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Abstract. Measurements from a 2-D video disdrom-
eter (2DVD) have been used for drop size distribution
(DSD) comparisons with co-located Parsivel measurements
in Huntsville, Alabama. The comparisons were made in
terms of the mass-weighted mean diameter, Dy, the stan-
dard deviation of the mass-spectrum, oy,, and the rainfall
rate, R, all based on 1-min DSD from the two instruments.
Time series comparisons show close agreement in all three
parameters for cases where R was less than 20mmh~!. In
four cases, discrepancies in all three parameters were seen
for “heavy” events, with the Parsivel showing higher Dy,
om and R, when R reached high values (particularly above
30mmh~!). Possible causes for the discrepancies include
the presence of a small percentage of non-fully melted hy-
drometers, with higher than expected fall velocity and with
very different axis ratios as compared with rain, indicating
small hail or ice pellets or graupel. We also present here
Parsivel-to-Parsivel comparisons as well as comparisons be-
tween two 2DVD instruments, namely a low-profile unit and
the latest generation, “compact unit” which was installed at
the same site in November 2009. The comparisons are in-
cluded to assess the variability between the same types of
instrument. Correlation coefficients and the fractional stan-
dard errors are compared.

1 Introduction

Satellite-based precipitation retrieval algorithms such as
those used for the NASA Tropical Rainfall Measurement
Mission (TRMM) or those currently under development for
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the Global Precipitation Mission (GPM) require robust 3-D
descriptions of rainfall characteristics such as the drop size
distribution (DSD) and it’s variability over satellite instru-
ment footprints ranging from approximately 5-15km (e.g.,
Hou et al., 2008; Iguchi et al., 2009). The rather instan-
taneous, bulk nature of a low-earth orbiting satellite mea-
surement (e.g., consider a single TRMM Precipitation Radar
swath) integrates DSD spatial variability that occurs at sub-
pixel scales. Moreover, a given orbit will not sample the tem-
poral variability, and, furthermore, errors are introduced due
to beam filling effects and the relatively large pixel sizes. To
assist in providing the most accurate representation of DSDs
and associated error for development of physically consistent
retrieval algorithms and the associated higher level moment
estimates (i.e., e.g., rainfall rate, radar reflectivity), it is im-
portant to quantify pixel to sub-pixel scale variability of the
DSD.

Surface based measurements provided by disdrometers
provide a means to address the question of DSD and asso-
ciated moments of the DSD variability. However, these in-
struments provide only point measurements (if used in typ-
ical single-instrument deployments, are expensive and, de-
pending on instrument type, can be difficult to maintain in
networks of sufficient instrument density over the footprint
scale of interest (i.e., order of 20 instruments at 1-2 km spac-
ing).

One solution we are proposing to implement for valida-
tion activities related to GPM involves a joint deployment
of a large number (16-20) of Parsivel disdrometers (Loffler-
Mang and Joss, 2000; Tapiador et al., 2010) anchored by
approximately five 2-D Video Disdrometers (Schoenhuber et
al., 2008) to sample the spatial and temporal decorrelation
properties of the DSD at scales of 1 km over a satellite foot-
print scale of ~10 km. These measurements will also be used
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to “bootstrap” the coverage domain of the DSD estimates
using dual-polarimetric radar (Bringi et al., 2009). Funda-
mental to assessing instrument error in any resulting conclu-
sion pertaining to the “true” DSD variability, is the inter-
instrument disdrometer measurement errors, which should
be quantified. As a first step to accomplishing objectives
related to the DSD correlation characteristics, herein we ad-
dress the inter-instrument error measurement characteristics
as observed in a range of cold and warm season rainfall sys-
tems composed of a wide range of rainfall. Time series com-
parisons of two DSD parameters and rainfall rate R from two
Parsivel and two 2DVD measurements are made and their
statistical parameters such as Pearson correlation coefficient
and fractional standard errors are evaluated. We also address
the issue of variability between the same type of instrument
versus the inter-instrumental variability.

2 Experimental set-up and data

The two Parsivel disdrometers (OTT) and the two 2-D video
disdrometers used in this study are all collocated at a site in
Huntsville, Alabama, the site being a heavily instrumented,
bermed research area, designed to measure precipitation
properties in various rain regimes. Other instruments in-
clude a UHF profiler, several rain gauges, including a Geonor
weighing gauge, and a C-band dual-polarization radar situ-
ated 15 km away (cf., Petersen et al., 2007). Both the C-band
radar and the profiler provide useful information regarding
the rain regime and the vertical structure respectively while
the Geonor rain gauge provides useful validation for daily
rainfall accumulation.

The Parsivel disdrometer is a laser optical device which —
in theory — can measure the size and fall speed of hydrom-
eteors. The size category goes up to 25 mm, with 32 size
classes of varying diameter intervals, and the velocity cate-
gory goes up to 20ms~!, again with 32 classes, and again
with varying velocity intervals. Details of the instrument
and the measurement technique, together with the assump-
tions used to determine the size and velocity of hydromete-
ors can be found in Loffler-Mang and Joss (2000), Battaglia
et al. (2010) and Tapiador et al. (2010). However, there are
two main points worth noting for the Parsivel, which are rel-
evant to the present study:

(1) The hydrometeors are assumed to be oblate spheroids,
with a “pre-assumed” relationship between drop axis ra-
tio and drop diameter;

(i) The output of the instrument is contained in a 32 by
32 matrix, with size versus velocity elements; in other
words, the data are ‘binned’ under size and velocity
categories (Parsivel is also a real-time weather sensor
which provides the precipitation type such as “GR” for
graupel).
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On the other hand, the 2-D video disdrometer provides in-
formation on individual hydrometeors, determined from two
camera images taken at orthogonal angles. The two opti-
cal planes are offset by a precisely-known distance, and by
matching each hydrometeor from the first optical plane to
the second, it’s fall speed is determined. In the case of
rain, such matching procedure is relatively simple because
of the rotational symmetry of drop shapes, and, furthermore,
for larger drops (>2 mm drop diameter), the procedure be-
comes even simpler and results in much less errors due to
mismatches. Further information can be found in Schoenhu-
ber et al. (2008); Kruger and Krajewski (2002), and Huang
et al. (2008).

For DSD comparisons between Parsivel and 2DVD, events
with widely varying rain regimes were chosen, ranging from
one outer hurricane rain band, to multi-season stratiform rain
events, to localized convective cells, and to organized con-
vective squall-lines. For all events, DSD comparisons were
performed in terms of the mass-weighted mean diameter
(D) and the width of the mass spectrum (op,), both calcu-
lated numerically from the DSD measured over 1 min. The
definitions of the two parameters are given in Ulbrich and
Atlas (1998). The rainfall rate, R, was also chosen for sta-
tistical comparisons, again based on the 1-min DSD. In the
case of 2DVD, the three quantities were evaluated on a drop-
by-drop basis (after ensuring accurate calibration) whereas
for the Parsivel disdrometer the “binned” output of the 1-min
DSD data were used.

3 Parsivel versus 2DVD Comparisons
3.1 Time series data

Most of the events considered here were of long duration (at
least over 90 min). Figure la shows the time series of the
measured 1-min DSD (notated as N(D) hereafter) for one
of the longest events sampled on 6 January 2009; the UTC
is from 00:00 UTC to 24:00 UTC, i.e. the entire day. The
computed rain rate did not exceed 30mmh~!, except dur-
ing 2 very short periods. The colour scale in Fig. 1a rep-
resents N(D) in units of mm ! m~3 determined from the
2DVD measurements. Despite the long duration, the event
is seen to be composed of mostly small and medium sized
drops, i.e. D did not exceed 4 mm for the entire event. The
black marks superimposed on the colour plot represent Dy,
and the grey points represent oy, (evaluated using, for exam-
ple, Egs. (3) and (18) in Thurai and Bringi, 2008). The for-
mer does not exceed 2 mm for much of the time, whilst the
latter is mostly below 1 mm. The two are compared with the
corresponding estimates from one of the Parsivels in Fig. 1b,
¢ respectively, and their conditioned histograms (in terms
of percentage probability, conditioned to Dy, >0.1 mm) are
compared in Fig. 1d, e respectively. In both cases, i.e. time
series comparisons and the histogram comparisons, excellent
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Fig. 1. (a): 1-min DSD from the 2DVD measurements for a 24 h
event; the color scale represents logo[N(D)] where N(D) is in units
of /mm/m3; overplotted are Dy, (black points) and oy, (grey points)
determined from N(D). (b): D, time series comparisons between
2DVD and Parsivel measurements. (c): the corresponding oy, com-
parisons. (d and e): comparisons of the conditioned histograms of
D and op,.

agreement can be seen. To quantify the comparisons, the
mean, standard deviation and the skewness of the histograms
in Fig. 1d, e are 1.13mm, 0.47 mm and 0.43 mm from the
2DVD data, respectively, compared with 1.12 mm. 0.42 mm
and 0.22 mm from the Parsivel data which are very close.

Several other events considered (not shown here) also
showed equally good agreement between Parsivel and 2DVD
in terms of Dy, and oy, time series. The events included
the remnants of a hurricane (Faye in 2009), with high wind
speeds accompanied by significant gusts. However, there
were four events (out of all the events considered) which
showed noticeable discrepancies within the event durations.
One example is shown in Fig. 2a, b. For about 30 min at
the beginning of the event, the agreement between Parsivel
and the 2DVD is very good (both in Dy, and oy,), but in
the following hour, discrepancies are seen in both variables,
with Parsivel showing higher Dy, and higher oy, during this
period. Thereafter, the time series reverts to being in close
agreement between the two instruments.
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Fig. 2. (a and b): Dy, and oy, time series comparisons for the 15
November 2008 event. Descrepancies are seen between 01:40 UTC
and 02:20 UTC. (c¢): Vertical velocity versus equivalent diameter for
each hydrometeor measured for the 15 November 2008 event. The
solid line shows the Atlas et al. (1973) variation and the dot-dashed
line represents 15% above this variation. (d): Axis ratio distribu-
tions for all hydrometeors with D in the 1.5-2.0 mm range in (c).
The green histogram represents the distribution for all hydrometeors
with fall speed below the 15% “elevated” curve (dot-dashed line) in
(c) and the red histograms for all cases lying above the line.

History data for this event indicates moderate wind speed
(~8 to 9mph), but thunderstorm activity was reported and
the Parsivel hydrometeor class indicator had “GR” flag, im-
plying the possibility of small hail (non-fully-melted hy-
drometeors) or graupel, mixed in with fully-melted rain hy-
drometeors. The 2DVD based rain rates reached a maximum
of 80 mmh~! at around 01:45 UTC whereas Parsivel showed
120mmh~".

The fall velocity of individual hydrometeors from the
2DVD measurements for this event is shown in Fig. 2c as
a scatter plot of the vertical velocity versus D for all hydrom-
eteors measured by the 2DVD for this event. Due to the
limited instrument resolution, only the hydrometeors with
D > 1.5mm are shown. Superimposed on the scatter plot is
the curve representing the velocity — diameter formula given
by Atlas et al. (1973) curve as well as the same formula
multiplied by 15%. Most hydrometeors lie below the ele-
vated curve but a small but significant number of them lie
well above this curve, indicating the presence of small hail
or graupel (or “ice pellets”) with higher fall speeds.
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Since the 2DVD also measures the shape and the orien-
tation of the individual hydrometeors, it was possible to ex-
amine the axis ratios of those lying above and below the 15%
“elevated” curve. Figure 2d shows the axis ratio distributions
for the drops with D in the range 1.5-2 mm, separated into
the two categories. For the whole event, there were 16 627
drops with fall speeds below the 15% elevated curve and 190
drops above it. For the former, the axis ratio distribution is
narrow, with a clear mode at 0.96, which is close to the pre-
vious measurements in rain (e.g. section 10.3 of Thurai and
Bringi, 2008). On the other hand, the hydrometeors above
the elevated curve give rise to a very broad axis ratio distri-
bution with no clear peak, and in fact with axis ratios higher
than one in many cases (indicating more prolate-like shapes).
Clearly these are non-fully-melted hydrometeors.

As mentioned earlier, there are also considerable differ-
ences in the measurement techniques used by 2DVD and
Parsivel. Aside from the fact that the 2DVD is a custom-
built research instrument while the Parsivel is more of an
operational tool, there are other considerable differences in
the measurement methods employed by the two instruments.
The differences include: (a) via two parallel but vertically-
separated beams, the 2DVD provides a direct measure of
drop fall speed whereas the Parsivel uses a dwell time within
its single beam, (b) the 2DVD gives two orthogonal views
of each drop from which the drop volume and equi-volume
spherical diameter (Deq or D) can be accurately computed
(even in presence of horizontal component of the drop ve-
locity) whereas the Parsivel gives the maximum dimension
of the drop in only one plane, (c) the 2DVD computes N(D)
using data from each drop whereas the Parsivel gives the con-
centration in a 32 x 32 matrix of velocity and diameter, and
(d) the 2DVD computes rain rate as the volume flux over a
sampling area twice that of the Parsivels. Out of these, only
point (c) has been addressed previously in the literature, by
Marzuki et al., 2010, who have shown, using simulations,
that the “binning” of the data will not create any undue errors
in Dp,. Regarding point (b) above, it is worth noting that — as
found by Kinnell (1976) for the impact-type disdrometer — it
is possible that Parsivel measurements may also be affected
by shape and velocity variations for a given drop diameter.

3.2 Statistical comparisons

For statistical comparisons, we use here Dy,, o, and R based
on the 3-min moving average of the 1-min data, in order to re-
duce the “noisiness” arising from small-time scale temporal
fluctuations (though a small amount of over-sampling may be
introduced as a result). The scatter plot of Dy, and oy, from
2DVD and the Parsivel are shown in Fig. 3a, b respectively.
A total of 4800 points are shown from all the events consid-
ered. While most of the points lie below Dy, of 2 mm and the
agreement there is good, note how beyond 2 mm, there is a
significant bias in the Parsivel values (overestimate at times
by 20-30%). This bias was evident at rainfall rates exceeding
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Fig. 3. Scatter plot of (a) Dy (b) oy and (¢) R between 2DVD
and NSSTC Parsivel. Each data point represents a 3-min moving
average of the 1-min data.

20mmhr~!. The events used in the statistical comparisons
are shown in Table 1, together with the duration and compar-
ison of the rain accumulations with a co-located Geonor rain
gauge, as well as the fractional bias and mean absolute devi-
ation in Dy,, oy and R between the 2DVD and Parsivel data.
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Table 1. The events used for statistical comparisons, together with rain accumulations, fractional bias, mean absolute standard deviation.

Date Time Rain Rain Rain Fractional Fractional Fractional —Mean absolute Mean absolute ~ Mean absolute Includes
interval accumulation accumulation accumulation  Bias (%) Bias (%) Bias (%) deviation deviation deviation non-fully-melted
(hours) (2DVD) (Parsivel) (Geonor) in Dy in oy in R (%) of Dy (%) of om (%) of R hydro-meteors

6 Jan 09 00-24 739 64.5 76.6 3.1 7.6 13.7 4.8 10.6 345 No

26 Mar 09 05-11 41.8 43.1 Not available -72 -9.5 -3.1 9.7 159 48.8 No

6 May 09 14-16 23.8 23.0 27.6 —-0.4 0.9 5.7 6.8 11.1 23.7 No

27 Feb 09 11-16 224 17.6 Not available —1.6 —0.3 10.8 5.7 12.5 25.1 No

2 Apr 09 21-24 483 54.3 Not available —8.6 -72 —12.5 125 15.7 33.6 Yes

3 Apr 09 00-02 132 15.1 Not available -7.0 —13.2 —125 10.6 21.5 70.2 No

14 Apr09  02-08 8.2 6.7 Not available 35 12.2 242 4.0 13.4 44.0 No

10 Apr09  08-10 11.6 105 14.3 0.9 33 10.3 7.1 135 76.6 No

5 May 09 00-02 6.5 9.5 6.8 —7.1 0.5 —46.9 10.9 10.8 74.8 No

15Nov08  01-04 24.0 27.6 24.7 —9.6 —9.6 —14.8 11.1 16.3 51.3 Yes

25 Aug 08  20-24 11.1 9.5 8.0 1.8 72 13.7 33 9.3 15.2 No

14 Jun 08 07-10 36.0 38.1 36.0 —10.8 —12.6 —5.6 12.6 19.5 34.4 Yes

Average -3.6 —-1.7 —1.4 83 14.2 44.4

The table includes the 2 events considered earlier in Figs. 1
and 2. In general, the agreement between the 2DVD based
rain accumulations and the Geonor measurements (whenever
available) are seen to be closer than the corresponding values
from the Parsivel data. Also shown in Table 1 (last row) is
the average of the fractional bias and the mean absolute de-
viation. Negative biases are seen on average for all three
parameters; also seen is the mean absolute deviation being
the highest for R and the lowest for Dy,.

Figure 3c shows scatter plots for R estimated from the
2DVD and the Parsivel (here however, each data point is a
3-min block average of the base 1-min data). The agreement
in R is close for R <~20mmh~!, but beyond that the Par-
sivel estimate tends to give higher values than the 2DVD. The
correlation coefficient is 0.87 for the “side-by-side” place-
ment of the 2 instruments. This value is considerably smaller
than for “side-by-side” tipping bucket gages (0.95-0.97, e.g.,
Habib et al., 2001) which involved the 15-min averaged R.
However, it is important to note that here, we are using dif-
ferent instruments with much smaller sampling areas and a
3-min averaged R (to approximate the scale of a single radar
pixel), so the lower correlation coefficient values are prob-
ably reasonable and more instrument-related as opposed to
reflecting the natural variability of R at very small spatial
scales (< several meters).

Relative to identifying a common measurement space
for the two instruments as it pertains to DSD variabil-
ity, we conclude from these comparisons (at a 3-min in-
tegration/smoothing scale) that the Parsivel instrument per-
forms similar to the 2DVD for Dy, <2 mm and/or for R <
20mmh~! in terms of agreement with the 2DVD. The per-
centage of time that Dy, > 2mm or R > 20 mm h~! are, re-
spectively, 6% and 4% (for our dataset comprising 4800
1-min data samples). The implication is that the Parsivel in-
struments can be used to evaluate DSD and rain rate variabil-
ity at small spatial and temporal scales when the rain rate re-
mains below approximately 20 mmh~!. However, as is well
known, the contribution to rain accumulation from higher

www.adv-geosci.net/30/3/2011/

rain rates can be very significant depending on regime even
though the frequency of occurrence can be very low. Other
climatologies/regimes may yield different thresholds for Dy,
and/or R where the Parsivel disdrometers would give reliable
estimates.

4 Parsivel-to-Parsivel and 2DVD-to-2DVD

Values of Dy, obtained from two “side-by-side” Parsivels
were also compared (based on 2576 1-min samples). Their
scatter plot is not shown here, but we report the following
values: if we define A as the difference in the D,, values be-
tween the 2 instruments, the standard deviation of A (or, oa)
was 0.136 mm while the mean value of Dy, (or, < Dy, >)
from the 2 Parsivels is 1.47 mm. Since the instruments were
identical and the physical variations get cancelled out be-
cause of the “side-by-side” location, the sampling error of
the Parsivel can be viewed in terms of the fractional stan-
dard deviation (FSD) = oa/+/2 + < Dy >=6.57%. Thus,
the sampling error of the Parsivel for estimating Dy, is con-
siderably less than the expected physical variations in Dr,.
“Side-by-side” comparisons of two 2DVD’s (low profile and
tall unit) by Cao et al. (2008) show similar sampling errors.

The scatter plot of R between the two “side-by-side” Par-
sivels showed much higher correlation as compared with Par-
sivel versus 2DVD. The sampling error of the Parsivel dis-
drometer for estimating 3-min average R in terms of the frac-
tional standard error was found to be 36%. This can be re-
duced by increasing the averaging time.

Side-by-side comparisons of two 2DVD’s (low profile and
the new compact unit) were also made. A total of 1723 1-min
DSDs were used for the comparisons, and the correlation co-
efficients for Dy, o, and R were found to be 0.946, 0.900
and 0.978 respectively. The events include a cool-season tor-
nadic storm which, despite the strong winds showed very
close agreement between the two 2DVD instruments (see
Thurai et al., 2010).
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Table 2. Correlation coefficients (and FSD of the sampling error).

Parameter  Parsivel to 2DVD  2DVD to 2DVD  Parsivel to Parsivel
Rainrate 0.903 (75%*) 0.98 (14%) 0.98 (36%)
Dy 0.851(10%) 0.95 (5%) 0.96 (6.6%)
om 0.834 (15%) 0.90 (10.4%) N/A

* reduces to 52% if R is restricted to 1-12mmh~!

Finally, in Table 2 we summarise the nugget parameters,
namely, the correlation coefficients and the FSDs of the sam-
pling error for the three-way inter-comparisons. Clearly,
comparisons between the same type of instrument are better
than their “cross comparisons”. Although this is to be ex-
pected, it is possible that the Parsivel to 2DVD comparisons
would improve if the comparisons were made exclusively for
rain only cases, i.e. without any non-fully meted hydromete-
ors such as graupel, ice pellets or small hail.

5 Summary and conclusions

DSD comparisons between 2DVD and Parsivel have been
made in terms of Dy,, oy and R from the 1 min DSD mea-
sured by the two instruments. Time series comparisons
showed close agreement in all three parameters for cases
where R was less than 20mmh~!. In four cases, discrep-
ancies in all three parameters were seen during part of the
event, with Parsivel showing higher Dy, o, and R, when R
reached high values (particularly over 30 mmh™!).

Scatter plots of Dy, o, and R based on the 1-min DSDs
(time-corrected) were determined for all events. For the Dy,
comparisons, the majority of the points were below 2 mm
and the agreement was very close. However for Dy, >2 mm,
there was a significant bias in the Parsivel values (over esti-
mate at times by 20-40%). This bias was evident at rainfall
rates exceeding 20 mmh~".

Possible causes for the discrepancies in Dy, oy and R
were investigated. In the four cases where significant dis-
crepancies had been observed, the Parsivel measurements
had indicated “GR” (or graupel) around the time of the devi-
ation, and the “drop-by-drop” data from the 2DVD showed
that whilst the majority of the hydrometeors followed the
Gunn and Kinzer (1949) curve for the fall-velocity (to within
15%), there were some hydrometeors which had fall veloc-
ities significantly higher and with axis ratios very differ-
ent from those expected for rain. Such non-fully-melted-
hydrometeors, together with drop shape and velocity as-
sumptions made by the Parsivel for large drops, are thought
to contribute to the discrepancies seen.

For all cases considered, the correlation coefficients for
Dm, om and R were 0.90, 0.85 and 0.83 respectively, as
shown in Table 2. The corresponding values for 2DVD-to-
2DVD comparisons were significantly higher, viz. 0.98, 0.95,
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and 0.90 respectively. For Parsivel-to-Parsivel the correlation
coefficients were 0.98 for R and 0.96 for D,,. The fractional
standard errors were also better for comparisons between the
same type of instrument (e.g. for Dy, 5% for 2DVD and
6% for Parsivel) as compared with their cross-comparisons
(10% for 2DVD-to-Parsivel). These figures - representing
the nugget parameters — need to be borne in mind when de-
termining the spatial correlation from the dense disdrometer
network datasets in the future.
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