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1. INTRODUCTION

During periods of precipitation, vertically pointed wind
profiling radars can be used to directly measure the
drop size distribution (DSD) through the Doppler ve-
locity spectrum. This is achieved by directly mapping
the Doppler spectrum from velocity space into diame-
ter space. In the absence of vertical ambient air mo-
tion and if Rayleigh scatter from discrete particles is the
dominant contribution to the radar signal, the velocities
detected by the profiler are primarily due to falling hy-
drometeors. Under these conditions, the DSD is re-
trieved from the Doppler spectrum by applying an ap-
propriate expression that relates drop diameter to termi-
nal fall speed. Precipitation parameters such as rainfall
rate, radar reflectivity factor, liquid water content, mass-
weighted mean drop diameter, and median volume drop
diameter can be calculated from the retrieved DSD. Un-
like in-situ instruments located at the surface, measure-
ments from the profiler can be used to investigate the
evolution of these parameters with height.

Several factors complicate the DSD retrieval process.
First, the retrieval method relies on the assumption that
there is no significant vertical ambient air motion. The
presence of undetected updrafts and downdrafts will
bias the retrieved number concentration. Second, there
are many choices for fall speed relationships. Since
the retrieval method assumes a single fall speed rela-
tionship, different expressions will result in different re-
trievals. Third, an inherent artifact of the DSD retrieval
process prohibits accurate retrievals of the number con-
centration of very small drops, but the smallest diam-
eter at which number concentration information should
be included in DSD calculations is somewhat subjec-
tive. Ground clutter at the lowest sampling heights ex-
acerbates this issue. Each of these considerations intro-
duces errors into DSD retrievals that propagate through
the precipitation estimations. These factors are exam-
ined and error analysis is presented.
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The present study focuses on precipitation systems
passing over central Oklahoma. The principal mea-
surements are made using a 915-MHz boundary layer
radar (BLR) and a two-dimensional video disdrometer
(2DVD) located near the BLR. Emphasis is placed on
non-convective systems due to the assumption of a qui-
escent environment. Time-height development of sev-
eral parameters associated with the DSD are presented.
In particular, transitions across the melting layer are ex-
amined. Rainfall parameters including rainfall rate, radar
reflectivity factor, mass-weighted mean diameter, and
median volume diameter are compared between the
lowest sampled height from the BLR and the 2DVD. This
study is motivated by ongoing comparisons with the the
NOAA National Severe Storms Laboratory polarimetric
S-band weather radar KOUN.

2. RETRIEVAL PROCEDURE

A DSD can be retrieved from each Doppler spectrum
at each sampled height. Two main parts comprise the
retrieval process. The first step is to map the Doppler
spectrum (which is a distribution of power-weighted ra-
dial velocities [Doviak and Zrni¢, 1993]) to a distribution
of drop diameters. This is accomplished by assuming
a fall speed relationship so that a value of velocity may
be calculated for any value of diameter. The distribution
of velocities can then be recast as a distribution of di-
ameters by applying that equation in reverse. One such
relationship is given by Atlas et al. [1973]:

v(D) = 3.78D"%7 D < 3mm

9.65 —10.3¢7 %2 D > 3mm (1)

where D is the drop diameter in millimeters and v is

the terminal velocity in m s~!. This hybrid relationship

spans two diameter regimes. Another relationship is

given by Brandes et al. [2002]:

v(D) = —0.1021 4+ 4.932D — .9551D? 4 .07934D?
—.002362D* (2)

Unless otherwise stated, the fall speed relationship used
in this study is Eq. 2.
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After transforming the set of velocity measurements into
a set of assumed diameters, the second step is to use
the Doppler spectrum to obtain information about the
number of drops N (D) at each diameter. This is done
by using the Doppler spectrum to find the power, which
in turn is related to the equivalent radar reflectivity factor
Z.. Additionally, the radar reflectivity factor is known in
terms of drop diameters:

Z. = / " N(D)DgdD, 3)
0

where D, is the equivalent drop diameter and N (D)
is the number density of hydrometeors per unit diam-
eter per unit volume of air. When a calibrated profiler
observes Rayleigh scattering from raindrops in the ab-
sence of noise, vertical motion, and turbulence, Z. cal-
culated from a Doppler spectrum should equal Z cal-
culated from the DSD. Therefore, under the assumption
that the Doppler spectrum due to falling hydrometeors is
associated only with velocities greater than zero and us-
ing the convention that v > 0 indicates downwards mo-
tion, the contribution of IV drops of size D to the Doppler
spectrum S at speed v is

S,e(v)dv = N(D)D®dD 4)

where S,..(v) is the range-corrected and calibrated (nor-
malized) Doppler spectrum, D is the drop diameter,
N (D) is the number of drops of diameter D per unit vol-
ume, and % comes from the relationship between drop
diameter and terminal velocity [Atlas et al., 1973; Gos-
sard, 1988]. Since all of the quantities except N (D) are
known, rearranging this equation yields:

Sre(v) dv

DS dD
In this manner, N (D) can be retrieved from a Doppler
spectrum.

N(D)

®)

In order to compare retrieved DSDs to those measured
by the 2DVD, this study focuses on time averaging and
integral parameters such as reflectivity factor Z, rainrate
R, and median volume diameter Dg. The reflectivity fac-
tor Z is given in Eq. 3. The rainrate R is given by:

s Drmas

R= f/ N(D)D*v(D)dD (6)

6 Din
where D,,,;,, and D,,, . are the minimum and maximum
diameters respectively, N'(D) has units of m=3 mm~1,
and v(D) is the terminal velocity of the drop. In the
presence of ambient air motion, v(D) is replaced by
(v(D) — w), where w is the vertical velocity of the am-
bient air. The median volume diameter Dy is given by:

Dg e’}
/ D3N (D)dD = / D3N (D)dD  (7)
0 Do

where N (D) is the number concentration and D is the
diameter. For measured DSDs rather than analytical
models, the minimum diameter is D,,,;,, instead of zero
and the maximum diameter is D, instead of infinity.

3. INSTRUMENTATION
3.1. 2DVD

The two-dimensional video disdrometer (2DVD) directly
measures DSDs by creating a virtual measuring area
with two orthogonal light sheets. Each light sheet is
monitored by a line-scan camera, and drops that pass
through the virtual measuring area create shadows that
are detected by the cameras. This information is then
processed to determine rain drop properties such as di-
ameter, oblateness, and the number of drops of each
size that fell through the measuring area. The 2DVD col-
lects data continuously and reports these properties for
consecutive one minute periods. For a more complete
description of 2DVD operation, see Kruger and Krajew-
ski [2002].

3.2. Wind profiler

The UHF wind profiler used in this investigation operates
at 915 MHz. Table 1 lists typical operating parameters
of the vertical beam mode used during this study.

frequency 915 MHz
pulse width 700 ns
range resolution 105 m
number of coherent integrations 100
number of FFT points 128
interpulse period 60 us
Nyquist velocity 136ms!
effective dwell time 23s
number of height gates 60
lowest sampled height 1425 m
highest sampled height 6.3 km

Table 1: Typical operating parameters for the UHF pro-
filer used in this study.

Typical scanning Doppler radars use the convention that
v, < 0 indicates motion toward the radar. This study
employs the opposite convention: v, > 0 indicates mo-
tion toward the radar. Since the profiler antenna points
vertically, motion towards the antenna indicates falling
(downward motion of) hydrometeors. During periods of
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precipitation and in the absence of significant vertical
ambient air motion and turbulence, the range of veloci-
ties comprising the Doppler spectrum is due to a range
of sizes of hydrometeors within that resolution volume.

4. ERROR ANALYSIS
4.1. Vertical air motion

This DSD retrieval method assumes that all contribu-
tions to the Doppler spectrum are due to hydrometeors
falling through quiescent air. If the air itself is also mov-
ing, the fall speeds measured by the profiler will be the
combined fall speeds of the hydrometeors and the air
rather than the hydrometeors alone. Ideally, this effect
would be reduced by using the clear air component of
the Doppler spectrum to estimate the ambient air motion
and correct for the bias [Ulbrich, 1983]. It was found dur-
ing this study that the precipitation signal overwhelmed
the clear air signal. Additionally, significant ground clut-
ter also tended to mask the clear air signal. In the ab-
sence of external information about vertical air motion,
this retrieval method is restricted to cases with limited
vertical air motion (e. g. , stratiform rain).

In stratiform rain, typical vertical velocities for ambient
air are about 20-60 cm s~ ! [Rutledge et al., 1988]. Fig-
ure 1 shows a graph of rain drop fall speed v(D) (Eq.
2) under quiescent conditions and fall speed v'(D) =
v(D) + w in descending air.

Fall speed
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Figure 1: Comparison of rain drop terminal velocity in
guiescent conditions and in descending air.

To gain insight into how a hidden bias in the Doppler
spectrum will affect integral parameters for retrieved
DSDs, it is useful to examine the effect of vertical air
motion on integral parameters for analytical DSDs. Ta-
ble 2 lists the true rain rate for two analytical DSDs along

with the rain rates that result from applying an updraft
(w < 0, upwards motion) and a downdraft (w > 0,
downwards motion).

Table 2 shows the expected result that for a given DSD,
a hidden updraft decreases R while a hidden downdraft
increases R. The general problem presented by this re-
trieval method, however, is that the DSD itself changes
based on the values of v(D). In other words, the
Doppler spectrum represents v’ (D) rather than v(D).
One way to study this problem is to take a known DSD,
assume the drops fall with velocity v(D) in calm air, uni-
formly bias the fall speeds by an updraft/downdraft to
obtain v'(D) (v'(D) = v(D) + w, w > 0 for a down-
draft and w < 0 for an updraft), retrieve the DSD corre-
sponding to v'(D), calculate integral parameters for the
retrieved DSD, and compare the original integral param-
eters to those from the retrieved DSD. The difference
between the two sets of integral parameters shows how
the presence of an unaccounted-for updraft/downdraft
affects the retrieved DSD. Table 3 lists integral param-
eters for a Marshall-Palmer DSD (R = 10 mm h™1)
as well as integral parameters from the DSD retrieved
for nonzero vertical ambient air motions. Although only
one DSD (Marshall-Palmer) at one rainrate (R = 10
mm h*1) is shown in Table 3, other rainrates and an-
alytical DSDs produce similar results.

Table 3 shows a counterintuitive result: rainrates from
retrieved DSDs decrease in downdrafts and increase in
updrafts. To understand this result, consider the ideal-
ized Doppler spectrum shown in Figure 2. In the pres-
ence of an updraft (or, equivalently, after removing a
downdraft), all drops fall more slowly, so the entire spec-
trum shifts to the left. The contribution to the spectrum
S(v)dv at low v is higher than it was before because
even though S itself has not changed, every S is now
located at a lower v. Since D « v, there is higher S
at lower D. The contribution to the spectrum S(v) is di-
rectly proportional to N (D) DY, so if S remains constant
and D decreases, then N (D) must increase. In other
words, it takes far more small drops than large drops to
produce a given spectral contribution S. The rainrate
R from retrieved DSDs increases in an updraft (or af-
ter removing a downdraft) because R is proportional to
N(D)D3. Similarly, in the presence of a downdraft (or
after removing an updraft), R from retrieved DSDs will
decrease.

4.2. Fall speed relationships

The DSD retrieval process relies on the existence of
a relationship between a drop’s diameter and its fall
speed. Since a variety of fall speed relationships have
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DSD true R updraft R downdraft R
Marshall-Palmer | 5mmh=! | 437mmh~! | 563mmh!
Marshall-Palmer | 10 mmh=! | 886 mmh=! | 11.14 mmh~!
Marshall-Palmer | 20 mmh=T | 1791 mmh~T | 22.09 mm h~T
Marshall-Palmer | 50 mm h=! | 4531 mmh~! | 54.69 mm h~!
Laws and Parsons | 5mmh=! | 448 mmh~! | 552mmh~!
Laws and Parsons | 100 mmh~! | 9.03mmh~! | 10.97 mmh~!
Laws and Parsons | 20 mmh~! | 1820 mmh~! | 21.80 mm h~!
Laws and Parsons | 50 mmh~1 | 4586 mmh~—T | 54.14 mm h~1T

Table 2: Effect of ambient air velocity on rain rate. For both cases, |w| = 0.6 m s~!, representing a worst-case
scenario for stratiform rain. The distributions are given by Marshall et al. [1947] and Laws and Parsons [1943].

Marshall-Palmer R = 10 mm h~!
original w=-06ms T [w=06ms!
R [10mmh=! | 1517mmh~! 6.50 mmh~!
A 39.4dB 43.9dB 36.98 dB
Do 1.40 mm 1.24 mm 1.58 mm
D, 1.58 mm 1.21 mm 1.91 mm

Table 3: Effect of ambient air velocity on integral parameters for retrieved DSDs. The original DSD follows Marshall-
Palmer with R = 10 mm h~!. Fallspeeds for the drops were calculated for the range of drop diameters, biased with
an updraft/downdraft, and used to construct a Doppler spectrum. The DSD was then retrieved from the constructed
spectrum, and all integral parameters were calculated from the retrieved DSD. Note that only NaNs and Infs were

excluded and no thresholding was applied.

been published to cover a wide range of drop diameters,
one source of error in retrieved rainfall parameters may
be due to the selection of a particular fall speed rela-
tionship. Figure 3 shows a time history of rainfall rate
from 2 May 2005 based on retrieved DSDs using Eq. 1-
2. Since the differences are quite small, it is reasonable
to conclude that any appropriate fall speed relationship
valid over the range of diameters is sufficient for DSD
retrievals.

4.3. Minimum included diameter

Since this retrieval method assumes that only hydrom-
eteors contribute to the Doppler spectrum, clutter con-
tamination near 0 m s~! is erroneously interpreted as
the result of very large numbers of very small drops.
This is an artifact of the retrieval method. Applying ve-
locity thresholding to a Doppler spectrum prior to re-
trieving the DSD ensures that clutter contamination is
excluded, but it also imposes a lower bound on the re-
trieved drop diameters. Applying a minimum threshold in
velocity is equivalent to truncating the DSD, which intro-
duces errors in the integral parameters. To estimate this
error, it is useful to examine analytical DSDs because

the rainrate is known. Figure 4 shows the effect of veloc-
ity thresholding on rainfall rate calculation for four DSDs:
Marshall-Palmer [Marshall et al., 1947], Laws and Par-
sons [Laws and Parsons, 1943], Joss-Drizzle [Joss and
Gori, 1978], and Joss-Thunderstorm [Joss and Gori,
1978]. As the velocity threshold is raised, more of the
DSD is truncated and the rainrate decreases. It was
found in this study that a threshold of 2.5-2.7 ms~! was
appropriate for most of the precipitation events studied.
A threshold of 2.5-2.7 m s~! corresponds to drop diam-
eters of 0.5-0.7 mm using Eq. 2.

4.4. Air density

Since air density decreases with height, it is necessary
to correct for this effect prior to retrieving DSDs. An
outside source of air density information is required to
calculate the correction factor. Two options for air den-
sity information are the U. S. Standard Atmosphere and
environmental soundings. Although the differences be-
tween them are small, it is prudent to check whether or
not those small differences will greatly affect DSD re-
trievals and subsequent calculations. Figure 5 shows
rainfall rates from two DSD retrievals for the same rain



P13B.6

Figure 2: Diagram of an idealized Doppler spectrum in still air (top), in an updraft (left), and in a downdraft (right). A
representative spectral contribution .S is marked on all diagrams with a red line. The presence of vertical air motion
affects the retrieved DSD with counterintuitive results. See text for further discussion.

event, one of which incorporated air density information
from a sounding while the other used only the U.S. Stan-
dard Atmosphere. The difference between rainfall rates
is also shown. Differences are approximately 0.1-0.3
mm h~! for this stratiform rain case.

Based on these results, density correction with sound-
ings is not significantly different from density correction
with the U.S. Standard Atmosphere and there is no ad-
vantage to using soundings for this purpose. Unless
otherwise stated, this study used air density information
from the U. S. Standard Atmosphere.

5. RESULTS
5.1. Case study: 17 Sept 2006

The rain event on 17 Sept 2006 in central Oklahoma
was selected as a case study due to prolonged periods
of stratiform rain and the existence of a 2DVD data set
for comparison even though the precipitation was often
mixed-type rather than purely stratiform. Storms initi-
ated ahead of a southeastward-moving cold front and
moved to the northeast, eventually merging with rem-
nants from an earlier line. Based on the 12z (0700 local)
sounding, the freezing level was at approximately 4387
m (595 mb).

Figure 6 shows a range-time-intensity plot of SNR (top),
Doppler velocity (middle), and spectrum width (bottom)
from the profiler for 17 Sept 2006. The melting layer
is most visible on the Doppler velocity plot just below
4000 m where the velocities suddenly increase from
near 0 m s~ (shown in yellow and green) to 2-5 m s—!
(shown in orange and red). The location of the radar

bright band/melting layer in this figure (below the freez-
ing level) is consistent with the typical melting layer
structure described by Stewart et al. [1984].

Figure 7 shows a comparison of Z between the profiler
and 2DVD on 17 Sept 2006. A time offset is clearly
visible, but since there is some question as to whether
or not the radar control computer time offset is a con-
stant, the time history curve for the profiler is simply pre-
sented “as-is” without shifting. Agreement in amplitude
is excellent because this is the data set used for cali-
bration of the profiler. The very good agreement in fea-
tures (peaks and valleys) demonstrates that this retrieval
method works. The four rain-free periods appear in the
2DVD curve as flat lines with occasional sharp peaks.
SNR thresholding would be a way to eliminate these ar-
eas of the plot where it is not raining and thus makes no
sense to do DSD retrievals.

Figure 8 shows a comparison of rainrate between DSDs
retrieved from the profiler, DSDs measured by the 2DVD,
and rainfall measured over 5-minute periods by the Ok-
lahoma Mesonet station in Washington (co-located with
the profiler and 2DVD). Since Mesonet stations record
the accumulated rainfall over each 5-minute period of
the day, a conversion is required to obtain a rainfall rate
representing the average rainfall rate over the 5 minute
period. Figure 8 shows that the profiler and 2DVD are
generally in good agreement with each other and often
in good agreement with the Mesonet station. Disagree-
ments with the Mesonet station tend to occur during pe-
riods of low rain rates. During low rain rate periods, the
Mesonet tipping bucket rain gauge may require several
5-minute periods to register a single tip (each tip is 0.254
mm, or 0.01 inch). Table 4 lists the total accumulated
rain measured by each instrument.
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Comparison of rainfall rate based on retrieved DSDs using different fall speed relationships
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Figure 3: Time history of rainfall rate for 2 May 2005 based on DSDs retrieved with different fall speed relationships.
The total accumulated rain for each retrieval is listed beneath the legend.

2DVD
38.19 mm

Mesonet
38.61 mm

profiler gate 2
27.61 mm

total

Table 4: Total accumulated rainfall for 17 Sept 2006.

Height profiles of a and b from Z-R relationships (both
Z and R obtained from retrieved DSDs) for all gates are
shown in Figure 9. The calculations excluded rain-free
regions of the data set as well as a few strongly con-
vective regions, which were excluded only because this
method incorrectly retrieves DSDs in convective regions.
Below the melting layer, a and b are nearly constant, al-
though b slightly decreases with increasing height and a
slightly increases with increasing height. Directly below
the freezing level, b increases and then decreases.

5.2. Discussion

The agreement in total rainfall rate between the profiler
and any other instrument is rather poor. Based on other
work showing much better agreement for a known strat-
iform case [Kanofsky, 2007], it is believed that the poor
agreement for 17 Sept 2006 is largely due to the mixed
nature of the precipitation.

Since this DSD retrieval method relies on the presence
of liquid water drops and the assumption of quiescent
ambient air, DSD retrievals are restricted to regions be-
low the melting layer in stratiform rain. It is necessary to
exclude periods of convective rain that may be present
in the data sets from any DSD retrievals.

It was found that largest errors in rainrate estimates are
due to unaccounted-for vertical ambient air motion. In
stratiform rain, a mesoscale downdraft of 0.6 m s} may
produce a 34% underestimate of R if the downdraft con-
tribution is not removed prior to retrieving the DSD, as
shown in Table 3. This should be considered as a worst-
case scenario since 0.6 ms~! is at the upper end of the
range of typical ambient air velocities in stratiform rain.

It was found that the choice of fall speed relationship
produces only minimal errors in rainrate estimates, pro-
vided that the selected relationship is valid over an ap-
propriate range of diameters. Using two different fall
speed relationships to retrieve DSDs and calculate rain-
fall rate resulted in a difference of approximately 1 mm
over an 8 hour data set.

It was found that an appropriate velocity threshold
for these radar parameters was approximately 2.6-2.7
m s~!, corresponding to a diameter threshold of 0.6—
0.8 mm with Eq. 2. Simulations with analytical DSDs
suggest a —4% to —10% error in rainrate due to trun-
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Comparison of percent error between true R and truncated R for M-P, L-P, and J-D DSDs
5
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0.2 0.4 0.6 0.8

1

12 1.4

minimum diameter, D__(mm)

Figure 4: Effect of velocity thresholding on rainrate. “Dyy,;," refers to the minimum diameter that is included in
the rainrate calculation. Higher values of D,i, correspond to higher velocity thresholds and more truncation. The
arrows point to the intersection of the —10% and —20% error lines with the rainrate curves for the four DSDs. The
four numbers refer to the diameters at the intersections. For example, for a given acceptable error of —10%, the
cutoff diameter must be no larger than = 0.59 mm for a Joss-Drizzle DSD with R = 5 mm h~! and no larger than
~ 1.41 mm for a Laws and Parsons DSD with R = 20 mm h~!.

cating DSDs at 0.8 mm, although it varies with DSD and
rainrate and may be as large as —25% or as small as
—1%, as shown in Figure 4. Attempts to fit these an-
alytical models to DSD retrievals resulted in very poor
fits, so the applicability of this analysis to typical DSD
retrievals remains unknown. It is thought that the poor
fits simply reflect attempting to fit 2-3 moment models to
a DSD which is based on 2 parameters (Z, v) but only
1 moment (2).

It was found that the error in rainrate due to the dif-
ference between actual air density (calculated from ra-
diosondes) and air density given by the U. S. Standard
Atmosphere was less than 0.3 mm h~for stratiform rain
near the ground. In regions where this retrieval method
is valid, the U. S. Standard Atmosphere is an appropri-
ate source of air density information.

6. FUTURE WORK

A method is currently being explored to retrieve vertical
air motions from combined polarimetric weather radar
and profiler measurements during precipitation periods
[Teshiba et al., 2005]. These ambient air velocity esti-
mates could be used to correct for non-quiescent condi-
tions.

Another area for future work involves KOUN, the dual-
pol research radar at NSSL. KOUN data sets can be
used for DSD retrievals by assuming that the DSD fol-
lows a modified gamma distribution and then calculating
the parameters for the distribution [Zhang et al., 2001;
Ryzhkov et al., 2005]. DSD retrievals from RHI scans
above the instrumentation site would provide additional
observations of DSDs aloft, which could be compared
to those obtained with the profiler. Some avenues for
exploration include assessing the degree of agreement
between instruments, determining whether KOUN DSD
retrievals produce accurate estimates of rainfall rate at
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2 May 2005: Effect of air density information on retrieved rainfall rate

12 ‘ ‘ ‘
—— R with US Std. Atm.
— R with 12 Z sounding

10+ difference 1

Rainfall rate (mm hr'l)
D

4t 4
2r 4
MWJ-\/M
O el T
09:00 10:44 12:28 14:13 15:58 17:01

time

Figure 5: DSDs were retrieved for the same rain event using two different air density sources. One retrieval used
density information from the U. S. Standard Atmosphere while the other retrieval used density information from a

sounding that was released near the profiler site.

the surface, and comparing rainfall rates from dual-pol
Z-R relationships to rainfall rates from retrieved DSDs.
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17 Sept 2006: Comparison of Z from 2DVD and Z from retrieved DSDs at gate 2
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Figure 7: Comparison of Z between profiler and 2DVD for 17 Sept 2006.

17 Sept 2006: Comparison of rainrate between 3 instruments
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Figure 8: Comparison of rain rate between 3 instruments for 17 Sept 2006. For more information about the slight

variations in Mesonet rain rate, see Appendix ??.
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Figure 9: Height profile of a, b, and goodness of fit for 17 Sept 2006. Also shown is the height of the freezing level
obtained from the 12Z sounding.



