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1. INTRODUCTION
The purpose of this work is to estimate mean volume radius
(rmvr) from in-situ and remote sensing observations collected
during the Alliance Icing Research Study (AIRS). This
project took place over the Ottawa, Ontario and Mirabel,
Quebec regions during the winter of 1999-2000 (Isaac et al,
2001). The rmvr is defined as

rmvr = [

j

∑
i

j

n i ri3 /

∑n

i

]1 / 3 ,

2.3 Microwave radiometer measurements
The Radiometrics WVR-1100 microwave radiometer
(MWR) measurements at two frequencies 23.8 (K-band)
and 31.4 GHz (Ka band) were collected over Mirabel
airport. These two frequencies allow simultaneous
determination of integrated water vapor and integrated
liquid water content (LWP) along a selected path. The
uncertainty in the MWR measurements of LWP was about
15-25% (Personnel communication with F. Solheim).
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3. METHOD
The Nd, LWC, Doppler velocities (Vd), reflectivity (Z), liquid
water path (LWP), and cloud physical thickness (dz) were
used to obtain rmvr profiles from four methods for two cases.
Glaciated regions are not considered and were removed
from the analysis based on in-situ measurements. Liquid,
mixed, and glaciated cloud regions were identified with the
aircraft data following the methodology of Cober et al,
2001a,b). The methods, which utilized theoretical
derivations, empirical relationship, and observations, are
summarized below. The time period used in the averaging
of in-situ data is taken as 60 minutes but for the Ka band
radar, a 20 minutes time period was used.

where ni is the number concentration and ri is the size at
each bin, with j representing the number of bins.
2. OBSERVATIONS
Concurrent measurements of aircraft, Doppler radar and
microwave radiometer observations for Dec. 16 1999 and
Jan. 25 2000 were used in the analysis. The cases are
chosen based on the in-situ observation of liquid phase
particles and significant icing experienced within the clouds.
Moderate and severe icing events occurred at 1757-2151
UTC on Dec. 16 and at 1903-2336 UTC on Jan. 25,
respectively.
The
following
sections
describe
measurements from various instrument platforms.

3.1. Based on Doppler velocity measurements (DV)
This method relates rmvr to Doppler velocities (Vd), and
assumes that the mean Vd is negligible over a 20 minute
scale (Kato et al, 2001):

2.1 In-situ measurements
The droplet number concentration (Nd) and ice crystal
number concentration (Ni) were obtained at size ranges of
2-47 and 5-95 µm from two Particle Measuring Systems
(PMS) Forward Scattering Spectrometer Probes (FSSP96100 and FSSP124-100), and at 25-800 µm from PMS two
dimensional-cloud
(2D-C)
probe
measurements,
respectively. The liquid water content (LWC) was obtained
from measurements of the King, FSSP-100, and Nevzorov
probes. The Nevzorov probe LWC and total water content
(TWC) measurements are accurate to within 10-15%
(Korolev et al., 1998). Temperature was measured by
reverse flow temperature probe to an accuracy of ±1°C.

rmvr ≅ 13.2 ww1 / 4
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where the vertical air velocity (w) variance (ww) is assumed
to be approximated by Vd variations (VdVd). The Vd
variations are obtained from the Ka band radar
measurements at 500 m intervals over 20 minute time
intervals. The measurements at a 10-degree elevation
angle for the Dec. 16 case are converted to represent a 90degree elevation angle.
3.2 Using aircraft and radiometer measurements (AR
method)
Using an equation given by Gultepe et al (1996), rmvr is
obtained as

2.2 Doppler radar measurements
Doppler radar measurements at Mirabel Airport were
collected by the University of Massachusetts Cloud Profiling
Radar System (CPRS) and a X band McGill vertical
pointing radar (VPR) at X-band. The range resolution for
the X band radar is 37.5 m and the sensitivity of Z is about 25 dBZ at 1 km. The CPRS operates simultaneously at 33
GHz (Ka-band) and 95 GHz (W-band), but here only the
Ka-band channel data is used. The reflectivity (dBZe)
calibration is approximately ±1 dB. The Doppler resolution
-1
is approximately ±5 cm s . The sensitivity is approximately
–40 dBZe at 5 km for the integration time used for the AIRS
data.
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where Nd, LWP and rmvr are in the units of cm , g m , and
µm. LWP is obtained from the MWR measurements. Nd in
Eq. 3 can be estimated from Nd versus T relationship
(Gultepe et al, 2002) or aircraft measurements. Nd is given
as:

N d = −0.0905T 2 + 1.62T + 175.1
-3

where Nd and T have units of cm and °C, respectively.
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are not considered, Z of the droplets is about –33 dBZ. For
ice crystals, Z is 9 dBZ. Ice crystals were considered as the
equivalent spheres in Z calculation. Approximately 1 hour
later, the particle spectra had
peaks near 100 micron
(Isaac et al, 2001) in the region where severe icing was
encountered.

3.3 Using aircraft measurements and empirical
relationships (AE method)
Gultepe et al (2001) showed that the extinction coefficient is
related to both LWC and Nd as
log(σ ext ) = 0.7357 + 0.4653 log( LWC ) + 0.5295 log( N d ) 5
where Nd is obtained either directly from aircraft
observations or from an Nd-T relationship (Eq. 4). Using the
results of Gultepe et al. (2002), the LWC-T relationship is
also obtained as

Figs. 5 and 6 show the profiles of rmvr, obtained using the
methods described above, for the Dec. 16 and Jan. 25
cases, respectively. The lines in these figures are strongly
dependent upon the assumptions used and the accuracy of
the measurements. In general, the results from the various
techniques are comparable. However, this is suprising in
the case of Eq. 8 where the relectivity was dominated by ice
crystals, while the equation assumes only liquid particles
present. Obviously, the use of empirical relationships (Eqs.
4-7) must be carefully examined on a case by case basis.

LWC = 5 x10 −5 T 2 + 0.0058T + 0.1525 . 6
Then, using Eqs. 5 and 6,

rmvr = k 1 / 3 3LWC / 2 ρ wσ ext .
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where k is taken as a constant value of 0.7 for stratiform
clouds.

Mixed phase clouds were very commonly observed during
AIRS (see Isaac et al., 2001), being detected approximately
50% of the time. When ice particles are present, the
contribution of the ice to the Z values can be significant, as
is indicated in Fig. 4. The use of a polarization radar, and
such parameters as deplorization ratio (Sassen et al, 1990),
may help to identify cases where reflectivity is dominated by
ice particles.
This would help resolve some of the
uncertainties in applying Eq. 2 and 8. Certainly, if rmvr is to
be estimated using remote sensing techniques, the problem
of screening the data for glaciated and mixed phase clouds
must be overcome. Better empirical relationships that will
work in clouds with ice crystals must also be developed and
tested.

3.4 Using aircraft and Doppler radar measurements
(ADR method)
The rmvr is also obtained from an equation given by Kato et
al (2001):

 3LWC
r mvr = k 1 / 3 rm− 2 / 9 
 4πρN d
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where LWC and Nd are obtained from the LWC-T (Eq. 6)
and the Nd-T (Eq. 4) relationships. The rm is the median
radius. The reflectivity factor (Z) values from Doppler radar
measurements are estimated at 500 m intervals over a 20
minute time scale.
3.5 Using optical array probes (OP method)
The phase of particles is obtained using the measurements
of the hot-wire LWC probes, the Rosemount icing detector,
and the optical probes. When the voltage-change rate of
the Rosemount icing detector (RID) is greater than 2 mV/s,
the LWC values from various probes is greater than 0.005 g
-3
m , and there is a negligible TWC-LWC difference (<0.01 g
-3
m ), then the FSSP measurements are used to obtain rmvr.
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4. RESULTS AND CONCLUSIONS
Fig. 1 shows the radiometer LWP time series for both days
collected at Mirabel. In general, the LWP for the Jan. 25
case was higher than the Dec.16 case. Drizzle size droplets
on Dec.16 were observed at the surface making the
radiometer measurements inaccurate after 19:00 UTC. The
cloud particle imager (CPI) probe data on this day indicated
that some droplet diameters have sizes larger than 100 µm.
Also, drizzle size droplets occasionally were observed for
the Jan. 25 case (Isaac et al., 2001).
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Figs. 3a: Time-height cross section of Z from CPRS Ka
band radar.

Fig. 1 LWP time series for Jan. 25 and Dec. 16 cases.

Figs. 3b: Time-height cross section of Vd from CPRS Ka
band radar.

Fig. 2 Time series of in-situ observations for the Dec. 16
case. LWC from Nevzorov probes, LWC from FSSPs,
vertical air velocity (w) and RID voltage, Nd, and T and rmvr
are shown in panels from top to bottom.
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Fig. 4: Characteristics of microphysical data for the Jan. 25
case.

Fig. 5: Profiles of mean volume radius from various
methods for the Dec. 16 case.

Fig. 6: Profiles of mean volume radius from various
methods for the Jan. 25 case.
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