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ABSTRACT 

 The Dynamic Icing Detection System (DIDS) 
concept is intended to detect an aircraft icing condition 
in flight. DIDS is based on near real-time identification 
of degradation in aircraft dynamic characteristics and 
aerodynamic parameters, e.g., drag coefficient, static 
margin, elevator effectiveness, etc.  Beyond simply 
detecting icing, the DIDS concept provides a unique 
capability to quantify degradation in stability and 
control and flying qualities.  Thus, the DIDS can 
determine the effects of icing whereas ice sensors can 
only detect the presence of ice.  Ideally, however, icing 
effects data from the DIDS would be fused with 
onboard ice sensor data and off-board meteorological 
data to maximize the overall resolution, specificity, 
accuracy, timeliness and reliability of icing information 
available to the pilot.  This paper presents selected 
results from an initial analytical study to develop, test 
and refine DIDS algorithms.  Frequency domain 
parameter estimation methods were applied to a 
simulation of a Twin Otter aircraft, which included a 
simple icing model based on NASA icing data.  The 
feasibility of detecting icing was examined for a 
variety of test input control points and magnitudes, 
turbulence levels and icing severities.  The initial 
results indicate a significant detectable sensitivity to 
icing implying feasibility of the DIDS concept.  Work 
is continuing on development, testing and 
refinement of DIDS. 
 

THE AIRCRAFT ICING PROBLEM 

 Aircraft aerodynamic degradation due to icing 
has long been a concern of aircraft manufacturers, 
airlines, the military, NASA, FAA, weather services 

and pilots.  Because of equipment and operational 
advantages, commercial jet transports can generally 
avoid the icing problems facing the lower flying and 
slower commuter and general aviation aircraft.  
Concern with these smaller aircraft has been 
heightened by recent accidents.  In the review of the 
October 31, 1994 ATR 72 crash of American Eagle 
Flight 4184, the National Transportation Safety Board 
(NTSB) concluded1 that the probable cause of the 
accident was “…the loss of control, attributed to a 
sudden and unexpected aileron hinge moment reversal 
that occurred after a ridge of ice accreted beyond the 
de-ice boots…” 2, 3.  The NTSB has indicated that 
aircraft icing may also have been involved in the 
January 9, 1997 crash of Comair Flight 3272 nine 
miles short of the runway of Detroit Metropolitan 
Airport, although an official cause of the accident has 
not been announced.  The Embraer EMB-120 aircraft 
was flying in light snow when it lost lift at 150 kts and 
then rolled several times before crashing.  In a May 21, 
1997 statement, the NTSB said that the degradation in 
aircraft performance and the lack of evidence that its 
wing deicing boots were activated “strongly suggest 
that ice had accumulated on the airframe but may not 
have been seen or recognized as a hazard by the flight 
crew of Comair Flight 3272.”   

 Currently the pilot’s primary means of icing 
detection is limited visual inspection of the aircraft 
surfaces.  The pilot training and advisory process 
addresses this, but it remains one of many safety 
critical flying tasks involving a rare event that must be 
dealt with by inexperienced as well as experienced 
pilots.  A second supporting element in the process is 
off-board information provided to the pilot by PIREPs 
(pilot reports) and now AIRMETs (airmen’s 
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meteorological information) with more meteorological 
improvements to come.  Efforts by the NASA Glenn 
Research Center and others is leading to a third, 
independent element in the form of on-board icing 
sensors. 

THE DYNAMIC ICING DETECTION SYSTEM 
(DIDS) CONCEPT 

 This paper reviews the initial research and 
development for the Dynamic Icing Detection System 
(DIDS) designed to detect an icing condition onboard 
an aircraft in flight. DIDS is based on near real-time 
identification of degradation in aircraft dynamic 
characteristics and aerodynamic parameters, e.g., drag 
coefficient, lift curve slope, static margin, elevator 
effectiveness and pitch damping.  Control surface 
hinge moments and lateral-directional dynamics are 
also of interest.  In addition to simply detecting the 
presence of ice, the DIDS concept provides a unique 
capability to directly estimate aerodynamic parameters, 
as affected by icing, so that the degradation in aircraft 
stability and control and flying qualities can be 
quantified.  Thus, the DIDS can determine the onset 
effects of icing whereas ice sensors (devices which 
directly detect ice in their proximity) can only detect 
the presence of ice.  Ideally, however, icing effects 
data from the DIDS would be fused with onboard ice 
sensor data and off-board meteorological data to 
maximize the overall resolution, specificity, accuracy, 
timeliness and reliability of icing information available 
to the pilot. 

 The DIDS will add a fourth, independent icing 
detection modality based on directly determining 
degradation in aircraft aerodynamics and flying 
qualities.  The ultimate concept will be to integrate the 
last three of these elements into a highly accurate and 
reliable advisory to the pilot to augment visual 
inspections.  These three elements have distinct and 
complementary advantages and disadvantages. 

• Off-board meteorological information: gives the 
earliest warning of potential risk, but is the least 
definitive regarding actual aerodynamic degrada-
tion on a given aircraft. 

• On-board ice sensor: provides the earliest 
definitive indication of the presence of ice on the 
aircraft, but does not define its distribution and 
does not directly define the level of aerodynamic 
degradation. 

• DIDS system: does not provide information until a 
threshold level of degradation occurs, but is the 
only direct indicator of degradation in aero- 
dynamics, stability and control and flying qualities. 

DETECTION OF ICING FROM CHANGES IN 
AIRCRAFT AERODYNAMICS 

 The concept of measuring, in situ, the effects of 
icing on the dynamics and aerodynamics of an aircraft 
has been applied in flight research.  In the early 1980’s, 
a University of Wyoming Super King Air aircraft was 
used to quantify the performance effects of aircraft 
icing.4  The methods used to quantify aerodynamic 
degradation in flight test, e.g. rate of climb tests, are not 
convenient to execute in commercial flight operations.  
Thus, approaches that are more practical are of interest. 

 The effects of icing are primarily degradation in 
the aircraft aerodynamics; the increase in aircraft mass 
is generally negligible except for very small light 
aircraft.  The aerodynamic degradation can be 
characterized or expressed in several ways, all of which 
are ultimately related of course.  First these can be 
expressed in terms of degradation in the basic aero 
dynamic parameters: lift coefficient, drag coefficient, 
etc.  These effects can also be expressed in terms of 
aircraft performance (e.g., rate of climb, L/D), trim 
characteristics (e.g., trim angle of attack, AOA), 
stability and control (e.g., static margin, elevator 
effectiveness derivative) and flying qualities (e.g., 
Cooper-Harper handling qualities rating scale).  All of 
these perspectives are potentially useful in maximizing 
the value of the DIDS information to the pilot.  Further, 
we believe it is very important to consider all of these 
related expressions to tie the icing detection problem as 
closely as possible to fundamental and long-established 
aircraft design concepts.  The longitudinal aerodynamic 
coefficients and their expected icing sensitivity are 
generally as follows:2 
• Lift coefficient, CL: dominant effect is reduction in 

the maximum lift coefficient and the stall angle-of-
attack.  In extreme cases, the lift curve slope LC

α
is 

also reduced significantly. 

• Drag coefficient, CD: up to a 300 to 500% increase 
in profile drag coefficient. 

• Pitching moment coefficient, CM: loss of tail lift 
(tail stall) will translate directly into reduced static 
margin. 

• Elevator effectiveness, 
eMC

δ
: significant reduc-

tions may occur. 

• Hinge moment coefficient, 
ehC

δ
: unpredictable 

changes, possible “surface snatch” in reversible 
control systems. 

 Degradation in aerodynamic parameters such as 
drag and lift will influence the trim state.  Increased 
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drag will require an increase in trim thrust and 
degradation of the lift coefficient (i.e., reduced lift 
curve slope) will require an increase in angle of attack 
(AOA).  In theory, changes in trim could be detected 
and used as a basis for detecting icing, but there are a 
number of practical problems.  Engine thrust is difficult 
to define precisely even in ideal flight test conditions 
and is subject to confounding factors, such as engine 
temperature variations, which would have to be 
carefully accounted for.  Aircraft will not necessarily 
have AOA sensors and if vane type sensors are 
available, they could be affected by icing as well.   

DETECTION OF ICING FROM CHANGES IN 
AIRCRAFT DYNAMICS 

 The DIDS approach subsumes the detection of 
trim changes into a more general process of 
characterizing the aircraft dynamics and aerodynamics 
in near real time from command and response 
measurements obtained onboard.  While there are a 
number of options for characterizing the dynamics of 
the aircraft, frequency domain system identification is 
currently the primary approach for DIDS.   Several 
other groups are investigating alternative identification 
schemes applied to icing detection.5, 6  The frequency 
response of an aircraft input/output relationship, e.g., 
pitch attitude to elevator, is a particularly useful 
“signature” of an aircraft’s dynamics.  Much of this 
utility stems from the relative ease with which the 
frequency response can be obtained from time series of 
command inputs and the resulting aircraft response.  
This can be done using cross-spectral methods based 
on the Fast Fourier Transforms (FFT).  Beyond the 
frequency responses for relevant input/output pairs, 
DIDS will involve aerodynamic parameter estimation 
based on fitting aircraft equations of motion with 
undetermined coefficients simultaneously to several 
frequency responses.  This provides the ability to 
estimate the trim aerodynamic coefficients and stability 
and control derivatives. 

 Detection of icing in the DIDS process ultimately 
requires the detection of changes in the aircraft 
characteristics (frequency responses and/or aero-
dynamic parameters) over time intervals that are short 
compared to the time constants of icing buildup (tens 
of minutes to hours).  This implies a requirement for 
baseline characteristics as a reference for detecting 
changes.  The obvious baselines are the nominal (no-
ice) aircraft characteristics accounting, of course, for 
variations in load and flight condition with an 
appropriately simplified math model.  Further, some 
additional DIDS processing would be performed to 
determine  if the  detected  changes  follow the overall  

pattern of change expected for icing.  This might be as 
simple as, say, requiring the drag coefficient increment 
due to icing always be positive (i.e., result in higher 
drag).  Ultimately this would evolve to an aircraft-
specific icing model included in DIDS in coordination 
with the aircraft-specific (nominal) aircraft model.   

 Detection of changes in several individual aircraft 
dynamic characteristics (frequency responses) and in 
aerodynamics (individual stability and control 
derivatives) could provide at least a basis for detecting 
the presence of icing.  However, as noted above, we 
desire to take this further and estimate the degradation 
in aircraft stability and control.  The final step is to 
integrate these multiple metrics into essentially a single 
metric on which to base an advisory to the pilot.  One 
approach is to base this integration on established 
flying qualities metrics.  

 The initial DIDS development to date has focused 
on exploring the capability of frequency domain 
system identification to detect icing effects.  This has 
been accomplished using existing identification 
software and an aircraft and icing model implemented 
in a linear simulation. The system identification 
software consists of the STI FREDA and MFP 
programs long applied to a wide range of vehicles 
including aircraft, rotorcraft, missiles and rockets, 
ships, and ground vehicles.  FREDA implements Fast 
Fourier Transform (FFT) and cross-spectral 
computation with special “binning” capability that 
supports coherence calculations in a manner 
particularly useful in vehicle dynamics applications.  
MFP fits the theoretical frequency responses to the 
corresponding actual discrete frequency response from 
FREDA.  This is done by minimizing the error between 
the actual and the theoretical responses.   

 The DIDS identification scheme, in its current 
development, is focused specifically on identification 
of the basic stability and control derivatives of the 
aircraft and the effects of icing on these derivatives.  
By definition, these derivatives imply the application 
of small perturbation linearization to an aircraft that 
ultimately may exhibit significant nonlinear behavior.  
Stall, of the wing or tail, is such a nonlinearity and 
further of significant concern in the overall icing 
problem.  The flight conditions relevant to icing 
detection, however, will typically be well below stall. 
Per standard practice, aircraft dynamics can be well 
characterized in these flight conditions using stability 
and control derivatives based on linearized small 
perturbation dynamics.   In the current, initial 
formulation of the DIDS, linearization is in this sense 
implicit in the system identification process.   
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DYNAMIC SYSTEM MODEL  

Assessment Procedure  

 The development of DIDS to date has involved 
the use of a dynamic system model that simulates an 
aircraft (a linearized model of the Twin Otter) affected 
by icing as well as the influence of the human pilot, 
control system (SCAS/AP) and disturbances (Figure 1.)  
The DIDS prototype consisted of the existing STI 
software FREDA and MFP coupled to the remainder of 
the Figure 1 system through manual data handling.  
That is, the Twin Otter simulation was run with a 
specific icing condition (kice value) to generate a time 
history file containing the inputs and system responses.  
This file was passed to the FREDA program to 
generate a discrete frequency response file.  The 
frequency response file was passed to MFP, which 
performed the fitting of the specific set of transfer 
function forms to obtain the stability derivatives.   A 
file containing the identified (fitted) values of the 
stability derivatives was then passed to a spreadsheet 
program for final analysis.  The spreadsheet provided a 
convenient tool for experimenting with post processing 
and detection metrics. 

 The initial testing focused on developing and 
refining the DIDS process.  This involved optimizing 
the test input characteristics, setting filters on the 
discrete frequency response data sent to MFP from 
FREDA and tuning the MFP fitting model.  Five 
stability derivatives, , , , ,

q eD L M M MC C C C C
α α δ

 were 

“freed” to be adjusted by MFP in the final 
implementation of the identification process.   

Aircraft Model 

 The initial development has focused on turboprop 
commuter aircraft configurations, which are of 
particular concern with respect to icing. The Twin 
Otter has been used as a baseline aircraft to exploit the 
valuable icing data from the NASA Glenn Icing 
Research Aircraft, a Twin Otter, and the opportunity 
for flight test of DIDS on this aircraft.  Thus, the 
aircraft model was specialized to the Twin Otter.  To 
date this has included only the longitudinal dynamics 
but the lateral-directional dynamics are ultimately of 
interest.  An effort has been made to anticipate 
operational and dynamic factors likely to impact DIDS 
operation and carefully account for these in the model.  
These include flight condition, weight and c.g., flap 
setting, and power effects.  The indirect effects of 
power on the aircraft aerodynamics caused, as expected 
for propeller-driven aircraft, the primary estimation 
difficulty.  Only limited aerodynamic data was 

available for the Twin Otter, so the non-dimensional 
longitudinal aerodynamic characteristics were 
primarily estimated using standard procedures7. The 
model used to date was linearized at a typical cruise 
flight condition. 

Icing Model 

 While there are a number of difficulties in 
formulating the clean (no ice) aircraft model, 
formulation of the necessary icing model is much more 
problematical. Ideally, the icing aerodynamic model 
would be a function(s) of fundamental meteorological 
parameters (liquid water content, LWC; mean 
volumetric diameter, MVD; outside air temperature, 
OAT; etc.) but an accurate model at this level is not 
currently available.  The unique data on icing effects 
on aerodynamics, available for the NASA Lewis Twin 
Otter provided the basis for formulating the inital icing 
model.  The basic formulation for modeling the icing 
effects (applicable to any aircraft), is to express the 
stability and control derivatives affected by icing in 
terms of the corresponding values without icing as: 

C C k kx iced x no ice ice xice
= −_ ( )1  

where x = Lαα, δe, etc.  The overall icing severity 
factor, kice > 0, applies to all derivatives, whereas the 
derivative icing sensitivity, kxice

, is specific to each 
derivative or coefficient. The severity factor kice allows 
the icing severity to be varied systematically, although 
not correlated to basic meteorological conditions.  The 
individual sensitivities, kxice

, specify the sensitivity of 
each derivative or coefficient to the overall icing level.  

 This representation nondimensionalizes the icing 
effect and allows straightforward application to 
nominal (no ice) derivatives.  Values of kxice

have been 
derived from the available NASA Lewis data.8,9,10  The 
data for each derivative for flaps up, from all sources, 
was plotted against thrust coefficient.  There was no 
simple way of comparing the differences in icing 
severity among the three data sets.  However, there was 
some indication that the severity levels were grossly 
comparable. Thus in lieu of any practical alternative, 
the plotted data was used to develop kxice

values, 
aggregated over the three data sets, for the key 
aerodynamic derivatives. The icing sensitivities for 
some derivatives were relative large.  The drag 
derivatives had, as expected the highest sensitivities 
(i.e., k kD D= − −0 392 0 230. , .=  

α
). 
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Figure 1.  The Dynamic Icing Detection System (DIDS) 

 
ICING DETECTION METRIC 

 The basic concept underlying the DIDS is to 
compare the estimated derivative values used as MFP 
starting values to the identified (fitted) derivative 
values produced by MFP.  In the most basic detection 
scheme, the nominal (no-ice) values would be 
compared to the identified values, which may be 
influenced by the effects of icing.  A significant 
difference between the estimated and identified values 
is an indication of significant icing.  The development 
began with definition of an estimation difference, 

∆C C Cx x xiest iident iest
= −  

where  

Cxiident
= identified value of derivative Cxi

 
produced by MFP 
Cxiest

= estimated value of derivative Cxi
 

produced by the DIDS aircraft and icing model  
xi = Mq, Lαα,… 

 The magnitudes of the nominal (no-ice) 
derivatives vary widely but their individual importance 
in the aircraft dynamics is not related to their 
magnitude in a straightforward relationship.  Similarly, 
while the magnitudes of the estimation differences may 

be notably different, their influences on the dynamics 
are not related to their magnitudes in a straightforward 
way.  Thus, it is reasonable to normalize the estimation 
differences as  

y C
C C

Ci x
x x

x
iest

iident iest

iest

= =
−

∆ *  

This normalized estimation difference indicates the 
fractional change in each derivative with respect to its 
nominal (no-ice) value (as estimated in DIDS).  The 
normalized difference should reflect the relative 
sensitivities of the derivatives to a given icing 
condition.  In fact, this is consistent with the 
formulation of the simple icing model presented above.  
While this metric may reflect the relative impact of 
icing, it does not necessarily measure the relevance to 
the overall aircraft dynamics and flying qualities.  The 
latter issue is more complex and it became apparent 
that the best strategy would be to address the detection 
of icing first and then address the estimation of the 
degradation in the aircraft flying qualities separately.  
This is a quite practical approach because the 
identification of the actual derivatives needed for the 
simple icing detection forms the basis for either 
estimate.  There is another reason why this two-stage 
process appears appropriate.  We wish to detect icing 
as early as possible, even if that is before the 
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degradation in stability and control and flying qualities 
is clearly noticeable.  Thus, the estimation of flying 
qualities degradation has been postponed to date to 
focus first on the first step – icing detection. 

 Regardless of the specific number of free 
derivatives, these indicators had to somehow be 
translated into a simpler metric(s) intended to measure 
icing severity in some rational way.  The basic strategy 
that was evolved is perhaps the simplest and most 
obvious candidate metric – a weighted average of the 
normalized estimation differences over all of the 
identified derivatives.  It was realized that some 
derivatives increase in magnitude with icing (e.g., the 
drag derivatives) whereas others decrease (lift 
derivatives).  Thus, the magnitude of the difference and 
not its algebraic sign is the most direct icing indicator.  
The average normalized estimation difference (ANED) 
is thus defined as   

y C
n

w Cest iesti x
i

n

= =
=
∑∆ ∆

* *1
1

 

The weighting function, wi, has been included to allow 
(as yet unexploited) tuning of the metric.  For the initial 
assessments, the weights were set to unity. 

ASSESSMENT OF THE DIDS PROCESS 
IMPLEMENTED WITH ELEVATOR 

EXCITATION 

 The DIDS assessment process began with 
identification of the independent variables that could 
influence DIDS performance.  Here these arise from 
the basic components of the overall dynamic system 
(Figure 1).  For initial assessments, the influences of 
just five key factors from four basic elements of the 
problems were examined. These were: (1) icing (global 
icing severity, kice), (2) DIDS design characteristics 
(test input magnitude and test input control point  – 
elevator vs throttle), (3) atmospheric disturbance 
(turbulence intensity, gustσ ) and (4) aircraft/pilot 

(pitch attitude hold bandwidth, kθ ).  The initial 
assessment of the final DIDS configuration, 
implemented with elevator-based test inputs, examined 
two key independent variables: icing severity ( icek ) 

and the effect of turbulence intensity ( gustσ ).   The 
above assessments were made with a simplified pure 
gain pitch attitude to elevator feedback loop 
( 0.25kθ = −  rad/rad) used to model basic human pilot 
pitch attitude regulation.  Examination of the influence 
of the pilot gain (not reported here) indicated that 
DIDS performance would not be significantly 
influenced by basic pilot regulatory action. 

 The results are shown in Figure 2.   The ANED 
detection metric was computed for two icing 
conditions: the no ice (kice = 0) and the baseline icing 
(kice = 1) conditions.  These evaluations were made 
over a range of turbulence intensities: gustσ = 0, 0.25, 
0.5, 1.0, 3, 5, 6, 7 ft/sec.  Turbulence is of concern 
because the turbulence spectrum is significant at 
frequencies relevant to the DIDS test input.  While the 
Fourier transform methods used (in FREDA) have 
considerable capability for minimizing the confounding 
effects of uncorrelated noise, DIDS performance can 
be expected to be degraded as the turbulence intensity 
increases (with other factors held constant). 

 It may be seen from Figure 2 that there is a 
definite difference in the detection metric curves 
between the iced and non-iced cases.  This difference 
represents the primary basis for discriminating 
between iced and non-iced conditions in DIDS.  It may 
also be seen that the metric value (for a given kice) 
increases with turbulence intensity.  Since the reference 
condition for the detection metric is the no ice 
condition, the kice = 0 metric should, in principle, be 
identically zero and its curve should fall along the 
abscissa in Figure 2.  The non-zero values of the kice = 0 
detection metrics indicate the confounding effect of 
turbulence on the DIDS identification.  It seems 
reasonable and consistent with the plots, however, that 
the effect of turbulence would be roughly the same 
regardless of icing severity.  Thus, the difference 
between the constant icing severity curves (Figure 2) 
should provide a measure of icing severity reasonably 
independent of turbulence intensity – at least over 
some range of turbulence.  This appears to be roughly 
true. 

 The DIDS elevator input amplitude used in the 
assessments shown in Figure 2 was maintained 
constant at 1 .eδ = °  This relatively low input magni-
tude was selected to minimize the aircraft response that 
might disturb passengers in conditions of negligible 
turbulence. As the turbulence intensity increases, it 
would appear reasonable to increase the DIDS test 
input magnitude to maintain or improve the signal-to-
noise ratios for the aircraft input/output relations to be 
used for identification.  Alternatively, the input-
turbulence relationship can be examined by varying the 
input magnitude with the turbulence intensity held 
constant. The effect for 1gustσ = σ fps is shown in 
Figure 3. One can see that discrimination is largely 
independent of the input magnitude down to the 
minimum value considered ( 0.25eδ = °). 
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Figure 2. Variation of the ANED Icing Detection Metric with Turbulence Intensity With (kice = 1)  
and Without (kice = 0) Icing, Test Inputs Injected through the Elevator 
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Figure 3. Variation of the ANED Icing Detection Metric with Elevator Test Input Magnitude With (kice = 1) 
and Without (kice = 0) Icing. 1gustσ = fps. 
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 The above results were obtained using the 
elevator to implement the DIDS test inputs.  Similar 
results were also obtained using the throttle for the test 
input. 

CONCLUSIONS AND FUTURE DEVELOPMENT 

 The work to date indicates the DIDS concept has 
potential to provide an additional icing detection and 
rating modality for aircraft. Considerable detail 
development remains to be done including addressing 
the acceptability of the required test inputs to aircraft 
pilots and passengers. 

 DIDS development is currently continuing under 
NASA sponsorship.  The formulation of the software 
structure to automate the system identification and 
other DIDS functions has begun.  Work is also 
underway to develop a more complete system model 
based on nonlinear simulation of the Twin Otter.  A 
more refined icing model is also being developed by 
the Department of Aeronautical and Astronautical 
Engineering at the University of Illinois at Urbana-
Champaign.  The refined system model will be used in 
a Monte Carlo simulation process to assess and refine 
the DIDS design over a wide range of relevant factors.  
This will be followed by a limited pilot-in-the-loop 
simulator evaluation of DIDS to prepare for a flight test 
in the NASA Glen Twin Ottew icing research aircraft. 
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