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ABSTRACT

In situ measurements of microphysics conditions, obtained during 38 research flights into winter storms, have
been used to characterize the performance of a Rosemount Icing Detector (RID). Characteristics of the RID
were determined under a wide range of cloud environments, which included icing conditions within mixed
phase, freezing rain, and freezing drizzle environments. Cloud conditions observed included temperatures be-
tween 0° and —29°C and liquid water contents (LWCs) up to 0.7 g m—3. The detection threshold for LWC was
found to be 0.007 = 0.010 g m-2 for the RID operated at an air speed of 97 = 10 m s *, which agrees well
with theoretical predictions. A signal level of 0 = 2 mV st accounted for 99.6% of the measurements in clear
air and 98.5% of the measurements in glaciated clouds, when the data were averaged over 30-s intervals. No
significant response to glaciated clouds was found during any of the research flights, implying that the instrument
can be used to segregate glaciated and mixed phase clouds. There was no change in the RID response between
liquid and mixed phase conditions, suggesting that ice crystals neither eroded ice accumulation nor accreted to
the RID surface under the range of conditions experienced. During sustained icing conditions, alinear relationship
between the RID signal and LWC was observed after the RID signal exceeded 400 mV above the clear-air signal
level. The LWC derived from the RID was found to agree with LWC measurements from Nevzorov probes
within =50% for 92% of the data. The relationship between the RID signal and LWC was unchanged for freezing
precipitation environments with drop median volume diameters >100 wm. The Ludlam limit was estimated for
low LWC values and was found to agree well with theoretical calculations. The analysis provides considerable
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insight into the strengths and weaknesses of the instrument for operations in natural icing conditions.

1. Introduction

Following the systematic down-linking of tempera-
ture and wind data from commercial aircraft through
the Aircraft Communications Addressing and Recording
System (ACARS), there was a significant enhancement
in the temporal and spatial accuracy of numerical fore-
cast models (Fleming 1996). It was further estimated
that down-linking of humidity data would increase the
number of vapor profiles over the United States by a
factor of 5 (Fleming 1996). The addition of icing de-
tector measurements to ACARS has been discussed by
Riley et al. (1999), and efforts are being undertaken to
perform a trial experiment. In addition to the identifi-
cation of potentially hazardous icing regions in real
time, down-linked icing detector datawould be extreme-
ly beneficial for the validation of aircraft icing numerical
forecast algorithms. Currently, some validation tech-
niques rely on pilot reports (Schwartz 1996; Kelsch and
Wharton 1996), while others rely on data collected by
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research aircraft during field projects (Guan et al. 2001).
The value of pilot reports is known to be limited by
their nonquantitative assessments of theicing conditions
and the bias toward the reporting of positive signals,
while field project data tend to be biased toward me-
teorological conditions with stronger signals and are
normally limited to a small number of flights. Assuming
that quantitative assessments of icing environments
could be down-linked, this would provide a unique op-
portunity for icing algorithm validation.

The U.S. Federal Aviation Administration and Trans-
port Canada allow icing conditions detectors installed
on commercial aircraft to be certified as either primary
or secondary systems. A primary system will automat-
ically activate anti-icing protection systems, while a sec-
ondary system will alert the pilot that icing conditions
are being encountered. It is estimated that roughly half
of the passenger-carrying commercial aircraft operated
in North American air space are equipped with an icing
detector. The mgjority of these aircraft are equipped with
a Rosemount Icing Detector, which is manufactured by
BF Goodrich Aerospace. Several research aircraft also
include an RID among their instrumentation suites
(Sand et al. 1984; Cober et al. 1995; Ashenden and
Marwitz 1998; Brown 1982; Strapp et al. 1999; Hill
1991; Miller et al. 1998). While the majority of com-
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mercia aircraft do not currently have an ACARS ca-
pability, it is not unreasonable to assume that the po-
tential for down-linking icing detector datawill increase
with the introduction of new aircraft and the continued
development of communications systems such as
ACARS. It is important, therefore to assess the capa-
bilities of common icing detectors so that it is clear what
research objectives (e.g., validation of icing forecast al-
gorithms) might be achieved.

The RID is a magnetostrictive oscillation probe with
a sensing cylinder 6.35 mm in diameter and 2.54 cm in
length. Ice buildup on the sensing cylinder causes the
frequency of oscillation to change, which can be related
to the rate of ice accretion and hence the cloud liquid
water content (LWC). When approximately 0.5 mm of
ice has accumulated, a heater melts the ice, which is
shed into the air stream. The heater cycle is approxi-
mately 5 s, and the cylinder normally requires an ad-
ditional 5-10 s to cool down to a temperature where it
can begin accreting ice again. A detailed description of
the instrument is given in Baumgardner and Rodi
(1989). The instrument is limited by the Ludlam limit
(Ludlam 1951), which occurs when the LWC is suffi-
ciently high that the surface temperature of the ice ac-
cumulation reaches 0°C. In such cases, the voltage sig-
nal may not be a reliable indicator of ice accumulation
because the cloud droplets might not freeze to the sens-
ing cylinder.

Characterizations of the RID capabilities in natural
icing conditions are scarce. Baumgardner and Rodi
(1989) assessed characteristics of an RID from a series
of wind tunnel experiments and showed that for icing
conditions below the Ludlam limit (Ludlam 1951) and
for probes that were calibrated in awind tunnel in terms
of sensitivity to LWC, the RID was capable of esti-
mating LWC within 20%. Brown (1982) concluded that
the RID was a sensitive instrument at low LWC or cold
temperature, but that its usefulness in cumulus clouds
with high LWC was restricted by the Ludlam limit. Us-
ing data collected at temperatures colder than —40°C,
where all hydrometeors were assumed to beice crystals,
Heymsfield and Miloshevich (1989) estimated the noise
on their RID to be lessthan 3 mV s* for data eval uated
at 1 s resolution. They also showed that the RID did
not appear to respond to ice particles and had a detection
threshold for LWC of approximately 0.002 g m—2 at
temperatures colder than —20°C. Strapp et al. (1999)
showed that ice accreted on an RID would undergo
sublimation because of the adiabatic compression of the
flow. This sublimation would cause a nonzero LWC
threshold, which was estimated to be between 0.03-0.06
g m=2 for an aircraft traveling at 200 m s*. They also
proposed that some of the noise on the RID might be
related to small ice crystals that accreted along the stag-
nation line of the RID and rapidly sublimated. At a
measurement speed of 200 m s2, they observed noise
on the RID up to £20 mV s for data evaluated at 1-s
resolution. Mazin et al. (2001) computed the theoretical
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heat and mass transfer for the RID and showed an LWC
threshold of approximately 0.002-0.006 g m~2 for an
aircraft flying at 100 m s1.

While RID measurements are often discussed when
assessing cloud environments (Cooper et al. 1984; Pol-
itovich 1989; Cober et al. 1995; Strapp et al. 1999),
there has been no extensive summary of how well the
instrument performed over awide range of natural icing
conditions. In this paper, the capabilities of an RID are
assessed based on data obtained during 38 research
flights in winter storm conditions. The dataset included
numerous freezing drizzle, freezing rain, and mixed
phase environments over a wide range of LWC and
temperature conditions.

2. Field projects

The Meteorological Service of Canada (MSC) RID
was originally mounted on the National Research Coun-
cil (NRC) Convair-580 during the Second Canadian At-
lantic Storms Program (CASP 11), which was conducted
during the winter of 1992 (Stewart 1991). Cober et al.
(1995) stated that inconsistent LWC results were ob-
tained with the RID during CASP Il and that conse-
quently it was not used to estimate LWC during icing
encounters. The RID was mounted on the top of the
fuselage behind the pilot’s window, and it is believed
that this region was a partially shadowed region for
cloud drops. This is the likely explanation for the poor
RID correlation with LWC during CASP Il. The RID
was tested in the NRC high-speed wind tunnel in 1994
and 1997 in asimilar manner to that described by Baum-
gardner and Rodi (1989). In both cases it was found to
be working correctly (see section 4d).

Subsequent to CASP II, the RID location was
changed to the starboard wing. It was mounted on the
underside of the wing, 1.41 m from the leading edge
and 5.5 m from the wing tip. The sensing cylinder of
the RID was 5—7 cm from thewing surface. A discussion
of the revised instrument mounting location will be pre-
sented in section 4e. The RID was flown during the First
and Third Canadian Freezing Drizzle Experiments
(CFDE | and I11, respectively), which were conducted
during the winters of 1995 and 1997/98, respectively.
These projects were designed to measure microphysical
parameters in regions of winter storms where freezing
drizzle conditions were observed or expected to develop
(Isaac et a. 1999). During CFDE | and Il1, there were
38 research flights conducted representing approxi-
mately 21 000 km of flight in clouds at temperatures
colder than 0°C. The data include temperatures between
0° and —29°C, LWC up to 0.7 g m~3, and pressure
between 42 and 101 kPa. This dataset is well suited for
assessing the capabilities of an RID in a wide variety
of icing environments.
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3. Instrumentation

The NRC Convair-580 was fully instrumented for mi-
crophysical measurements, as described in Isaac et al.
(1999). The majority of important parameters (e.g., tem-
perature, pressure, LWC, droplet concentration) were
measured with two or three instruments to allow for
redundancy and intercomparisons and to minimize the
effects of a malfunctioning instrument. Instruments
were mounted on three under-wing pylons, including a
dedicated pylon for the LWC probes and two pylons for
holding Particle Measuring System (PM S)-type probes.
Flow effects for the LWC pylon were measured foll ow-
ing the technique of Drummond and MacPherson
(1985), and the LWC correctionsfor all the LWC probes
were determined to be between 3% and 5%. Flow cor-
rections for the PMS pods (King 1986) were not in-
corporated in the analysis because the associated mea-
surement biases were estimated to be significantly less
than the probe measurement accuracies.

Temperature was measured with two Rosemount tem-
perature probes and a reverse flow temperature probe,
which normally agreed within +=1°C. Dewpoint was
measured within +=2°C with a Cambridge dewpoint hy-
grometer. LWC was measured with two PMS King
probes (King et al. 1978) and a Nevzorov LWC probe
(Korolev et al. 1998b). These instruments normally
agreed within =15% for LWC >0.1 g m~2 and within
0.02 g m=2 for LWC <0.1 g m=2 (Cober et al. 1999).
Total water content (TWC), consisting of liquid and ice
water content, was measured with a Nevzorov TWC
probe (Korolev et al. 1998b). Two PMS forward scat-
tering spectrometer probes (FSSPs) measured droplets
between 3-45 and 5-95 um, respectively, in 15 distinct
size bins. Hydrometeor spectra were measured with 3
PMS 2D probes, including 2D—C mono 25-800 um,
2D-C grey 25-1600 wm, and 2D—P mono 200-6400
pum. A Rosemount model 871FA221B icing detector
was mounted under the starboard wing just behind the
pylon that held the LWC probes. Figure 1 shows the
location of the LWC pylon and RID for the NRC Con-
vair-580 aircraft.

The King and Nevzorov probes were calibrated in
several wind tunnel experiments conducted before and
after the field projects (King et al. 1985; Cober et al.
1995; Korolev et al. 1998b; Strapp et al. 2000). During
post-project analysis, the data for each instrument were
carefully quality controlled and the zero signals were
identified and subtracted from the LWC signals. The
FSSPs were calibrated frequently with glass beads
throughout each project, and the data were processed
following Cober et al. (1995). The measured droplet
concentrations agreed with each other within +30%.
The scatter is higher than the expected =16% demon-
strated by Baumgardner (1983). Occasional icing of the
probe tips as well as partial fogging of the optics during
frequent aircraft ascents and descents are believed to
explain the scatter in the FSSP data. Measurements in
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Fic. 1. Photograph of the mounting location of the () MSC RID
under the starboard wing of the NRC Convair-580. The LWC pylon,
which extends ahead of the wing leading edge, includes (b,c) two
King probes, (d) Nevzorov LWC and TWC probes, () Rosemount
temperature probe, and (f) Pitot tube.

the first four channels of the PMS 2D probes were dis-
carded because of depth-of-field uncertainties and sig-
nificant sizing and concentration errors, which occur in
these channels (Korolev et al. 1998a). In addition, iden-
tification of 2D particle shape is subject to considerable
error for particles less than 10 pixelsin diameter (Cober
et al. 2000), and no attempts were made to identify
particle images that were smaller than 5 pixels in di-
ameter.

Collectively, the FSSP and 2D probes covered the
hydrometeor spectra from 3 to 6400 um, thereby in-
cluding cloud droplets, drizzle, raindrops, and ice crys-
tals. Regions where no probe overlap occurred (i.e., be-
tween 95 and 125 pm or 800 and 1000 wm) were in-
terpolated. Cloud phase was assessed as being liquid,
mixed, or glaciated following techniques discussed in
Cober et al. (2000). A brief outline of these techniques
will be discussed in section 4f. For each droplet spectra
that was derived from the FSSP and 2D measurements,
the bulk collision efficiency with the RID was deter-
mined using the collision efficiency calculations of Fin-
stad and Lozowski (1988). Thisis considered more ac-
curate than using the collision efficiency of the spectra
median volume diameter (MVD).

4. Analysis and discussion
a. Data averaging

The microphysical data were averaged at 30-s reso-
lution. A 30-s averaging interval was selected to ensue
that the measurements made with the 2D instruments
contained sufficient particle counts for statistical sig-
nificance. The 2D measurements were required because
there was often significant LWC in drops >100 pm.
The periods of unusable data following each de-icing
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Fic. 2. Average response of the MSC RID in clear-air conditions for (a) 1-s data (72 851
observations) and (b) 30-s averaged data (2708 observations). The equivalent LWC is shown for

comparison.

cycle were excluded from the RID averages so that the
RID measurements represent the average response in
millivolts per second for the good data in each 30-s
period. In the event that the LWC, FSSR, or 2D probes
were not working correctly, the data points were re-
moved from the dataset. Examples of probe failuresin-
cluded fogging of the FSSP optics, which caused afall-
off in the particle sizing; icing of the probe tips for the
2D probes, which usually caused streaker imagesto pre-
dominate; and poor identification of the zero level of
the LWC probes. Data from each instrument were care-
fully examined in order to remove bad data from the
dataset. In total, there were 6900 in-cloud data points
collected during the CFDE | and Il flights. This data
included 3500 complete RID icing cycles.

b. RID noise level

Heymsfield and Miloshevich (1989) estimated the
noise level on an RID by examining the 1-s signal in
clouds with temperatures colder than —40°C (where it
was assumed that there was no LWC). They found that
the noise level was aways =3 mV s ! and that the
majority of data had a noise level of =1 mV s*. This
was consistent with the 1-mV resolution of the RID
signal. It is possible that some of the noise observed by
Heymsfield and Miloshevich (1989) was caused by the
accretion of ice crystals. Strapp et al. (1999) suggested
that small crystals colliding along the stagnation line
could accrete and sublimate and that this might account
for part of the signal observed on their RID. The noise
on the MSC RID was estimated by examining the 1-s
RID signal inregionsof clear air. Clear air wasidentified
when the Nevzorov TWC = 0.000 g m=3 for 3 con-
secutive seconds. Figure 2a shows a histogram of the
1-s changes in RID voltage for the clear air regions.
RID responses that exceeded £5 mV st and =2 mV
st accounted for 2% and 20% of the observations, re-

spectively. The results show greater scatter than those
of Heymsfield and Miloshevich (1989). Differences in
the number of points used and in methodologies for
extracting RID noise explain the differences between
the results from these investigations. The RID response
shown in Fig. 2a was reduced when the data were av-
eraged at 30 s. Clear-air regions for the 30-s data were
identified when the Nevzorov TWC and LWC <0.005
g m~3, FSSP concentrations <0.1 cm—3, and no particle
images were identified on the 2D probes. Figure 2b
shows a histogram of 2708 RID measurements made in
clear air. In Fig. 2b, RID response refers to the voltage
change per second averaged for each 30-sinterval. The
tail of negative values is caused by sublimation of ice
off the RID following exit from a cloud. Neglecting the
negative values that are caused by sublimation, athresh-
old of £2 mV s * accounts for 99.6% of the RID re-
sponses in clear air. This corresponds to an LWC of
approximately 0.002 g m—2 (section 4d). The few data
points with RID responses >2 mV s* were all asso-
ciated with misidentification of clear-air regions, which
was confirmed by examining the 1-s, FSSP and Nevzo-
rov data. There was no evidence of a small drift in the
RID voltage with temperature as discussed by Heyms-
field and Miloshevich (1989).

c. Reset threshold

Following a de-icing cycle, the sensing cylinder of
the RID must cool down to atemperature less than 0°C
before it will start to accrete ice again. Thisreset period
has been discussed by Baumgardner and Rodi (1989)
and Mazin et a. (2001). Baumgardner and Rodi (1989)
found that between 13 and 24 s were required before
their RID signal regained a linear response to LWC,
while Mazin et al. (2001) commented that 10%—90% of
the measurement cycle could be incorporated into the
reset periods. In order to quantify thereset cycle, periods
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Fic. 3. Time history of the RID signal during wind tunnel exper-
iments where the LWC was held constant. The 1-s LWC is shown
by the dashed curves, while the 1-s RID signal is shown with open
circles. The solid circles represent the 1-s RID data that were used
to determine the best linear fit. The best fit is shown as a thick solid
line. The temperatures were (a) —8.4°C and (b) —2.8°C. The LWC
in (b) significantly exceeded the Ludlam limit.

of relatively constant LWC were identified from the
wind tunnel and aircraft data. A constant LWC was
assessed if the standard deviation for the 1-s LWC data
over the period of the RID icing cycle was less than
20% of the mean LWC. For each RID icing cyclewithin
a constant LWC period, the RID signa values at 1-s
resolution were fit linearly from the time when the RID
signal rose above a specified threshold value to the last
RID value before the de-icing cycle started. For each
fit, a correlation coefficient R was determined. This is
illustrated in Fig. 3, which shows two RID icing cycles
at LWC values of 0.30 = 0.01 and 1.12 + 0.03 g m~3,
respectively, where the error represents the standard de-
viation of the 1-s LWC values over the respectiveicing
cycles. The LWC values shown in Fig. 3 were measured
with a King probe. The RID threshold voltage was 400
mV so that RID >400 mV were used for the linear fits.
The R coefficients were 0.99 for both fits. It is clear that
the RID-LWC correlations in Fig. 3 are linear above
the threshold value. It should be noted that in clear air,
the RID voltage signal is normally between 1000 and
2000 mV. This offset was subtracted from the data
shown in Fig. 3 so that a value of 0 mV in Fig. 3
representsthe RID signal that would be expected in clear
air.

The data for each RID icing cycle were fitted for
several thresholds between 0 and 1000 mV. Figure 4
shows the variation of the average sum of squared errors
(SSEs) and R coefficients for 1400 RID icing cycles as
a function of threshold. The optimum threshold is a
balance between the minimum sum of squared errors,
the maximum R coefficient, and proximity of the thresh-
old value to 0 mV. A threshold of 400 mV incorporates
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Fic. 4. Variation of the average SSEs and R with threshold RID
voltage. These data represent averages of 1440 observations from
CFDE 1. Each observation represented an RID icing cycle during
which the LWC was relatively constant.

a relatively constant sum of squared errors and R co-
efficients, and this value was selected as the optimum
threshold. For 2320 RID icing cycles with constant
LWC, assuming an RID threshold of 400 mV, the R
coefficient exceeded 0.97 and 0.99 for 99% and 88%
of the data, respectively.

There were 2423 RID icing cycles observed during
the wind tunnel experiments, CFDE | and CFDE IlI,
where the LWC remained approximately constant
through the subsequent de-icing period. For these cases,
the average time required from the start of a de-icing
cycle to the time when the RID reached the threshold
of 400 mV was 15 *= 4 s, where the error represents
the standard deviation. Thisis consistent with theresults
of Baumgardner and Rodi (1989). The length of the de-
icing cyclewas slightly dependent on LWC and strongly
dependent on temperature, decreasing with increasing
LWC and decreasing temperature. Ignoring the depen-
dence on LWC, the de-icing cycle ranged from 13 + 4
sfor temperatures <—6°C, to 16 + 3 sfor temperatures
between —3° and —6°C, to 19 = 3 s for temperatures
between —1° and —3°C. These trends are consistent
with colder air temperatures or higher LWC, causing an
increase in the cooling rate for the RID following a de-
icing cycle. Since the majority of the in situ and tunnel
measurements were made at air speeds (V,) between 86
and 100 m s¢, the effects of V, on the length of the
de-icing cycle were not assessed. Presumably, a higher
V., would also decrease the duration of the de-icing cy-
cle. Heymsfield and Miloshevich (1989) found that an
average of 90 sec was required before the data were
considered reliable following a de-icing cycle. These
long de-icing periods were probably caused by the tem-
peratures at which they made their observations. This
is demonstrated in Fig. 5, which shows observations
from a flight on 17 February 1998 where the Convair-
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Fic. 5. Time history of (a) RID voltage, (b) LWC measured with three probes, and (c) RID
de-icing heater voltage for an 180-s period from aflight on 17 Feb 1998. The measurements were

made at temperatures between —18° and —20°C

580 was flying at a relatively constant altitude at —18
to —20°C. Each de-icing cycle required 2—3 de-icing
heater cycles (Fig. 5c) to fully shed the accumulated
ice. This would be caused if the de-icing heaters were
not able to provide enough heat to melt the ice at the
ice—RID surface. The data collected by Heymsfield and
Miloshevich (1989) were obtained at temperatures cold-
er than —20°C. Hence, the data in Fig. 5 are consistent
with explaining the long de-icing cycle durations found
by Heymsfield and Miloshevich (1989). For algorithms
that compute icing intensity or LWC based on the fre-
guency of the heater de-icing cycles, these calculations
would bein error in regionswith temperatures < —18°C.

d. Correlation with LWC

Baumgardner and Rodi (1989) suggested that cali-
bration of an RID in a wind tunnel should allow LWC
to be inferred within =20% from an RID signal. As-
suming that mass transfer by sublimation, as discussed
in Mazin et a. (2001), is a second-order effect and can
be ignored (i.e., <0.01 g m=3), the slope k is related to
LWC and the RID response as

v _ KEAV,LWC,
dt
where A is the area of sweep out for the RID, E the
collision—collection efficiency of supercooled cloud

@

droplets, and dV/dt the rate of change of voltage with
time for the RID. Eq. (1) illustrates that the slope k will
be influenced by the V, and E used in the calibration.
Figure 6 shows the relationship between LWC sweep
out in grams per second (=EAV,LWC) and RID voltage
change in millivolts per second for &) in situ measure-
ments from CFDE | and |1l and b) wind tunnel mea-
surements from experiments conducted in 1994 and
1997. The in situ data were carefully screened and in-
cluded only cases where the aircraft was flying at atrue
air speed (V,) = 97 = 10 m s~* with minimum changes
in atitude and heading, negligible ice water contents,
and temperature <—5°C. The tunnel conditions includ-
ed liquid phase cases with V, = 86 = 2 m s%, tem-
perature <—6°C, and droplet MVD = 19 = 3 um. In
situ LWC measurements were made with Nevzorov
LWC and TWC probes, while a King probe was used
for the wind tunnel measurements. The temperatures
were selected to avoid Ludlam limit effects (section 4h).
The data appear to be linear, and the best fit is shown
for each case. There is a significant difference between
the best fits with the slope changing from 81.0 V g*
for the in situ data to 61.6 V g-* for the wind tunnel
measurements. Differencesin V, and E between the two
datasets are already incorporated into the calculations
and hence do not explain the 24% difference in the k
values. The difference is possibly caused by compres-
sion and acceleration of the airflow for the flow around
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FiG. 6. Scatterplots of LWC sweep out vs average RID response for 30-s averaged data for (a)
in situ observations (772 data points) and (b) wind tunnel observations (131 data points). The

best-fit and +50% curves are also shown.

the wings of the Convair-580. Both effects will enhance
the effective mass sweep out rate (i.e.,, LWC) by the
RID. The RID is approximately 5-7 cm from the wing
surface, and the wing at its maximum thickness is ap-
proximately 25 cm thick. As discussed in section 3, the
LWC probes were mounted ahead of the wing to avoid
such an enhancement. Hence, it is not unreasonable to
estimate that some of the LWC enhancement in the RID
response for in situ measurements compared to tunnel
measurements is caused by compression and accelera-
tion of the airflow at the location of the RID. For the
wind tunnel measurements, the RID and a King probe
were mounted in locations where the LWC was constant
within 5% (King et al. 1985). Hence, measurement er-
rors for the tunnel LWC do not account for the differ-
ences in slopes observed. For both the in situ and wind
tunnel measurements, the measured droplet spectrawas
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Fic. 7. Scatterplot of LWC sweep out vs average RID response
for 5-s averaged data (3470 points). The best-fit and +50% curves
from Fig. 6a are also shown.

used to infer the collision efficiencies for each droplet
size with the RID. Hence, differencesin MVD, V,, and
E between the datasets do not account for the observed
differencesin k.

Figure 6 also shows £50% curves. The in situ data
show more scatter than the tunnel data, which is ex-
pected given the greater changes in environmental con-
ditions encountered during icing cycles, particularly in
terms of LWC and V.. For the in situ and tunnel mea-
surements where the LWC >0.1 g m—3, 92% and 88%
of the data, respectively, fall within the =50% curves
while 60% and 80%, respectively, fall within +=20% of
the best fit curves. The tunnel results are relatively con-
sistent with the =20% LWC accuracy estimate of Baum-
gardner and Rodi (1989); however, the in situ results
are not. Changes in the droplet distribution MV D, cloud
temperature, and aircraft V, will cause greater scatter
for in situ data in comparison to the wind tunnel data.
This is because LWC, temperature, and MVD are nor-
mally held at constant values in wind tunnel investi-
gations. The use of afixed averaging interval could add
scatter to the in situ data. For example, the measure-
ments of temperature and LWC for a 30-s period will
normally represent an average of the 1-s datathroughout
the interval. Conversely, after removing data associated
with the de-icing cycle, the RID signal may only in-
clude, for example, 10 to 15 s of good data during the
30-s period, and this datawill probably be biased toward
the start or end of the interval. If the LWC signal is
variable over a 30-s period, this difference in the av-
eraging interval will add scatter to the LWC-RID cor-
relation. The in situ data were averaged at 5- to 120-s
scales to assess whether the averaging interval affected
the scatter or the slope of the curve shown in Fig. 6a.
Figure 7 shows the RID response for the 5-s averages.
The best-fit slope and =50% curves from Fig. 6a are
also shown for comparison. The data are very similar
to those in Fig. 6a, with 90% of the data with LWC
>0.1 g m=2 falling within the £50% curves. Similar
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Fic. 8. Scatterplots of LWC sweep out vs average RID response for (a) altitude changes <30 m during
each 30-s period (516 observations) and (b) altitude changes of >100 m during each 30-s period (475
observations). The best-fit and +50% curves from Fig. 6a are also shown.

results were observed for averages at 60 and 120 s. It
is concluded that the choice of averaging interval did
not affect the slope k and did not add significant scatter
to the data shown in Fig. 6a

e. Mounting location

It is common practice to mount an RID on the fu-
selage of an aircraft in a location where the flow is
expected to be streamlined along the fuselage and no
shadowing effects are expected. In order to assess
whether there was a location-dependent effect on the
RID data, the in situ data were examined for trends for
changes in aircraft flight characteristics. For example,
Fig. 8 shows a scatterplot of RID versus LWC sweep
out for flight at @) constant altitude and b) during ascent
or descent that exceeded 200 m min—*. The best-fit and
+50% curves from Fig. 6 are also shown for compar-
ison. The R? coefficients with respect to the best-fit
curve of Fig. 6awere 0.83 and 0.88 for the datain Figs.
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8a and 8b, respectively. There is no significant differ-
ence between these data, indicating that ascent or de-
scent did not affect the RID response characteristics. A
similar result was found for changes in aircraft heading
(i.e., banking). To investigate whether the mounting lo-
cation might preferentially affect different drop sizes,
the RID response was examined for different MV D val-
ues. Figure 9 shows the RID response for @) MVD be-
tween 10 and 15 wm and b) MV D between 20 and 30
um. Using the formulations of Finstad and Lozowski
(1988), the coallision efficiencies for these MV D ranges
are0.81 = 0.03 and 0.92 =+ 0.01, respectively, assuming
V, = 97 m s%, temperature = —5°C, and the RID
cylinder diameter of 6.35 mm. The best-fit and +=50%
curves from Fig. 6aare also shown for comparison. The
datain Figs. 9a and 9b have R? values of 0.92 and 0.65,
respectively, with respect to the best fit from Fig. 6a.
Although the data in Fig. 9b show a greater scatter, the
R? values for data with MVD between 15-20 um and
30-100 uwm were 0.75 and 0.80, respectively, and the
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Fic. 9. Scatterplots of LWC sweep out vs average RID response for (a) MVD between 10 and
15 um (220 observations) and (b) MVD between 20 and 30 um (146 observations). The best-fit

and +=50% curves from Fig. 6a are also shown.
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FiG. 10. Scatterplots of LWC sweep out vs average RID response for (a) liquid phase clouds
with minimal ice crystals (855 observations) and (b) mixed phase clouds with significant ice
crystals (1148 observations). Temperatures ranged from —5° to —22°C. Open circles represent
cases with ice crystal concentrations >5 L-* for particles >125 um and temperatures <—5°C.

data are highly correlated with the best-fit curve from
Fig. 6a. It is concluded that the mounting location has
no significant shadowing effectsfor different sized drop-
lets and that any such effect cannot be segregated from
the scatter in the data.

f. Effects of cloud phase

To assess the effects of ice crystals on the RID re-
sponse, the data were segregated into liquid and mixed
phase conditions. Liquid phase conditions were assessed
when the LWC and TWC measurements agreed within
+15% and when there was agreement between the
FSSP-measured LWC and concentration measurements
within the errors expected for such a comparison. A
liquid phase classification also required that >90% of
the classified 2D images with diameters =125 um could
be interpreted as circular images. In such cases, these
circular images were interpreted as drops. Using data
collected in clouds where the temperatures were >1°C,
and hence all 2D images (less spurious artifacts) could
be interpreted as drops, Cober et al. (2000) showed that
geometric ratios involving particle area, perimeter, di-
ameter, and symmetry could be used to identify >90%
of the 2D images as circles. Some of the cases classified
as liquid phase may have contained ice crystals, how-
ever, the concentrations were low and the ice water con-
tent was negligible. In cases with significant water con-
tent in drizzle or rain drop sizes, the LWC probeswould
underestimate the LWC because of their detection fall off
for larger drop sizes (Biter et a. 1987; Strapp et al.
2000). In such cases the LWC:TWC ratio may have
differed by more than 15%. In cases with no particles
>125 um, the 2D probes were not used in the phase
assessment.

Mixed phase cases were identified from the casesthat
remained after the liquid and glaciated cases were iden-
tified. Mixed phase cases required that the LWC:TWC
ratios were between 1:4 and 1:1, that there were char-

acteristic ice and LWC responses on the FSSP probes
(Gardiner and Hallett 1985; Cober et al. 2000; Cober
et al. 1995), and that there were ice crystals (i.e., non-
circular images) observed with the 2D probes. The data
were further screened by eliminating all caseswith tem-
perature >—5°C in order to avoid Ludlam limit—related
temperature limitations on the RID (see section 4h).
Figure 10 shows the RID response for liquid and mixed
phase conditions observed during CFDE | and CFDE
I11. The best-fit curve and =50% curves from Fig. 6a
are also shown for comparison. The R? coefficients for
the liquid and mixed phase data with respect to the best
fit curvein Fig. 6a are 0.81 and 0.88, respectively. The
mixed phase data show a slightly higher response rate
compared to the liquid phase cases; however, the trend
is within the scatter of the data. Therefore, the presence
of ice crystals in a mixed phase environment does not
appear to cause a significant difference in RID response
rate for the Convair-580 RID operated at 100 m st.
This is consistent with the observations of Heymsfield
and Miloshevich (1989). Bain and Gayet (1982) ob-
served that the presence of ice crystals >200 um in
concentrations >5 L~ at temperatures <—8°C reduced
the icing accumulation rate on an icing cylinder by ap-
proximately 50%. Cases in Fig. 10b with ice crysta
concentrations >5 L1, temperature <—5°C, and sizes
=125 pum accounted for 16% of the data points and are
shown as open circles. There was no difference in the
RID-LWC correlation for these data, which is contrary
to the observations of Bain and Gayet (1982). Their
measurements were taken in cumuliform clouds, and it
is possible that the majority of the ice particles they
observed were graupel. Sand et al. (1984) commented
that graupel showers had effectively cleaned ice off of
the leading edge of their aircraft. During CFDE | and
I11, graupel particles were rarely observed, and the larg-
est crystals tended to be dendritic or irregular in shape.
Graupel particleswould contain substantially more mass
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and momentum, which presumably would make them
more effective in eroding ice.

Heymsfield and Miloshevich (1989) used glaciated
cloud conditions at temperatures colder than —40°C to
determine the noise level on their RID. They assumed
that the instrument did not respond to ice particles,
which is consistent with the observations discussed
above. However, Strapp et al. (1999) indicated that some
noise might be related to small ice crystalsthat accreted
along the stagnation line of the cylinder and sublimated.
In order to investigate these ideas, the glaciated phase
regions were identified from the CFDE | and Il data.
Glaciated phase cases were identified by collectively
assessing the characteristic signals on each probe (see
Cober et al. 2000). Median volume diameters >20 um
on the FSSPs and FSSP particle concentrations <15
cm=2 are normally characteristic of a glaciated cloud
(Cober et al. 2000; Cober et al. 1985; Gardiner and
Hallett 1985). Similarly, King and Nevzorov LWC sig-
nals that were less than 15%—-20% of the TWC signal
are also characteristic of glaciated cloud conditions (K o-
rolev et al. 1998b; Cober et al. 2000). Finally, the pre-
dominance of noncircular images in the 2D datais con-
sistent with glaciated cloud. Cober et al. (2000) has
shown that glaciated cloud conditions will normally
have >60% of the particle images classified as noncir-
cular. When assessed collectively, these techniques pro-
vide an accurate identification of glaciated phase con-
ditions. Glaciated conditions were identified for tem-
perature < —3°C, FSSP concentrations <10 cm-23, MVD
>20 um, percentage of noncircular 2D images >70%,
and ratio of LWC:TWC <0.15. In addition, the 1-s data
were screened to ensure that selected regions of glaci-
ated cloud did not have small pockets of embedded
LWC. Using this restrictive screening, there were 203
data points that were identified as being entirely gla-
ciated of which 200 had an RID signal =2 mV s*. The
remaining three data points had an RID <3 mV s,
Therefore, 98.5% of the entirely glaciated cases iden-
tified from CFDE | and 111 had an RID signal that could
not be distinguished from the mean zero signal in clear
air. This supports the observations of Heymsfield and
Miloshevich (1989) and the results in Fig. 10.

0. Response to freezing precipitation

To investigate the response of the RID under freezing
precipitation conditions, the RID signal was examined
for cases with MVD >100 um. Figure 11 shows the
RID response for liquid and mixed phase cases with
temperature <—2.5°C and MVD =100 um. Thelargest
MVD value in Fig. 11 is approximately 1000 um. The
Nevzorov total water content measurement was used in
the analysis because it is a more accurate measurement
of LWC when the cloud drops exceed 100 um in di-
ameter, considering the fall off of the LWC probes for
large drops (Biter et al. 1987; Strapp et al. 2000). The
best fit has a slope of 76.5 V g%, which is within 6%

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLuME 18
400 |
"0 300 |
>
E
% |
5 200 i
o
7]
[0
o |
2 100
I +
0 L 1 L i L L 1 n i L n i L L n L
0.000 0.001 0002 0003 0.004

LWC Sweep Out (g s™)

Fic. 11. Scatterplot of LWC sweep out vs average RID response
for cloud intervals with MVD >100 uwm (130 points). The data in-
clude liquid and mixed phase cases with temperature <—2.5°C and
LWC less than the Ludlam limit. The best-fit curve from Fig. 6ais
also shown.

of the slope for the data in Fig. 6a. The datain Fig. 11
had a V, of 90 = 10 m s* and collision efficiency
(Finstad and Lozowski 1988) of 0.98 versus a V, of 97
+ 10 m s * and collision efficiency of 0.81-0.92 for
MVD between 12-30 um, respectively, for the bulk of
the data in Fig. 6a. The slope k includes the dependen-
cieson V, and E. This analysis suggests that there is no
significant difference in the response of the RID to large
drops and that any effect of MVD on the RID-LWC
relationship is within the scatter of the data. It also
suggests that large supercooled drops do not lose a sig-
nificant portion of their mass by splashing or shedding
when they collide with the RID.

h. Effect of temperature

The Ludlam limit occurs when the LWC is sufficient-
ly high enough that the surface temperature of the ice
accumulation can reach 0°C (Ludlam 1951). Baum-
gardner and Rodi (1989) compared tunnel measure-
ments of the Ludlam limit with theoretical calculations
and showed that the RID response tended to level off
when the Ludlam limit was reached. Brown (1982)
showed that the Ludlam limit would restrict the ability
to infer LWC for cumulus clouds with LWC >1 g m-3,
but for stratiform clouds at temperatures between —5
and —10°C, the RID would normally be able to provide
a reasonable estimate of LWC. Mazin et al. (2001) pre-
sent a theoretical formulation applied to the RID. They
showed that at temperatures between —1 and —5°C, the
Ludlam limit would range from 0 to 0.17 g m-2 for a
droplet distribution with an MVD of 15 um. Figure 12
shows an example of how the RID signal can be highly
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Fic. 12. Time history of (a) RID voltage, (b) LWC measured with
three probes, and (c) temperature for a 360-s period from a flight on
17 Mar 1995.

variable when the Ludlam limit is reached. It shows a
360-s period during a flight on 17 March 1995. While
the LWC remained relatively constant between 40 and
200 s, the RID signal remained flat between 110 and
180 s. The ambient temperature was relatively constant
at —4°C, and the aircraft maintained level flight through-
out this period. The response of the RID between 110
and 180 s appearsto be quite inconsistent with the signal
between 40 and 90 s or between 300 and 360 s, even
though the temperature and LWC values were similar.
Considering that ice growth near 0°C is extremely sen-
sitive to small changesin temperature, it isbelieved that
when the RID encounters a sustained LWC in excess
of the Ludlam limit at relatively warm temperatures, the
heat transfer between the freezing drops, cooling RID
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(warmed from the heater cycle), and dynamic heating
can combine to prevent ice accumulation for an ex-
tended period of up to approximately 60 s. This con-
clusion is speculative and represents an area for addi-
tional research with a heat and mass transfer model
similar to Mazin et al. (2001).

Because a significant portion (42%) of the in-cloud
CFDE | and Il data had temperatures between 0° and
—5°C, the in situ data were used to assess the Ludlam
limit for relatively low LWC cases. The observations
could also be compared with the theoretical results of
Mazin et al. (2001). Figure 13 shows the changein RID
response with temperature for two LWC intervals, in-
cluding 0.10-0.15 g m=2 and 0.25-0.30 g m~3, respec-
tively. The RID signal was converted to an LWC using
the in situ k coefficient derived in section 4d. The av-
erage RID LWC—measured LWC ratio for 0.5°C tem-
perature intervals are also shown in Fig. 13. Whilethere
is considerable scatter in the data, the falloff of the RID
response with increasing temperature can clearly be ob-
served. The temperature interval at which the falloff
starts (i.e., the Ludlam limit) can be identified as the
point on the temperature axis where the data falloff on
the RID LWC-measured LWC = 1.0 line. These inter-
vals are shown by the thick bars in Fig. 13. Figure 14
shows the Ludlam limit variation with LWC and tem-
perature as well as the theoretical results of Mazin et
al. (2001). The LWC for the theoretical curve was in-
creased by 1.24 to account for the LWC enhancement
effect discussed in section 4d. The curveisquite similar
to the in situ measurements, although it underestimates
the data by approximately 20%. This is likely caused
by the surface roughness coefficient for the ice, which
was assumed to be 1.0 by Mazin et a. (2001).

i. LWC threshold

Mazin et al. (2001) showed that at airspeeds of 100
m s71, the rates of sublimation and accretion would be
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Fic. 13. Faloff of the RID response with temperature for LWC intervals of (a) 0.10 to 0.15 g
m~3 and (b) 0.25 to 0.30 g m—3. The RID LWC was computed assuming the best fit given in Fig.
6a. The thick bars represent the estimated temperature interval that the falloff occurs due to the
Ludlam limit. The thin curves represent the average RID LWC—measured LWC ratio for each

0.5°C temperature interval.



526

N

o .

Liquid Water Content (g
¢ o o o
- w

o O

.0 PREEES TR R T R TR NS RS ' L 2 L
987654-32-10 1

Temperature (°C)

FiG. 14. Estimate of the temperature falloff at which the RID LWC—
measured LWC ratio demonstrated in Fig. 13 occurs for each LWC
interval. The solid curve represents the theoretical Ludlam limit as
estimated by Mazin et al. (2001) for a pressure of 80 kPa and V, of
97 m s t. The theoretical LWC values were enhanced by 24% to
account for the effect of the RID mounting location on the Convair-
580.

equal for LWC values between 0.002 and 0.006 g m—3,
depending on the ambient temperature, relative humid-
ity, and pressure. For the LWC values <0.1 g m~3
(shown in Fig. 6a), the majority of the data fall below
the best-fit curve, which is consistent with a nonzero
LWC threshold. Figure 15 shows a scatterplot of RID
versus an LWC sweep out for liquid phase cloud cases
with LWC <0.15 g m=3. The best fit has an RID signal
of 0 mV at an LWC of 0.007 = 0.010 g m=3. While
the LWC measurements are accurate within =0.02 g
m-2, there is not expected to be a bias toward positive
or negative LWC values. Hence, it is concluded that the
data shown in Fig. 15 support the predictions of Mazin
et a. (2001). While theoretical formulations, such as
that of Mazin et al. (2001), could be used to correct for
the sublimation term when computing LWC from an
RID, the =50% accuracy in the LWC measurement will
negate this requirement in most cases.

5. Conclusions

Using in situ observations from severa research
flights and the results from two series of wind tunnel
experiments, the capabilities of the MSC Rosemount
Icing Detector have been assessed. The observed cloud
environments included a wide range of conditions, in-
cluding freezing drizzle and freezing rain conditions,
LWC from 0 to 0.7 g m~3, temperature from 0° to
—29°C, and MVD from 10 to 1000 um. A significant
l[imitation in this assessment is that the data are centered

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLuME 18

Liquid Water Content (g m®)

0.00 0.03 0.06 0.09 0.12
120 g
LI | - ‘. |
,'f" ] : :- :. ‘o :.:
; 90 " g .
E I LI " = ’ Y l.' "
Py a0
(2] - (I | a . "
S 60 B ‘.f:- .-ﬁ '. = s
Q . " ' L
) - - .I. [
&D "n l.' % -l wh.o-
% /F .--_.:5‘“!'. ..--
- LI "
_.- *.—.. 2

0 1 N ) "
0.0000 0.0004 0.0008 0.0012 0.0016
LWC Sweep Out (g s™)

Fic. 15. Scatterplot of LWC sweep out vs RID for liquid phase
cases with LWC <0.15 g m—2 and temperature <—5°C (485 points).
The best fit has an LWC of 0.007 += 0.010 g m=2 for an RID signal
of 0 mV. The equivalent LWC is shown for comparison.

around a V, of 97 m s * so that the conclusions may
not be entirely applicable for aircraft that travel at sig-
nificantly faster rates. In addition, the unique mounting
location of the RID on the Convair-580 and the rec-
ognized requirement to calibrate each RID separately in
awind tunnel (Baumgardner and Rodi 1989) would need
to be considered before the results presented here are
fully applied to other Rosemount icing detectors. The
following conclusions have been identified.

1) When the data are considered at 1-s resolution, 80%
of the measurements in clear air are within £2 mV
of the mean zero signal. When the data are averaged
at 30 s resolution, the signal level on the MSC RID
is within =2 mV s* or 0.002 g m~=2 of the mean
zero signal. Thisthreshold accounts for 99.6% of the
observations in clear air and 98.5% of the obser-
vations in glaciated clouds.

2) Following each de-icing cycle, the RID voltage sig-
nal isreliable and correlateslinearly with LWC when
it exceeds 400 mV above the clear-air voltage signal.
This threshold is independent of LWC and temper-
ature. This allows the start time for acceptable RID
data following a de-icing cycle to be clearly iden-
tified when LWC measurements are being inferred
from the RID signal.

3) The duration of the de-icing cycle averaged 15 + 4
s, including the time from the start of the de-icing
cycle to the point where the RID signal rose to 400
mV above the clear-air voltage signal. The duration
decreased dlightly with increased LWC and de-
creased strongly with decreasing ambient tempera-
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4)

5)

6)

7)

8)

9)

ture. It ranged from 13 = 4 s for temperatures
<—6°C to 19 + 3 s for temperatures between —1°
and —3°C. These trends are consistent with the ex-
pected heat transfer for the RID cylinder. At tem-
peratures colder than —18°C, the RID can require 2
or more de-icing heater cyclesin order to fully clear
the accumulated ice.

The correlation between the RID signal and LWC
was linear; however, it changed from 61.6 V g-* for
the wind tunnel experiments to 81.0 V g-* for the
in situ data. Different averaging intervals between 5
and 120 s in duration did not affect the observed
slopes. Considering the mounting location of the
RID under the wing on the Convair-580, it is spec-
ulated that this is a region of enhanced LWC pre-
sumably caused by the compression and acceleration
of the airflow under the wing. The difference in the
RID-LWC slopes suggests that this enhancement
could be as high as 24%.

For in situ data with LWC >0.1 g m=3, 92% of the
datafell within =50% of the RID-LWC best fit. This
scatter is related to the in-cloud variability of tem-
perature, LWC, V,, and MVD. Regardless, consid-
ering the simplicity of the RID, an LWC accuracy
of +50% would be extremely beneficial for assessing
the accuracy of icing forecast algorithms. The ob-
served rel ationship between the RID signal and LWC
also applied to the observed freezing precipitation
environments with MVD >100 um.

The mounting location on the NRC Convair-580 air-
craft appears to be free of significant shadowing ef-
fects, and there was no degradation of the RID re-
sponse during ascents, descents, or turns. The pre-
sumed LWC enhancement observed on the Convair-
580 suggests that the mounting location needs to be
carefully selected, and RID calibrations for LWC
will be highly aircraft dependent.

At a V, of approximately 100 m s %, any RID re-
sponse to ice particles cannot be distinguished from
the mean clear-air signal. Ice crystals did not appear
to erode ice accumulation or accrete to the RID sur-
face under the range of conditions observed. There-
fore, the RID can be used to estimate the LWC within
+50% in mixed phase conditions and to screen gla-
ciated conditions. A threshold of >2 mV s for in-
cloud observations is a reasonable indicator for the
presence of supercooled liquid water, while athresh-
old of <2 mV s ! is areasonable indicator for the
absence of supercooled water.

The in situ data were used to infer the temperature
at which the Ludlam limit was reached for LWC
between 0 and 0.6 g m~3. The results were within
20% of the theoretical formulations of Mazin et al.
(2001). Thedifference between the two was probably
caused by the surface roughness coefficient used by
Mazin et a. (2001).

The in situ data suggest that the LWC threshold for
the RID mounted on the Convair-580 is 0.007 =+
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0.010 g m=3. Thiswas valid for measurements made
with a V, of approximately 100 m s*. The LWC
threshold is consistent with the predictions of Mazin
et al. (2001).

With respect to down-linking icing detector datausing
a system such as ACARS, it can be concluded that the
data would be extremely useful if they were provided
by aircraft with a V, around 100 m s*. The low noise
level, low LWC threshold, linear response of the RID
to LWC for icing conditions below the Ludlam limit,
+50% LWC accuracy, and ability to infer LWC in lig-
uid, mixed, and freezing precipitation conditions would
allow useful assessments of the icing environments,
which could be used for both real-time warnings and
numerical icing forecast algorithm validations. Unfor-
tunately, the majority of aircraft that are currently
equipped with ACARS have V, significantly greater than
100 m s~t. At higher V,, the LWC threshold increases,
and the dynamic heating increases as V2. The latter af-
fects the Ludlam limit and reduces the range of tem-
peratures over which the RID can detect icing. Ideally,
this investigation should be repeated with an instru-
mented aircraft that has a substantially higher V. in order
to quantify these effects.
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