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Assessment of One-Dimensional Icing Forecast Model
Applied to Stratiform Clouds
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Aircraft icing can seriously impair aircraft performance. In this paper we assess a one-dimensional icing
forecast model (presently residing at the U.S. Army Atmospheric Sciences Laboratory) by using recent airborne
collected microphysics data. Our prime interest was the variation of potential aircraft icing in stratiform clouds.
We discuss the icing model microphysics, including algorithms used to determine icing severity indices, tem-
perature, liquid water content (LWC), and median volume diameter (MVD) of supercooled water droplets.
Output from the one-dimensional model suggests that the icing potential in stratiform clouds does not exceed
"light." The model more often forecasts "trace" icing for both fixed-wing aircraft and helicopters. The model
does not compute a value for LWC great enough to allow for more serious icing events. We therefore conclude
that a method must be established to obtain better estimates of drop-size characteristics and LWC (for stratus
clouds) to forecast the full range of potential icing for Army aircraft. Otherwise when using the one-dimensional
model as currently structured, one would not expect any more than "light" icing when stratus clouds are
observed.

Nomenclature
Cp = specific heat at constant pressure for dry air, 0.239

cal/g
es = saturation vapor pressure for water in millibars
g = acceleration due to gravity, 9.8 m/s2

L = latent heat of condensation, 595.0 - 0.5T (°C)
cal/g

Mv = molecular weight of water vapor, 18.016 g/mole
P = atmospheric pressure in millibars
R = gas constant of dry air, 0.6855 cal/g K
Rs = mixing ratio in gig
R* = universal gas constant, 1.986 cal/K mole
T = absolute temperature in K unless specified

otherwise
z = height above ground in meters
( )0 = value at reference condition (height)
yw = moist adiabatic lapse rate in K/m
pa = ambient air density in g/m3

I. Introduction

T HE purpose of this project is to compute and analyze
the variation of potential aircraft icing in statiform clouds,

by using a combination of a one-dimensional icing forecast
model1 and microphysics data collected by Jeck.2 The origin
of the aircraft icing model discussed in this paper is a modi-
fication to the updated Smith-Feddes model.3

II. One-Dimensional Icing Forecast Model
The general procedure presented by Luers for determining

the potential level of icing (trace, light, moderate or severe)
is as follows: for a given mean effective drop size of the drop-
size distribution at the midpoint of a cloud and the expected
amount of liquid water content (LWC) at that height, one
determines if the level of LWC falls in the range of light
(LWQ), moderate (LWCm), or severe (LWC5) as given in
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Table 1. In discussions with Luers, he suggested that the mean
effective drop-size used in his study is assumed to be equiv-
alent to the median volume diameter (MVD) drop size used
by Jeck. Luers specifies a mean effective drop-size value of
10-12 jjim diameter for stratiform clouds (stratus and stra-
tocumulus).

The expected amount of LWC initially is based on the
adiabatic approximation and is computed as follows: starting
at the cloudbase, one computes 1) the moist adiabatic lapse
rate of temperature; 2) the moist adiabatic temperature at a
level of 10 m above the cloudbase; 3) the mixing ratio Rs at
this new temperature; and 4) the liquid water generated over
the 10-m layer as the difference between the lower and the
upper values of Rs. This difference is converted to grams per
cubic meter by multiplying by the mean dry air density over
the 10-m layer. Equations that can be used, as summarized
above, are presented in Rogers and Hanley5; that is

T(z) = T0-

'T(z)

... \MVL I \ 1 \]= 6.11exp|_——(^--——JJ

Rs(z) = 0.622 e,(z)
P(z) - e,(z\

Atf, = R,(z) - R,(Q)

A (LWC) = - PoA7?s

(1)

(2)

(3)

(4)

(5)

(6)

In contrast, Jeck,6 suggested that the procedure to compute
LWC may be more detailed than necessary since the expres-

Table 1 Icing severity levels as a function of LWC4

Mean effective drop size, |jim
10 15 20 30 40 50

LWC,, g/m3 2.5 1.3 0.85 0.65 0.55 0.50
LWC,,, - <—— — — — 0.5 (LWQ) — — — ——>
LWQ = < — — — — —0.1 (LWQ)— — — ——>
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sion LWC =-1/2.87 (WO - Wl) PIT from Ref. 7 (for cumulus
clouds), is adequate for this application. To correct the LWC,
presumably for entrainment, the value for stratus clouds is
divided by 2. In the expression above WQ (g/kg) is the satu-
ration mixing ratio at the cloudbase; Wl (g/kg) is the satu-
ration mixing ratio at the flight altitude; P(mbar) is the flight
altitude pressure; and 7(K) is the flight altitude temperature.

The Luers procedure, is repeated until the LWC at the
midpoint of the geometric cloud layer is computed. This value
of adiabatic LWC is then adjusted for entrainment effects
depending on the cloud type. In the case of stratiform clouds,
Luers adjusts these values following Warner's (Ref. 8) study
of LWC in cumulus cloud. The correction factor is

LWC - LWCa(<zz + (7)

where a and b are given in Table 2.
Knowing the height and temperature of the cloudbase and

the cloud top height, one approximates the temperature at
the midpoint of the cloud needed for the above computations
by using the moist adiabatic approximation given by Luers,
that is

dT
dz

0.621-'-^;p RT
(8)

The saturation vapor pressure is computed by using

d£_5 = 4.303 x 1Q3

dr ~ (T + 243.5) e*
where T = temperature in degrees Celsius.

(9)

(10)

Table 2 Parameters for LWC/LWC, ratio [Eq. (7)] for stratus
type clouds

Height above cloudbase, km a b
0-0.032
0.032-0.177
0.177-0.726
0.726-1.5
1.5

-11
-1.4
-0.356
-0.0608

0.0

1.0
0.6915
0.505
0.2912
0.2

Table 3 Fixed wing potential icing index

If
0 < LWC < LWC,
LWQ < LWC < LWCm
LWCW < LWC < LWC,

LWQ < LWC

Otherwise
either LWC - 0

and T < 0°C, trace
r<0°C, light
7< -5°C, moderate

-5°C< r<0°C, light
T< -5°C, severe

-5°C< T< -3°C,
moderate

-3°C< r<0°C, light

or T > 0°C, no icing

Table 4 Helicopter (rotor-blade) potential icing index

0 < LWC < LWC/ and T < 0°C, trace
LWQ < LWC < LWCm T < -5°C, light

-5°C < T < 0°C, trace
T < - 10°C, moderate

-5°C< r<0°C, trace
T < - 10°C, severe

-10°C< T< -5°C, light
-5°C< r<0°C, trace

LWCm < LWC < LWQ

LWQ < LWC

Otherwise
either LWC - 0 or T > 0°C, no icing

Finally, Luers provides tables [see Table 3 for fixed-wing
aircraft and Table 4 for helicopter (rotor-blade) aircraft] that
allow one to determine the level of potential icing as a function
of LWC and temperature. Note the dependence of icing se-
verity on temperature. Dynamic heating of the winged or
rotor surfaces play an important role in determining the ice
accretion efficiency of the super-cooled liquid water droplets.

III. LWC and Median Volume Drop-Size Variations
A review of Jeck's data base2 shows that the median volume

drop size and LWC in stratus clouds can vary considerably as
a function of temperature (see Figs. 1 and 2).

These figures illustrate scatterplots of LWC and MVD vs
air temperature from supercooled layer clouds. The data are
taken from the various sources shown in the figures. Notice
in Fig. 1 that LWC falls off for temperatures below - 15°C.
This is due to the depletion of supercooled water caused by
ice crystal formation. Also note that most observations in Fig.
1 have LWC < 0.3 g/m3. Most LWC's in stratus are small;
however, good data will show that the larger ones do exist.
Correlations between LWC and MVD data and observed de-
pendence on icing, is still an open question.6 The different
size symbols in Figs. 1 and 2 represent the various in-flight
distances over which the data was averaged. The solid line
according to Jeck represented the apparent hand-drawn upper
limits to LWC and MVD. These extreme values may be im-
portant as they relate to aircraft icing, since according to
Borovikov et al.,9 ". . . the intensity and character of the
icing depend first and foremost on the water content and the
size of droplets in clouds of various forms. Stratocumulus and
stratus clouds, for example, are in the overwhelming majority
of cases liquid, super-cooled, less often mixed and extremely
rarely crystal. Therefore, the icing probability in these clouds
is very high, over 80-85%." In agreement is Hansman10 who
states, ". . . it is clear that the shape of the ambient size
distribution is a very important factor in determining the icing
severity of a particular cloud. A relatively low cloud LWC is
a significant icing threat if it consists of large droplets. On
the other hand, if the cloud consists of small droplets, even
very high LWC would only cause trace icing." In addition,
Politovich11 remarks, "For (stratiform clouds) it is not the
number of cloud droplets that is important in determining
icing rate, but their size." These comments on droplet size

2.
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Fig. 1 Scatterplot of LWC vs air temperature from supercooled layer
clouds up to 10,000 ft AGL. The different size symbols represent the
various in flight distances over which the data were averaged.
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Table 5 Potential icing severity for LWC and MVD values in the temperature range
fromO.O°Cto -15.0°C

Case
Average
Intermediate

Extreme

LWC, MVD,
g/m3 fim
0.18 11.0
0.55 18.0

0.9 27.0

Fixed
Trace
Moderate

r< -5.0
Light

-5.0 < T<

Severe
T< -5.0

Moderate
-5.0 < T<

Light
-3.0 < T<

Potential
wing

0.0

-3.0

0.0

icing severity
Helicopter

Trace
Moderate

r< -10.0
Light

-10.0< T< -5.0
Trace

-5.0 < r<o.o
Severe

r< -10.0
Light

-10 < T< -5.0
Trace

-5.0 < r<0.0
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Fig. 2 Scatterplot of median volume diaster (MVD) vs air temper-
ature from supercooled layer clouds up to 10,000 ft AGL. The different
size symbols represent the various flight distances over which the data
were averaged.

and number relate to the efficiency with which supercooled
water droplets collide and then freeze on winged surfaces.
Small droplets tend to remain within the airflow over and past
the metallic surface. Larger droplets fall across the streamlines
onto an aircraft mainframe and wing (or rotor blade). In view
of the observed variations of MVD and LWC in stratus clouds,
we decided to assess the potential for icing as a function of
these two variables.

IV. Icing Forecast Analysis
Using the procedure outlined in the one-dimensional icing

forecast model section and the data provided in Sec. Ill, we
computed the potential icing for average, extreme and inter-
mediate values of LWC and MVD for specified values of
temperature. These results are presented in Table 5. We con-
cluded that this dependence of icing severity on temperature
is due to dynamic heating.

Average values (for low stratus clouds) of LWC and MVD
from Jeck's data regardless of their frequency of occurrence,
result in forecasts of not more than ''light" and more often
only "trace" icing using the one-dimensional model presented
in this paper. Table 1 shows that for the average droplet MVD
(that is, 10-12 jjim) the computed LWC is not sufficient to

produce more serious icing activity. Values greater than the
mean (that is, 0.5-0.9 g/m3 LWC and 15-25 jim MVDs),
allow the full range of potential icing to be recognized. Again,
the current literature suggests that the largest droplet sizes,
although possibly few in number, are most likely to cause the
more severe icing episodes. However, our perception (based
on available data) is that the probabilities of these extreme
values of LWC and MVD occurring simultaneously is small.
Quantitative data involving joint probabilities of LWC and
MVD occurring simultaneously were not available from Jeck.2
Also in Table 5 one should recognize the dependency of icing
severity on temperature. As an example, dynamic heating of
rotor blades will cause some ice to shed thereby requiring
cooler temperatures for more hazardous events to occur.

The results discussed above are supported by those docu-
mented by McGinley et al.12 from an initial validation of the
Luers icing model during the 1990 Winter Icing and Storms
Program (WISP) in the Denver-Boulder Front Range region.
In their study they report, "even though LWC values from
the one-dimensional model were above .5 g/m3, the algorithm
only forecast light or trace amounts of aircraft icing." Ad-
ditionally they concluded that the model characteristically
underforecast potential icing severity. This could place Army
aircraft at considerable risk.

V. Summary and Conclusions
The potential for icing on fixed-wing and rotary aircraft was

examined for stratiform cloud conditions. The methodology
developed by Luers and currently adopted by the U.S. Army
Atmospheric Sciences Laboratory for estimating icing levels
requires that one have estimates of temperature, LWC, and
MVD drop-size at the geometric midpoint of the cloud, and
hence one must also know the heights of the base and the top
of the cloud. The temperature used in this procedure is com-
puted by using the moist adiabatic lapse rate and an estimate
of temperature at the cloudbase. The LWC is computed using
Rogers and Hanley's procedure (assuming adiabatic condi-
tions) and adjusted according to Warner's empirical results
for cumulus clouds. The MVD drop size for stratus clouds is
assumed to lie between 10 and 12 jjim. Based on this meth-
odology, we found that icing potential in layer clouds for
fixed-wing aircraft and helicopters could not exceed the "light"
level and more often did not exceed the "trace" level for all
temperature below 0°C.

Since larger drops and LWC amounts are found near the
top of the cloud in most stratiform layers,13 use of cloud
midpoint temperatures, LWC, and average MVD drop size
may result in erroneous icing potential estimates. Using Jeck's
database for stratiform clouds (which showed significant var-
iations of LWC and MVD with temperature) and the potential
icing level criteria of Luers we found that the icing potential
for average to extreme values of LWC and MVD ranged from
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light to severe on fixed-wing aircraft and from a trace to severe
for helicopters. Our conclusion is that a procedure must be
established to obtain better estimates of LWC and MVD (for
stratus clouds). Also, our understanding of the probabilities
of high values of LWC and MVD occurring simultaneously
must be enhanced.

VI. Suggestions for Future Research
In Sec. V we suggested that additional research or data

analysis concerning LWC and MVD probabilities and statis-
tics could enhance our understanding of icing potentials. Also,
according to Newton14 relaxation or improvement of the cri-
teria outlined in Table 1 would certainly be a major benefit
to the implementation of the Icing Forecast Model. For ex-
ample if one wanted to consider effects of imbedded convec-
tion in a stratus type cloud, which was outside the scope of
this study, it would be best to allow for a larger MVD (i.e.,
cumulus or stratocumulus) when using Table 1. In conjunction
with reworking Table 1 would be the development of an im-
proved method for correcting the calculated adiabatic LWC
due to entrainment. In its present form the adiabatic LWC
is adjusted by Warner's8 empirical data based on a study of
cumulus clouds. Although no new data from WISP is available
at this time the authors feel that much may be discovered
showing the dependence of icing on LWC and MVD inde-
pendently and jointly.

Acknowledgments
We gratefully acknowledge the encouragement given to us

throughout the course of this study by Richard Jeck of the
Naval Research Laboratory in Washington, DC, currently
with the Federal Aviation Administration Technical Center
in Atlantic City, NJ. He has been a tremendous source of
data, comment, and reaction.

References
s, J., Haines, P., and Cerbus, C., "One-Dimensional Icing

Forecast Model," UDRI-TR-87-138, Univ. of Dayton Research In-
stitute, Dayton, OH, 1988.

2Jeck, R. K., "A New Database of Supercooled Cloud Variables
for Altitudes up to 10,000 ft AGL and the Implications for Low
Altitude Aircraft Icing," Rept. No. 8738, AD-A137589, Naval Re-
search Lab., Washington, DC, 1983.

3Rogers, C., Hanley, J., and Mack, E. "Updating this Smith-Feddes
Model-," Calspan Rept. No. 7330-1, Buffalo, NY, 1985.

4Newton, D. W. , "A Review of the Icing Situation from the Stand-
point of General Aviation," NASA Publication 2086, FAA-RD-78-
109, Aircraft Icing, 1978, pp. 31-38.

5Rogers, C., and Hanley, J. T., "An Algorithm for the Increase
of Liquid Water Content with Height in Fog and Water Hazes,"
Calspan Rept. 6711-M-l, Buffalo, NY, 1980.

6Jeck, R. K., Personal communication from Naval Research Lab.,
Washington, DC, 1989, 1990, 1991.

7Air Weather Service, AWS TR-80-001, March 1980, Forecasters
guide on Aircraft Icing AD-A085490, Scott Air Force Base, IL, 1980.

8Warner, J., "On Steady-State One-Dimensional Models of Cu-
mulus Convection," Journal of Atmospheric Sciences, 1970, pp. 1035-
1040.

9Borovikov, A. M., et al., Cloud Physics, edited by A. Kh. Khrgian,
pp. 276-277.

10Hansman, R. J., Jr., "Droplet Size Distribution Effects on Air-
craft Icing Accretion," Journal of Aircraft, Vol. 22, No. 6, 1985, pp.
503-508.

"Politovich, M. K., "Microphysical Influences on Aircraft Icing,"
Conference on Cloud Physics, Chicago, IL, Nov. 15-18, 1982, Amer-
ican Metereological Society, Boston, MA.

12McGinley, J. A., Albers, S. C., McCaslin, P. T., and Smart,
J. R., "Validation of the Smith-Feddes Ice Forecasting Method Dur-
ing a Winter Storms Program," Progress Rept., NOAA/ERL/FSL
(Forecast Systems Lab.), Boulder, CO, 1990.

13Hoffman, H. E., and Roth, R., "Cloudphysical Parameters in
Dependence on Height Above Cloud Base in Different Clouds,"
Metereology and Atmospheric Physics, Vol. 41, 1989, pp. 247-254.

14Newton, D. W., Personal Communication at 29th Aerospace Sci-
ences Meeting, Reno, NV, 1991.

Recommended Reading from the AIAA Education Series

Aircraft Landing Gear Design:
Principles and Practices
Norman S. Currey "...Fills a void...is a must for any gear designer's library." — Appl Mech Rev

| he only book available today that covers military and commercial aircraft
I landing gear design. It is a comprehensive text that will lead students and

engineers from the initial concepts of landing gear design right through to final detail
design. The book provides a vital link in landing gear design technology from
historical practices to modern design trends. And it considers the necessary airfield
interface with landing gear design. The text is backed up by calculations, specifi-
cations, references, working examples, and nearly 300 illustrations.

1988, 373 pp, illus, Hardback • ISBN 0-930403-41-X
AIAA Members $45.95 • Nonmembers $57.95 • Order #: 41-X (830)

Place your order today! Call 1 -800/682-AIAA

4AIAA
American Institute of Aeronautics and Astronautics
Publications Customer Service, 9 jay Could Ct., P.O. Box 753, Waldorf, MD 20604
Phone 301/645-5643, Dept. 415, FAX 301/843-0159

Sales Tax: CA residents, 8.25%; DC, 6%. For shipping and handling add $4.75 for 1 -4 books (call
for rates for higher quantities). Orders under $50.00 must be prepaid. Please allow 4 weeks for
delivery. Prices are subject to change without notice. Returns will be accepted within 15 days.


