versus Z, variation. In both cases, the color intensity plot represents those
determined from the radar data (after correcting for attenuation) while the white circles represent the scattering calculations
using the 1-minute DSDs measured by the 2DVD for this event. Note significant offsets needed to be applied to both the
Garber radar measured Z;, and Zg, to get consistency with the 2DVD based variations.
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2.3 Huntsville event

Another raindrop exceeding 9 mm in diameter found in the datasets was recorded by CSU’s low-profile 2DVD (SN16)
in Huntsville, Alabama, on March 5, 2013 at 17:56 UTC. This raindrop had a D, = 9.1 mm and was also produced by a
storm that resulted in several reports of 2.5 cm hail at the ground shortly after it moved across the Huntsville area. Although
it was a rain dominated event, the quick-look 2DVD images did indeed show the presence of (somewhat) irregular shapes.
One example is shown in Fig. 11 which contrasts the 9.1 mm fully melted drop with a larger hydrometeor perhaps with
melting occurring around the ‘equator’ of the particle (presumably wet-ice). Whether such particles can cause much higher
differential attenuation or not can only be established with scattering calculations using methods which are capable of
utilizing the full-3D structure of the hydrometeors including details of the complex permittivity. A fast and efficient method
is the higher order method-of-moments surface integral equation technique (MoM-SIE, see Notaros, 2008) which has
already been used for scattering matrix calculations for raindrops with no rotational symmetry axis (such as those
immediately after a collision process) by Sekeljic et al. (2014).

Fig. 11: The two contoured
silhouettes from the two orthogonal
cameras of (a) the 9.1 mm drop and
(b) a non-fully-melted hydrometeor
from the Huntsville event on 05
Mar 2013.
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Fig. 12 shows the rainfall rate (R) as well as the DSD characteristics of this event from the 2DVD measurements —
assuming all fully melted hydrometeors —a reasonable assumption given that this event was indeed dominated by rain. 3-
minute running averaged values are shown. At 17:56 UTC, i.e. when the 9.1 mm drop was recorded, D,, values reach just
over 3 mm, o) reach around 2 mm and rainfall rate is around 20 mm/h.
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Fig. 12: R (left panel) and Dy, and oy (right panel) from the 2DVD measured DSDS (3-min running average is applied).

The wide DSDs with the very large drops will be expected to give rise to not only high Z; at C-band but also
significantly reduced pp, and also finite (detectable) values of differential backscatter phase. Fig. 13 shows the C-band
ARMOR radar scans taken at 17:54 UTC — two minutes prior to the 9.1 mm drop measurement. The 2DVD site is marked
with a square. The top panels show — from left to right — Z, Zg,, K4, and 1-py,. The Z, values reach over 8 dB (to be expected
at C-band with such large drops) and py, shows noticeable reduction. In fact, it has been shown that the reduced py, at C-
band can be used to determine the 6y for wide DSDs (e.g., Thurai et al. 2008). The lower panels show — from left to right -
the differential backscatter phase (3), D,, determined from Zg,, oy determined from py, and Z, (using the method described
in Thurai et al., 2008) and rainfall rate estimated from Kg,. The estimated DSD parameters, Dy, and oy show good agreement
with the 2DVD based estimates shown in Fig. 12 at 17:56 UTC (around 3 mm and 2 mm, respectively). Note also that
significant & can be seen in Fig. 13 indicating the presence of large drops, perhaps also mixed with partially melting
graupel/hail. For rain-only medium, it would be possible to include & to further improve the DSD retrieval at C-band, as was
done at X-band by Otto and Russchenberg (2010).
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Fig. 13: ARMOR radar PPI scans (top panels) and retrieved DSD parameters and log (R) (mm/h) together with the estimated
differential backscatter phase. The 2DVD site is marked with a black square.

3 Duax Sampling issues

As alluded to earlier, the value of D,,, employed in deriving radar-rainfall relationships can produce significantly
different results (Keenan et al. 2001), and the presence of large raindrops greatly influences attenuation-correction methods
(the coefficient that relates specific attenuation and differential attenuation to K,) especially at C-band frequencies (Zrnic et
al 2000; Carey et al. 2000; Keenan et al. 2001; Carey and Petersen 2014). The probability of recording large raindrops with a
disdrometer is limited, largely due to sampling issues (Smith 1993) since the sensor area, for example of the JWD is only 50
cm’ whereas for the 2DVD it is 100 cm®.

When performing scattering simulations, either the measured DSD and the corresponding D« value can be used, or the
measured DSD can be fitted with a gamma shape model and one can fix the ratio D,x/Dy, 0r Dyay/Dyg around 3 (D is the
median volume diameter) or one can use a DSD model with fixed Dp,,,=8 mm (e.g., Smith et al. 1993; Keenan et al. 2001;
Gorgucci et al. 2002; Bringi et al. 2002). One way to increase our confidence in Dy, assumptions as well as improve our
knowledge of large raindrop concentrations is to examine long-term measurements from well calibrated, side-by-side
disdrometers that sample a variety of precipitation regimes.

Conveniently, in Huntsville, Alabama, there were two side-by-side 2DVD units (installed a few meters apart) as part of a
long-term observation campaign from which over 7500 pair samples of temporally matched 1-minute DSD measurements
were recorded by the two (frequently calibrated) 2D-video disdrometers, named SN16 and SN25 (operated by NASA). The
measurement campaign was over a ten-month period, and included a variety of rain types and regimes. In a previous study
(Thurai et al., 2014), the datasets had been used to examine DSD sampling issues and their impact on some of the DSD
parameters such as D, and oy. One example is given in Fig. 14 (a) which compares the D,, values from the matched 1-
minute DSDs from the two 2DVDs. The comparisons are shown as a color intensity plot where the color scale indicates the
number of occurrences on a log scale. The same datasets have been used for D,,,x comparisons shown in Fig. 14 (b). Note
however, Dy, values in the plot are ‘quantized’ with a resolution of 0.25 mm. As with the D,, comparisons, there seems
relatively good correlation between the two sets of Dy« values, but the spread is, as expected, noticeably larger.
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Fig. 14: (a) Dy, and (b) Dy, comparisons calculated using 1-minute DSDs from the two collocated 2DVDs in Huntsville.

Table 2 summarizes the mean differences between the side-by-side measurements of D,,,x and their standard deviation for
all the data, as well as for D,,,x values within several diameter intervals. The mean values of AD,,,, are very near zero, given
the 0.25 mm ‘resolution’ of the 2DVD bins. However the standard deviation is not negligible, and furthermore, it increases
with increasing Dy, reflecting the fact that larger drops are not well-sampled with the 100 cm? sensor area of the 2DVD
(Smith, 1993). Note the integration time is 1-min. One would expect that increasing the integration time would reduce the
standard deviation, as long as the ‘stationarity’ condition applies.

Table 2: Mean and standard deviations of the Dmax comparisons from SN16 and SN25 for various D,,x ranges.

D ax range Mean(AD.x) Std. dev(AD ) # of samples
All 0.04 0.40 7520

2-2.5mm 0.03 0.48 3217

3-3.5mm -0.09 0.54 965

4 —4.5mm -0.13 0.67 147

5-5.5mm -0.15 0.79 29

Of more interest is the ratio Dy, /Dy, and histograms determined from the 1-minute DSDs are shown in Fig. 15. The two
curves represent the two separately derived histograms from SN16 and SN25. They show remarkable agreement. They also
show that setting Dy.x to 3*D,, as the upper integration limit is sufficient to cover practically all cases. Note such histograms

cannot be derived with many of the other disdrometers (e.g., Joss-Waldvogel type) because of the upper limit of drop size
categories (often ~5-5.5 mm).

15 ; ;

— from SN16

g - from SN25
Fig. 15: Relative frequency of the ratio )
Diax/D determined from the 1-min DSDs from §
the two collocated 2DVDs. The number of g
samples = 7520 for each instrument (temporally E
matched DSDs). s
[
(4

4 Summary

Three events which produced very large drops have been investigated using 2DVD measurements and polarimetric radar
observations. All three events had D, > 9 mm. The first of these events — which occurred in Colorado — was an intense and
relatively isolated rain cell with an echo top height of nearly 10 km. The CSU-CHILL S-band radar was set at fixed-pointing
mode which enabled D, at ground level to be correlated with Zy a few hundred m above ground level. Scattering
calculations using the 1-minute DSDs show that excluding the 9 mm drop would result in significantly lower values of Zj,
Z4 and Ky, at S, C and X bands, except for Zg, at C-band due to the resonant scattering.
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The second example occurred in Oklahoma and had produced the largest fully melted drop with a Deq of 9.7 mm. A 3D
reconstruction of the drop shape from the 2DVD-based contours was made from which a flattened base was very evident. A
larger hydrometeor was also recorded during this mostly rain-dominated event, but its shape strongly suggests it was a
melting hydrometeor (graupel/hail). The event was captured by the S-band operational weather radar as well as two X-band
radars (and vertically-pointing Doppler profilers at Ku band and UHF). Analyses of the S band radar and one X band radar
data show that K, values are much higher at X-band whereas Zg values are somewhat similar. These are corroborated by the
2DVD data-based scattering calculations which show similar D,,-Z4, variation and very different R-Kg, variation.

The Huntsville event also had some melting hydrometeors, but it too was largely dominated by rain. The largest raindrop
for this event had a D4 of 9.1 mm. Nearby C-band polarimetric radar observations were made during this event as well. The
D, and oy values estimated from Z4 and pp,, were in good agreement with those calculated from the 1-minute DSD during
the time of the giant drop. Also found was significant differential backscatter phase in the very large drop region, which is to
be expected at C-band due to resonance effects.

Finally, Dy, sampling issues were addressed using 7500 minutes of temporally-matched DSDs from two collocated
2DVDs. High correlation was found between the two sets of DSDs in terms of D,, and Dy« but the latter showed higher
spread (and therefore higher fractional standard error). The spread was higher for DSDs containing high D, values.
Histograms of D,,,/D;, showed that setting an upper integration limit of D,,,,=3*D,, for scattering calculations using, for
example gamma fitted DSDs is more ‘realistic’ than using a fixed value of say 8 mm.
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