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Abstract— Nortek provides a combined wave and current 
profiling instrument in the form of the AWAC.  This variant of 
the traditional ADCP has managed to circumvent the classic 
limitations of measuring short waves in deep waters by 
introducing a vertical beam that directly measures the height of 
the water-air interface (waves) above the instrument.   This same 
vertical beam has also demonstrated that it is capable of 
measuring the distance to the water-ice interface, and as a result 
can be used as means to estimate ice draft or ice thickness.  

Measurement campaigns that have taken place in relatively 
shallow coastal waters (less than 50 meters) are finding 
themselves more often in deeper waters.  These deployments are 
also occurring at more extreme latitudes where the presence of 
ice is more common.  This means that common measurement 
requirements now include measuring ice thickness in addition to 
current profiles and directional wave observations. 

Nortek has addressed this need of measurements in deeper 
waters by building upon the success of the AWAC. A 400 kHz 
AWAC has been developed and intended for deployment depths 
of 100 meters.  The 400 kHz AWAC is outfitted with a 
temperature compensated pressure sensor and firmware with a 
dual functioning surface tracking measurements for ice and 
waves.  The wave burst measurement contains detection methods 
for both water-air interface and water-ice interface; this means 
the AWAC can transition seamlessly from wave measurements in 
the summer to ice measurements in the winter.   

Ice thickness data is presented for two AWACs deployed in the 
Beaufort Sea, Alaska.  These data are compared to an ASL ice 
profiler.  AWAC data was collected in a special diagnostic mode 
and allowed for the user to select the best water-ice interface 
detection method in post-processing.  The results show that there 
is favorable agreement between the AWAC and the ASL ice 
profiler.  This data set was useful in developing the now existing 
firmware used to detect the water-ice interface.  These shallow 
water data did not illustrate errors associated with an unknown 
speed of sound profile – which is identified as the primary source 
of error for the AST distance measurement. 

Additionally, wave results are presented for the 400 kHz AWAC 
and compared to a 600 kHz AWAC, which was deployed in the 
vicinity.  The data show that non-directional estimates agree well, 
however directional estimates are complicated by the fact that the 
two AWACs were deployed at different locations and exposed to 
different wave directions due to local refraction.  It is clear that 
another comparison test needs to be conducted with the reference 
instrument collocated with the 400 kHz AWAC. 
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I.  INTRODUCTION 
The AWAC is an established current profiling and wave 

measurement instrument.  Current profiles employ acoustic 
Doppler measurements (standard for an ADCP) and wave 
measurements use both the near-surface Doppler velocity 
measurements, and a dedicated vertical, narrow beam for echo 
ranging.  The echo ranging is commonly referred to as 
Acoustic Surface Tracking (AST), as it traces the surface wave 
profile as it passes through its field of view.   

The latest development is a 400 kHz AWAC (Fig. 1), 
which is intended for greater deployment depths and profiling 
ranges.  The 400 kHz AWAC is actually a dual frequency 
instrument, where the off vertical beams, which are used for 
current profile measurements, transmit at 400 kHz and the 
vertical beam, used for AST, transmits at 600 kHz.  Despite the 
dual frequencies, Nortek refers to this instrument as the 400 
kHz AWAC.   

The vertical beam transmits at a higher frequency in order 
to maintain the beam’s narrow opening angle (1.7 degrees). 
The 400 kHz AWAC can measure waves and currents over a 
full depth of 100 meters.  The AST has demonstrated that it is 
also well suited for other tasks, such as ice thickness 
measurements. 

 

 

 

 

 

 

 

 

 

 
 

Figure 1.  400 kHz AWAC with 400 kHz off-vertical transducers (yellow) 
and 600 kHz center, AST transducer (blue). 

 



Ice thickness estimates from the subsurface requires an 
accurate depth estimate and an accurate distance measurement 
(AST).  In order to fulfill this requirement, the 400 kHz AWAC 
now has a temperature compensated pressure sensor to reduce 
the uncertainty in the pressure measurements.   The AST 
measurements have been modified by including a second 
ranging estimate by using a different filter for the water-ice 
interface, which is different than that used for detecting the 
water-air interface. Either ice or wave processing can be 
performed since both estimates are reported within the same 
wave burst.  This makes it ideal for yearlong deployments at 
extreme latitudes where the same measurement scheme is used 
for waves in the summer, ice thickness in the winter, and both 
during the transitional periods in the spring and fall. 

One notable difference for the 400 kHz AWAC is that in 
order for an individual AST ping to have enough time to reach 
the surface and back, the sampling rate had to be reduced to 1.5 
Hz.  This means the AST samples at 1.5 Hz and the pressure 
and velocity sample at 0.75 Hz.  Furthermore, the selection for 
the total number of samples is maintained at 512, 1024, and 
2048 samples.  This extends the burst length to approximately 
11.25, 22.5, and 45 minutes, respectively. 

II. SUBSURFACE WAVE MEASUREMENTS 

A. Background 
It is quite common to measure waves from a surface buoy.  

However, there are some locations that preclude this on 
practical grounds, as well as many other locations that present 
challenges to the survivability of surface buoys.  Such 
challenges include shipping traffic, vandalism, and ice.  One 
alternative is to measure from below the surface.  The method 
has shown good results, however it is limited to shallow, 
coastal waters or to measurements of only long waves.  There 
have been notable developments which have improved upon 
these earlier shortcomings; much of these improvements have 
occurred in the last ten years.  A brief review of the 
developments follows. 

Subsurface wave measurements were initially performed 
with the PUV class of instruments where pressure and wave 
orbital velocity were measured at the instrument’s deployment 
depth.  The method works well, but suffers from the fact that 
short waves attenuate with depth; as a result, PUV type of 
instruments are limited to coastal waters that are typically less 
than 10-15 meters [1]. 

The introduction of the ADCP improved the performance 
by measuring wave orbital velocities closer to the surface 
which are less attenuated than those further down in the water 
column [2]; this effectively doubled the deployments depths 
which were possible with PUV instruments.  Despite this 
improvement, there still remained the issue that short waves 
were lost if the ADCP’s deployment depth was increased.  The 
solution was to include a vertical beam for Acoustic Surface 
Tracking (AST), where a direct measure of the distance to the 
surface could be made and thus estimate surface position [3].  
The AST solved the depth limitation for non-directional wave 
measurements but the limitations for direction waves still 
remained.  This last limitation required addressing the issue of 
getting the measurement cells (for orbital velocities) closer to 

the surface where the signal was less attenuated by depth.  In 
order to accomplish this, a measurement and processing 
method was developed so that that the ADCP could be 
mounted on a subsurface buoy and measure waves; one can 
now imagine a subsurface buoy deployed 30 meters below the 
surface, and independent of the total water depth.  This method 
is commonly known as the SUV method and really represents a 
hybrid of the PUV and AST measurements [4]. 

Alas, it appeared that the limitation for measuring high 
resolution wave measurements was resolved.  Waves from 3-30 
seconds could be measured with centimeter accuracy and this 
was effectively independent of the depth of the water for where 
the measurements were to be conducted. 

The technical challenges for deep water deployments had 
been solved, but there remained practical limitations.  Depths 
from 0-60 meters can be addressed with a bottom mounted 
AWAC; greater depths require a subsurface buoy and an 
AWAC collecting data in SUV mode.  The mooring length in 
this latter configuration has to be a minimum of 60 meters to 
minimize the effects of buoy motion; additionally the 
subsurface buoy mounted AWAC should be a safe distance 
from the surface (20-30 meters).  As a result of the minimum 
mooring length and minimum depth of a subsurface buoy, the 
minimum total water depth is approximately 80-90 meters for a 
subsurface mounted AWAC [5].  The result of these 
requirements led to is that there was a range of depths between 
60-80 meters where neither a bottom mounted nor a subsurface 
buoy mounted AWAC could measure wave directions 
accurately.   

The second weakness of subsurface buoy mounted 
configuration is that the measurement range of the instrument 
again was limited to 60 meters. This is fine for short mooring 
lengths (100-200 meters), but not for moorings that are 
significantly longer and exposed to currents and drawn down 
below 60 m.   

The 400 kHz AWAC is designed to specifically address the 
above challenges.  The 400 kHz AWAC can be mounted on the 
bottom for depth up to 100 meters or it may be mounted on a 
subsurface buoy where the tolerance for mooring draw down is 
much greater than it would be for a 600 kHz AWAC. 

B. Understanding AST measurement limitations 
The Acoustic Surface Tracking (AST) is central in the 

AWACs wave measurement methods.  The estimate of distance 
to the surface (AST) is free of any complex transfer functions 
and therefore provides a direct estimate of the surface 
variations.  The AST retains high frequency wave information 
since it is not lost by attenuation as is the disadvantage with 
wave related parameters such as velocity and pressure.  There 
are several benefits to this.  First, the wave processing is much 
simpler since there is no complex transfer function to calculate.  
A direct estimate also means that a time series of the sea 
surface elevation is available to calculate estimates of H1/3, 
H1/10, Hmax, and Tmean.  Furthermore, it is unaffected by mean 
currents which impose a Doppler shift on the surface waves - a 
result requiring special consideration when calculating the 
frequency dependent transfer function for the velocity and 
pressure.  Perhaps the most important benefit is the simple fact 
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Figure 2.  Color contour plot of AST diagnostic d
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below the surface.  The array processing method (Maximum 
Likelihood Method) exploits the time lags between spatially 
separated measurements of the array in order to estimate 
direction.  Alternatively the same data may be used in the form 
of “classic” triplet processing (SUV).  The triplet is formed by 
the AST and two horizontal and orthogonal components of 
orbital velocity measurements.   Both of these directional 
processing methods rely upon orbital velocity measurements.  
The frequency dependent response of orbital velocity with 
depth determines the frequency resolution for wave directions. 

Orbital velocities attenuate exponentially with depth and 
this behavior is more severe for higher frequency waves (short 
waves).  This means that the further down in the water column 
that the orbital velocities are measured, the less high frequency 
information is available.  This is the classic problem faced by 
bottom mounted instruments, and note that even the ADCP 
class of instruments suffers from this challenge if it is not 
managed effectively. 

Managing the response means positioning the measurement 
cell as close to the surface as possible, while ensuring that there 
is no contamination from the surface either directly from the 
cells touching the surface or indirectly from side lobe energy 
leaking off the main beam.   This can be managed by 
positioning the cells just below the surface by a fraction of the 
measured depth; 10% of the depth has proven to provide a 
good signal response without contamination. 

It is important to note that the limitation for the directional 
estimates is also imposed on the non-directional estimates, if 
orbital velocities are used to estimate the energy density 
spectrum.  An accurate directional estimate is required if the 
surface wave is to be estimated accurately for each individual 
beam.  This is why the AST remains the primary estimate and 
the orbital velocity a secondary estimate for energy. 

A second limitation imposed on the resolution for 
directional estimates is associated with the measurements 
spatial separation.  Wave directional estimates become 
ambiguous when the horizontal separation is equal to half a 
wavelength.  The result is that waves at the associated 
frequency cannot be accurately estimated.  One perceived 
solution is to position the measurement cells closer to the 
instrument such that the spatial separation is reduced and 
consequently the frequency at which this ambiguity occurs is 
higher.   Unfortunately, moving the measurement cell further 
down in the water column means that the orbital velocity signal 
disappears.  The result is that there is no performance gain by 
drawing the cells in closer to the instrument. 

III. ICE THICKNESS MEASUREMENTS 

A. Background 
The ability to determine the presence of ice and measure its 

thickness is becoming more of interest in recent times.    This 
has been partially driven by the oil and gas sector who have 
found interests at more extreme latitudes where ice adds to the 
environmental challenges of operations and structure 
survivability.  These measurements are often conducted 
relatively close to coastal areas where ice keels present the 
threat of bottom scour to subsea operations and assets.  It also 
becomes interesting during seasonal changes when the ice 

begins to break up and blocks of ice are set into motion by 
waves. 

Ice is also of interest for climate modeling.   These studies 
are often associated with more open and deeper water 
locations.  Measurements are performed from subsurface 
buoys, and ice profiling instruments are positioned further 
down in the water column to avoid collisions with passing ice 
keels. 

For subsurface instrumentation, the process of estimating 
ice thickness involves differencing the instrument’s estimates 
of depth and distance to the water-ice interface.  Pressure is 
used to estimate depth and the AST or echo ranging is used to 
estimate the distance to the water-ice interface. This method of 
estimating ice thickness has been in practice for some time now 
and has been commercially available since the early 1990’s [ 
6][7].  A description of the ice thickness estimate and the 
sources of error are detailed in the subsequent section 
discussing uncertainty of ice thickness estimates. 

Pressure measurements are usually handled by a high 
accuracy pressure sensor, where many earlier efforts have 
employed a Paroscientific pressure sensor [7][8].  The AWAC 
is now available with its own temperature compensated 
pressure sensor which has an error of approximately +/-0.1% of 
full scale or +/-10 cm for 100 meters.  In addition to the 
instruments pressure measurements there needs to be a 
correction for the atmospheric variations, however this does not 
seem to be a significant challenge as atmospheric 
measurements over 100 km away from the deployment site 
have been used with success [7].  Finally, it should be 
mentioned that care should be taken when estimating the 
density, which is used to convert pressure to depth. Previous 
studies [9] indicate that salinity can vary significantly with 
depth in coastal areas during the spring thaw. 

The distance estimate comes from echo ranging to the 
water-ice interface and is almost always performed by a 
vertical oriented acoustic source.  Earlier implementations used 
transmit frequencies ranging from 200 kHz to 400 kHz [6][7].  
There have been attempts to use an ADCP for echo ranging, 
but this involves a considerable amount of effort to correct for 
error with non-vertical beam orientation [8]. 

The primary challenge associated with estimating distance 
from echo ranging is that the distance is directly proportional to 
the vertically averaged speed of sound estimate.  Reasonably 
accurate estimates of the speed of sound can be made at the 
instrument’s depth; we know however that the dynamics of the 
oceans will lead to speed of sound variations (from temperature 
variations) through the course of the deployment.  
Measurements of the speed of sound profile are typically not 
possible because of limited accessibility due to ice. 

There are a few techniques however that can be employed 
to reduce this source of error.  The first is to identify “leads” or 
larger ice free periods and re-calibrate echo ranging estimate.  
It should be noted that leads in the ice are not always available 
and often sporadic.  Furthermore, the task of identifying an ice 
free surface is not necessarily a simple task since the scattering 
characteristics do not lend themselves to use the acoustic return 
to identify the presence of an opening [7]. 



It is also possible to reduce the uncertainty of the speed of 
sound profile by making assumptions about the depth of the 
mixing layer and how this changes between seasons [8].  It has 
also been observed that the speed of sound profile experiences 
little seasonal change below 40 meters in ice prone waters, and 
therefore a measured profile at the time of deployment and 
retrieval is valuable in bounding the solution [7]. 

Another source of error that requires attention is ocean 
swell from open waters. The pressure signal is significantly 
attenuated by depth, but the variations at the water-ice interface 
are detected.  This may be handled by filtering techniques, but 
it does require that the sampling rate is fast enough to remove 
wave effects [7]. 

Despite the challenges of addressing all the possible 
sources of error, the differencing of depth and interface 
distance is the most attractive means at the present time to 
identify and estimate dynamic ice draft.  A discussion of 
alternative methods is discussed in [7][9]. 

B. Ice Thickness Uncertainty 
The magnitude of the thickness tends to be a small fraction 

of the total depth (an order or two of magnitude), yet it is an 
absolute error and a function of total depth, and this is why 
small errors in the depth estimate and interface estimates can 
lead to relative significant errors in the ice thickness estimate.  
The following discussion brings to light the sources of error 
and expected magnitudes. 

A simplified version of the ice thickness is the difference 
between the depths as estimated by the pressure and the 
distance by the AST estimate from the travel time of the pulse, ݄ݐ݌݁ܦ ൌ  ௉ି௉ಲ೟೘೚ೞఘ௚ ݁ܿ݊ܽݐݏ݅ܦ (1)        , ൌ    ,଴ܿݐ 
 (2) 

where P is the measured pressure, PAtmos is the local 
atmospheric pressure, ρ is the water density of sea water, g is 
the acceleration of gravity, t0 is the time it takes for the acoustic 
signal to reach the water-ice interface and c is the speed of 
sound in sea water.  The thickness can then be expressed as ܼ݀ ൌ ௉ି௉ಲ೟೘೚ೞఘ௚ െ  ଴ܿ. (3)ݐ

Offset in the absolute pressure, P can be removed before 
the ice cover appears by requiring that dZ = 0 when there is no 
ice.  This approach requires that the pressure offset does not 
change over time, something that usually can be achieved by 
using a pressure sensor that is temperature compensated. 

If the water column density and sound speed is constant and 
uniform, dZ is determined only by PAtmos and t0.  The 
atmospheric variations, PAtmos can vary +/- 0.3 meters, as low 
and high pressure systems move over the measurement.  The 
parameter is coherent over fairly large horizontal scales and it 
is often sufficient to get data from a nearby meteorological 
station.  Alternatively, it is possible to filter the pressure 
measurements over scales of a week or more but this will 
reduce the time resolution of the ice thickness measurements.  

If the temperature of the water column changes over time, 
the simplified equation (3) is not valid and has to be written 
with integral form.  To first order (assuming small variations in 
temperature), we can simply replace the density and the speed 
of sound with their mean equivalents, i.e. the vertically 
averaged estimates. ܼ݀ ൌ ௉ି௉ಲ೟೘೚ೞఘഥ௚ െ  ଴ܿҧ. (4)ݐ

This implies that the error in dZ is proportional to the speed 
of sound and inversely proportional to the density.  Since 
density is inversely proportional to temperature, this means that 
the two terms are "pulling in the same direction" and ideally 
one could imagine that the temperature effect cancels out.  
Unfortunately, the relative variations in the speed of sound are 
much stronger than the corresponding change in the density 
(large changes in salinity notwithstanding).  As a consequence, 
the error in ice thickness is dominated by the effect of 
temperature on the mean speed of sound over the water 
column. 

Figure 4 illustrates the error in the ice thickness from a 
depth of 100 m assuming that average temperature is in error.  
The basis for the ice thickness estimate is assumed to be a 
temperature of 5 degree Celsius, whereas the correct average 
temperature in the plot is in the interval [-1 to 5] degrees 
Celsius.  The blue line shows the effect on the term (2) and the 
green line shows the effect on term (1).  As it can be seen, the 
effect of a 6 degree error is quite large; 1.8 meters if the 
acoustic system is located 100 meters below the surface. 
 
 

 

 

 

 

 

 

 
 Figure 4.  Error estimate for ice thickness, when mean temperature is 

assumed to be 5 Celius but actual temperature is plotted on horizontal axis.  
Effects plotted for both error associated with density (green) and speed of 
sound (blue). 

From a practical point of view, an ice thickness 
measurement system must assume that the depth averaged 
temperature and hence the speed of sound varies as a 
continuous function of time. Since temperature measurements 
are usually only available at the sensor itself, a few tricks can 
be employed: 

a)  If the ice breaks open, dZ is zero and it is possible to 
"calibrate" referenced to the pressure.  In between these 
periods, the speed of sound can be interpolated in time. 

b) When ice is forming or is permanently present at the 
surface, the temperature at the surface can be estimated quite 
precisely.  A first order estimate of the depth average speed of 



sound can be found as the mean between the value at the 
surface and at the instrument. 

Overall, it is clear that measurements of absolute ice 
thickness with acoustic instruments is strongly dependent on 
the sound speed and that a practical system must take this into 
account.  This is more problematic for fast, stationary ice that 
does not present the possibility of calibration with occasional, 
ice-free openings. 

There are certainly several challenges in estimating ice 
thickness which have limited possibilities for improvements 
with the measurements. It does not mean, however, that 
nothing can be done to aid the estimation effort. 

Identifying ice free periods is an important element of the 
post processing since the events are both infrequent and 
important in recalibrating the distance measurements.  The task 
of identifying ice free periods can be improved by using the 
high sampling rate of the burst mode and process the burst to 
identify peak energy in the ocean wave band.  This could 
certainly help automating the effort of finding ice free periods 
and recalibrating the distance measurement and associated 
mean speed of sound.  The wave burst sampling should also aid 
in identifying false detects from bubble clouds, which has been 
problematic for early efforts with 400 kHz echo rangers, which 
did not sample fast enough to identify wave energy [7]. 

 

 

IV. DATA 

A. Ice Data  
During the development phase of the ice measurement 

capability, two 1 MHz AWACs were outfitted with an SD card 
logger, which provided the capability of recording up to 4 GB 
of data.   Large capacity was in fact useful in the development 
phase since the AWACs recorded high resolution diagnostic 
data of the AST return signal strength; resolution was 2.4 
centimeters and extended over several meters.  The diagnostic 
AST measurements occurred for every other burst, where burst 
measurements of 512 samples (1 Hz) were collected every 15 
minutes.  Clearly a considerable amount of data was to be 
collected for the yearlong deployment. 

There were no direct estimates of the AST distance to 
water-ice interface.  Instead this had to be calculated in post 
processing.  Although there was a considerable amount of data, 
the diagnostic data did provide the possibility to evaluate 
different detection methods for the water-ice interface.  In the 
end, a leading edge detection scheme was employed. This high-
resolution burst measurement provided information about the 
mean ice thickness, maximum ice keel draft, and ice block 
movement.  

The project associated with this deployment was to measure 
ice parameters in support of the design of an offshore structure 
and its ice armoring. The goals of the project were to measure 
ice thickness during stationary, fast ice periods and ice block 
thickness and size distribution during partial ice coverage 
periods. Two Nortek 1MHz AWAC’s with ice measurement 

capability were deployed in the Beaufort Sea in August 2008 in 
about 12 meters water depth and recovered one year later.  

An ASL Model IP-5 Ice Profiler was deployed near one of 
the AWACs for reference ice thickness measurements. The 
ASL IP-5 uses an upward-looking acoustic echo sounding 
technique similar to that of the Nortek AWAC, but with a 
narrower beam and lower acoustic frequency (420 kHz). A 
comparison of ice thickness during the period of stationary, fast 
ice shows excellent agreement between the two acoustic 
measurement methods, with no bias (Fig. 5) and a mean 
difference of less than 0.05 meters.   

Ice formation began in mid-October (Fig. 6) when air 
temperatures were routinely below -10 degrees C. Following a 
3-week period when floating thick blocks of multi-year ice 
were present, the ice became solid and its keel draft varied only 
slowly. This suggests that the solid ice was land-fast and 
consisted of a solid sheet of more-or-less uniform thickness, 
which is taken to be approximately equal to the ice keel draft 
and ice thickness, as the density of sea ice is only slightly less 
than water density. The thickness increased almost linearly 
until it peaked in mid-May at about 1.8 meters. This represents 
an increase in ice thickness of approximately 0.01 meter/day. 
The ice began to thin rapidly in late May and ice breakup 
occurred in early July, with the breakup and transition to open 
water lasting only a few days. 

 

 

 
 
 
 
 
 
 

 

 

 

 

 

 

 

 
Figure 5.  Comparison of ice thickness estimates for Nortek AWAC and 

ASL Ice Profiler. 

 
 
 
 
 
 
 
 



 
 
 
 

 

 

 

 

 

 

 

 
 

Figure 6. Ice thickness from two AWACs and one A
The ASL and AWAC 5643 were deployed in the same 
AWAC 5561 was deployed about 2 km away in slightly d
Daily air temperature (bottom). 

 

B. 400 kHz AWAC Wave Data 
The performance of the 400 kHz 
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Figure 8.  Energy density spectra averaged over 24 h
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Figure 9.  Wave estimates of Hm0, Tpeak, Peak Direc

AWAC (red) and the 600 kHz AWAC (blue). 

 

 

 

ours.  Blue is the 400 

ction for the 400 kHz 

V. CONCLU

A new deep water version of the
intended to measure high resoluti
challenges associated with subsu
instruments.  The 400 kHz AWAC i
1 MHz and 600 kHz AWACs, but d
two frequencies, 400 kHz for Dopp
kHz for AST measurements.  The d
in order to achieve current profili
while maintaining the narrow beam 

The intention of this new A
measurement capabilities to inclu
interface.  A new temperature comp
firmware designed to measure wave
burst allows for seasonal data of w
without having to modify the config

The error analysis presented 
variations in the speed of sound pro
error for ice thickness measureme
exceed 1.0 meter for deployment de
of the problem is to model the spee
assumptions of the behavior and st
depth and time.  This effort benefits 
the speed of sound at deployment a
of benefit to recalibrate the estima
when open water presents itself – lea

Comparison data for ice th
provided courtesy of Woods Hole G
in the Beaufort Sea, Alaska.  The co
AWAC and an ASL ice profiler ag
error of 0.05 meters.  This suggests 
are well suited for ice measurements

A review of wave resolution li
directional and AST measuremen
limits becomes important when de
100 meters.  Initial tests of the 400 k
nearby 600 kHz AWAC) confirm
limits.  Furthermore the compariso
kHz AWAC can measure peak per
and wave heights as low as 30 cm fo
meters.  Directional estimates illu
cutoff, which occurs at approximate
period); this is an encouraging
deployment depth.  A more rigorous
another reference instrument can be
wave directions can be compared. 

 

 

ACKNOWLEDG

The authors would like to thank 
Ivanov of Woods Hole Group for 
data. 

 

 

USIONS 
e AWAC is introduced. It is 
ion wave data despite the 
urface wave measurement 
is similar in operation to the 
differs in that it transmits on 
pler measurements and 600 

dual frequencies are selected 
ing over 100 meter range, 
width for the AST. 

AWAC is to expand the 
ude distance to water-ice 
ensated pressure sensor and 

es and ice in the same wave 
waves and ice.  This is done 
guration or change modes. 

indicates that unknown 
ofile is the largest source of 
ents.  Thickness errors can 
epths of 100 meters.  The art 
ed of sound profile by using 
tructure of the profile over 
by measuring the profile of 

and retrieval time; it is also 
ated mean speed of sound 
ads in the ice. 

hickness measurements is 
Group, which was collected 
omparison between a 1 MHz 
gree very well, with a bias 
that the AST measurements 
s. 

imits are presented for the 
nts.  Understanding these 
eployment depths approach 
kHz AWAC (compared to a 

m our understanding of the 
on test shows that the 400 
riods as short as 2 seconds 
or a deployment depth of 90 
ustrate the low frequency 
ely 0.25 Hz (4 second peak 
g result considering the 
s evaluation remains, where 
e collocated, so that similar 

GMENT 
Bruce Magnell and Leonid 
the contribution of the ice 



REFERENCES 
[1] Grosskopf, W.G., Aubrey, D.G., Mattie, M.G., Mathiesen, M., “Field 

intercomparison of nearshore directional wave sensors”, IEEE Journal 
of Oceanic Engineering, Vol. OE8, No. 4, October 1983. 

[2] Krogstad, H.E., Miller, M.C. and Gordon, R.L., “High-resolution 
directional wave spectra from horizontally mounted acoustic Doppler 
current meters”, J. Atmos. Ocean. Technology., Vol. 5, no. 4, pp.340–
352, 1988. 

[3] Pedersen, T., and Lohrmann, A.,  “Possibilities and limitations of 
acoustic surface tracking”, Proceedings Oceans 2004, Kobe, Japan, 
2004. 

[4] Pedersen, T.,  Lohrmann, A.,  and Krogstad, H.E., “Wave measurements 
from a subsurface platform”, Proceedings WAVES  2005, Madrid, Spain, 
2005. 

[5] Pedersen, T., and Siegel, E., “Wave measurements for subsurface 
buoys”, Proceedings Current Measurement Technology Conference 
IEEE, Charleston, S.C., 2008 

[6] Melling, H., Johnston, P.H., Riedel, D.A., “Measurements of the 
underside topography of sea ice by moored subsea sonar”, J. Atmos. 
Oceanic Technology, pp. 589-602, June 1995. 

[7] Melling, H., “Sound scattering from sea ice: Aspects relevant to ice-draft 
profiling by sonar”, J. Atmos. Oceanic Technology, August 1998, 
pp.1023-1034. 

[8] Shcherbina, A.Y., Rudnick,D.L., Talley, L.D. , “Ice-draft profiling from 
bottom-mounted ADCP Data”, J. Atmos. Oceanic Technology, August 
2005, pp.1249-1266. 

[9] B. Magnell, L. Ivanov, E. Siegel, “Measurements of ice parameters in 
the Beaufort Sea using the Nortek AWAC acoustic Doppler current 
profiler”, Proceedings Oceans 2010. 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AbadiMT-CondensedLight
    /ACaslon-Italic
    /ACaslon-Regular
    /ACaslon-Semibold
    /ACaslon-SemiboldItalic
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /AGaramond-Bold
    /AGaramond-BoldItalic
    /AGaramond-Italic
    /AGaramond-Regular
    /AGaramond-Semibold
    /AGaramond-SemiboldItalic
    /AgencyFB-Bold
    /AgencyFB-Reg
    /AGOldFace-Outline
    /AharoniBold
    /Algerian
    /Americana
    /Americana-ExtraBold
    /AndaleMono
    /AndaleMonoIPA
    /AngsanaNew
    /AngsanaNew-Bold
    /AngsanaNew-BoldItalic
    /AngsanaNew-Italic
    /AngsanaUPC
    /AngsanaUPC-Bold
    /AngsanaUPC-BoldItalic
    /AngsanaUPC-Italic
    /Anna
    /ArialAlternative
    /ArialAlternativeSymbol
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialMT-Black
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialRoundedMTBold
    /ArialUnicodeMS
    /ArrusBT-Bold
    /ArrusBT-BoldItalic
    /ArrusBT-Italic
    /ArrusBT-Roman
    /AvantGarde-Book
    /AvantGarde-BookOblique
    /AvantGarde-Demi
    /AvantGarde-DemiOblique
    /AvantGardeITCbyBT-Book
    /AvantGardeITCbyBT-BookOblique
    /BakerSignet
    /BankGothicBT-Medium
    /Barmeno-Bold
    /Barmeno-ExtraBold
    /Barmeno-Medium
    /Barmeno-Regular
    /Baskerville
    /BaskervilleBE-Italic
    /BaskervilleBE-Medium
    /BaskervilleBE-MediumItalic
    /BaskervilleBE-Regular
    /Baskerville-Bold
    /Baskerville-BoldItalic
    /Baskerville-Italic
    /BaskOldFace
    /Batang
    /BatangChe
    /Bauhaus93
    /Bellevue
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlingAntiqua-Bold
    /BerlingAntiqua-BoldItalic
    /BerlingAntiqua-Italic
    /BerlingAntiqua-Roman
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BernhardModernBT-Bold
    /BernhardModernBT-BoldItalic
    /BernhardModernBT-Italic
    /BernhardModernBT-Roman
    /BiffoMT
    /BinnerD
    /BinnerGothic
    /BlackadderITC-Regular
    /Blackoak
    /Bodoni
    /Bodoni-Bold
    /Bodoni-BoldItalic
    /Bodoni-Italic
    /BodoniMT
    /BodoniMTBlack
    /BodoniMTBlack-Italic
    /BodoniMT-Bold
    /BodoniMT-BoldItalic
    /BodoniMTCondensed
    /BodoniMTCondensed-Bold
    /BodoniMTCondensed-BoldItalic
    /BodoniMTCondensed-Italic
    /BodoniMT-Italic
    /BodoniMTPosterCompressed
    /Bodoni-Poster
    /Bodoni-PosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /Bookman-Demi
    /Bookman-DemiItalic
    /Bookman-Light
    /Bookman-LightItalic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolOne-Regular
    /BookshelfSymbolSeven
    /BookshelfSymbolThree-Regular
    /BookshelfSymbolTwo-Regular
    /Botanical
    /Boton-Italic
    /Boton-Medium
    /Boton-MediumItalic
    /Boton-Regular
    /Boulevard
    /BradleyHandITC
    /Braggadocio
    /BritannicBold
    /Broadway
    /BrowalliaNew
    /BrowalliaNew-Bold
    /BrowalliaNew-BoldItalic
    /BrowalliaNew-Italic
    /BrowalliaUPC
    /BrowalliaUPC-Bold
    /BrowalliaUPC-BoldItalic
    /BrowalliaUPC-Italic
    /BrushScript
    /BrushScriptMT
    /CaflischScript-Bold
    /CaflischScript-Regular
    /Calibri
    /Calibri-Bold
    /Calibri-BoldItalic
    /Calibri-Italic
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /CalisMTBol
    /CalistoMT
    /CalistoMT-BoldItalic
    /CalistoMT-Italic
    /Cambria
    /Cambria-Bold
    /Cambria-BoldItalic
    /Cambria-Italic
    /CambriaMath
    /Candara
    /Candara-Bold
    /Candara-BoldItalic
    /Candara-Italic
    /Carta
    /CaslonOpenfaceBT-Regular
    /Castellar
    /CastellarMT
    /Centaur
    /Centaur-Italic
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchL-Bold
    /CenturySchL-BoldItal
    /CenturySchL-Ital
    /CenturySchL-Roma
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /CGTimes-Bold
    /CGTimes-BoldItalic
    /CGTimes-Italic
    /CGTimes-Regular
    /CharterBT-Bold
    /CharterBT-BoldItalic
    /CharterBT-Italic
    /CharterBT-Roman
    /CheltenhamITCbyBT-Bold
    /CheltenhamITCbyBT-BoldItalic
    /CheltenhamITCbyBT-Book
    /CheltenhamITCbyBT-BookItalic
    /Chiller-Regular
    /CMB10
    /CMBSY10
    /CMBSY5
    /CMBSY6
    /CMBSY7
    /CMBSY8
    /CMBSY9
    /CMBX10
    /CMBX12
    /CMBX5
    /CMBX6
    /CMBX7
    /CMBX8
    /CMBX9
    /CMBXSL10
    /CMBXTI10
    /CMCSC10
    /CMCSC8
    /CMCSC9
    /CMDUNH10
    /CMEX10
    /CMEX7
    /CMEX8
    /CMEX9
    /CMFF10
    /CMFI10
    /CMFIB8
    /CMINCH
    /CMITT10
    /CMMI10
    /CMMI12
    /CMMI5
    /CMMI6
    /CMMI7
    /CMMI8
    /CMMI9
    /CMMIB10
    /CMMIB5
    /CMMIB6
    /CMMIB7
    /CMMIB8
    /CMMIB9
    /CMR10
    /CMR12
    /CMR17
    /CMR5
    /CMR6
    /CMR7
    /CMR8
    /CMR9
    /CMSL10
    /CMSL12
    /CMSL8
    /CMSL9
    /CMSLTT10
    /CMSS10
    /CMSS12
    /CMSS17
    /CMSS8
    /CMSS9
    /CMSSBX10
    /CMSSDC10
    /CMSSI10
    /CMSSI12
    /CMSSI17
    /CMSSI8
    /CMSSI9
    /CMSSQ8
    /CMSSQI8
    /CMSY10
    /CMSY5
    /CMSY6
    /CMSY7
    /CMSY8
    /CMSY9
    /CMTCSC10
    /CMTEX10
    /CMTEX8
    /CMTEX9
    /CMTI10
    /CMTI12
    /CMTI7
    /CMTI8
    /CMTI9
    /CMTT10
    /CMTT12
    /CMTT8
    /CMTT9
    /CMU10
    /CMVTT10
    /ColonnaMT
    /Colossalis-Bold
    /ComicSansMS
    /ComicSansMS-Bold
    /Consolas
    /Consolas-Bold
    /Consolas-BoldItalic
    /Consolas-Italic
    /Constantia
    /Constantia-Bold
    /Constantia-BoldItalic
    /Constantia-Italic
    /CooperBlack
    /CopperplateGothic-Bold
    /CopperplateGothic-Light
    /Copperplate-ThirtyThreeBC
    /Corbel
    /Corbel-Bold
    /Corbel-BoldItalic
    /Corbel-Italic
    /CordiaNew
    /CordiaNew-Bold
    /CordiaNew-BoldItalic
    /CordiaNew-Italic
    /CordiaUPC
    /CordiaUPC-Bold
    /CordiaUPC-BoldItalic
    /CordiaUPC-Italic
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /CourierX-Bold
    /CourierX-BoldOblique
    /CourierX-Oblique
    /CourierX-Regular
    /CreepyRegular
    /CurlzMT
    /David-Bold
    /David-Reg
    /DavidTransparent
    /Desdemona
    /DilleniaUPC
    /DilleniaUPCBold
    /DilleniaUPCBoldItalic
    /DilleniaUPCItalic
    /Dingbats
    /DomCasual
    /Dotum
    /DotumChe
    /EdwardianScriptITC
    /Elephant-Italic
    /Elephant-Regular
    /EngraversGothicBT-Regular
    /EngraversMT
    /EraserDust
    /ErasITC-Bold
    /ErasITC-Demi
    /ErasITC-Light
    /ErasITC-Medium
    /ErieBlackPSMT
    /ErieLightPSMT
    /EriePSMT
    /EstrangeloEdessa
    /Euclid
    /Euclid-Bold
    /Euclid-BoldItalic
    /EuclidExtra
    /EuclidExtra-Bold
    /EuclidFraktur
    /EuclidFraktur-Bold
    /Euclid-Italic
    /EuclidMathOne
    /EuclidMathOne-Bold
    /EuclidMathTwo
    /EuclidMathTwo-Bold
    /EuclidSymbol
    /EuclidSymbol-Bold
    /EuclidSymbol-BoldItalic
    /EuclidSymbol-Italic
    /EucrosiaUPC
    /EucrosiaUPCBold
    /EucrosiaUPCBoldItalic
    /EucrosiaUPCItalic
    /EUEX10
    /EUEX7
    /EUEX8
    /EUEX9
    /EUFB10
    /EUFB5
    /EUFB7
    /EUFM10
    /EUFM5
    /EUFM7
    /EURB10
    /EURB5
    /EURB7
    /EURM10
    /EURM5
    /EURM7
    /EuroMono-Bold
    /EuroMono-BoldItalic
    /EuroMono-Italic
    /EuroMono-Regular
    /EuroSans-Bold
    /EuroSans-BoldItalic
    /EuroSans-Italic
    /EuroSans-Regular
    /EuroSerif-Bold
    /EuroSerif-BoldItalic
    /EuroSerif-Italic
    /EuroSerif-Regular
    /EuroSig
    /EUSB10
    /EUSB5
    /EUSB7
    /EUSM10
    /EUSM5
    /EUSM7
    /FelixTitlingMT
    /Fences
    /FencesPlain
    /FigaroMT
    /FixedMiriamTransparent
    /FootlightMTLight
    /Formata-Italic
    /Formata-Medium
    /Formata-MediumItalic
    /Formata-Regular
    /ForteMT
    /FranklinGothic-Book
    /FranklinGothic-BookItalic
    /FranklinGothic-Demi
    /FranklinGothic-DemiCond
    /FranklinGothic-DemiItalic
    /FranklinGothic-Heavy
    /FranklinGothic-HeavyItalic
    /FranklinGothicITCbyBT-Book
    /FranklinGothicITCbyBT-BookItal
    /FranklinGothicITCbyBT-Demi
    /FranklinGothicITCbyBT-DemiItal
    /FranklinGothic-Medium
    /FranklinGothic-MediumCond
    /FranklinGothic-MediumItalic
    /FrankRuehl
    /FreesiaUPC
    /FreesiaUPCBold
    /FreesiaUPCBoldItalic
    /FreesiaUPCItalic
    /FreestyleScript-Regular
    /FrenchScriptMT
    /Frutiger-Black
    /Frutiger-BlackCn
    /Frutiger-BlackItalic
    /Frutiger-Bold
    /Frutiger-BoldCn
    /Frutiger-BoldItalic
    /Frutiger-Cn
    /Frutiger-ExtraBlackCn
    /Frutiger-Italic
    /Frutiger-Light
    /Frutiger-LightCn
    /Frutiger-LightItalic
    /Frutiger-Roman
    /Frutiger-UltraBlack
    /Futura-Bold
    /Futura-BoldOblique
    /Futura-Book
    /Futura-BookOblique
    /FuturaBT-Bold
    /FuturaBT-BoldItalic
    /FuturaBT-Book
    /FuturaBT-BookItalic
    /FuturaBT-Medium
    /FuturaBT-MediumItalic
    /Futura-Light
    /Futura-LightOblique
    /GalliardITCbyBT-Bold
    /GalliardITCbyBT-BoldItalic
    /GalliardITCbyBT-Italic
    /GalliardITCbyBT-Roman
    /Garamond
    /Garamond-Bold
    /Garamond-BoldCondensed
    /Garamond-BoldCondensedItalic
    /Garamond-BoldItalic
    /Garamond-BookCondensed
    /Garamond-BookCondensedItalic
    /Garamond-Italic
    /Garamond-LightCondensed
    /Garamond-LightCondensedItalic
    /Gautami
    /GeometricSlab703BT-Light
    /GeometricSlab703BT-LightItalic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /GeorgiaRef
    /Giddyup
    /Giddyup-Thangs
    /Gigi-Regular
    /GillSans
    /GillSans-Bold
    /GillSans-BoldItalic
    /GillSans-Condensed
    /GillSans-CondensedBold
    /GillSans-Italic
    /GillSans-Light
    /GillSans-LightItalic
    /GillSansMT
    /GillSansMT-Bold
    /GillSansMT-BoldItalic
    /GillSansMT-Condensed
    /GillSansMT-ExtraCondensedBold
    /GillSansMT-Italic
    /GillSans-UltraBold
    /GillSans-UltraBoldCondensed
    /GloucesterMT-ExtraCondensed
    /Gothic-Thirteen
    /GoudyOldStyleBT-Bold
    /GoudyOldStyleBT-BoldItalic
    /GoudyOldStyleBT-Italic
    /GoudyOldStyleBT-Roman
    /GoudyOldStyleT-Bold
    /GoudyOldStyleT-Italic
    /GoudyOldStyleT-Regular
    /GoudyStout
    /GoudyTextMT-LombardicCapitals
    /GSIDefaultSymbols
    /Gulim
    /GulimChe
    /Gungsuh
    /GungsuhChe
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /Helvetica
    /Helvetica-Black
    /Helvetica-BlackOblique
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Condensed
    /Helvetica-Condensed-Black
    /Helvetica-Condensed-BlackObl
    /Helvetica-Condensed-Bold
    /Helvetica-Condensed-BoldObl
    /Helvetica-Condensed-Light
    /Helvetica-Condensed-LightObl
    /Helvetica-Condensed-Oblique
    /Helvetica-Fraction
    /Helvetica-Narrow
    /Helvetica-Narrow-Bold
    /Helvetica-Narrow-BoldOblique
    /Helvetica-Narrow-Oblique
    /Helvetica-Oblique
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Humanist521BT-BoldCondensed
    /Humanist521BT-Light
    /Humanist521BT-LightItalic
    /Humanist521BT-RomanCondensed
    /Imago-ExtraBold
    /Impact
    /ImprintMT-Shadow
    /InformalRoman-Regular
    /IrisUPC
    /IrisUPCBold
    /IrisUPCBoldItalic
    /IrisUPCItalic
    /Ironwood
    /ItcEras-Medium
    /ItcKabel-Bold
    /ItcKabel-Book
    /ItcKabel-Demi
    /ItcKabel-Medium
    /ItcKabel-Ultra
    /JasmineUPC
    /JasmineUPC-Bold
    /JasmineUPC-BoldItalic
    /JasmineUPC-Italic
    /JoannaMT
    /JoannaMT-Italic
    /Jokerman-Regular
    /JuiceITC-Regular
    /Kartika
    /Kaufmann
    /KaufmannBT-Bold
    /KaufmannBT-Regular
    /KidTYPEPaint
    /KinoMT
    /KodchiangUPC
    /KodchiangUPC-Bold
    /KodchiangUPC-BoldItalic
    /KodchiangUPC-Italic
    /KorinnaITCbyBT-Regular
    /KozGoProVI-Medium
    /KozMinProVI-Regular
    /KristenITC-Regular
    /KunstlerScript
    /Latha
    /LatinWide
    /LetterGothic
    /LetterGothic-Bold
    /LetterGothic-BoldOblique
    /LetterGothic-BoldSlanted
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LetterGothic-Slanted
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LevenimMT
    /LevenimMTBold
    /LilyUPC
    /LilyUPCBold
    /LilyUPCBoldItalic
    /LilyUPCItalic
    /Lithos-Black
    /Lithos-Regular
    /LotusWPBox-Roman
    /LotusWPIcon-Roman
    /LotusWPIntA-Roman
    /LotusWPIntB-Roman
    /LotusWPType-Roman
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSans-TypewriterBoldOblique
    /LucidaSans-TypewriterOblique
    /LucidaSansUnicode
    /Lydian
    /Magneto-Bold
    /MaiandraGD-Regular
    /Mangal-Regular
    /Map-Symbols
    /MathA
    /MathB
    /MathC
    /Mathematica1
    /Mathematica1-Bold
    /Mathematica1Mono
    /Mathematica1Mono-Bold
    /Mathematica2
    /Mathematica2-Bold
    /Mathematica2Mono
    /Mathematica2Mono-Bold
    /Mathematica3
    /Mathematica3-Bold
    /Mathematica3Mono
    /Mathematica3Mono-Bold
    /Mathematica4
    /Mathematica4-Bold
    /Mathematica4Mono
    /Mathematica4Mono-Bold
    /Mathematica5
    /Mathematica5-Bold
    /Mathematica5Mono
    /Mathematica5Mono-Bold
    /Mathematica6
    /Mathematica6Bold
    /Mathematica6Mono
    /Mathematica6MonoBold
    /Mathematica7
    /Mathematica7Bold
    /Mathematica7Mono
    /Mathematica7MonoBold
    /MatisseITC-Regular
    /MaturaMTScriptCapitals
    /Mesquite
    /Mezz-Black
    /Mezz-Regular
    /MICR
    /MicrosoftSansSerif
    /MingLiU
    /Minion-BoldCondensed
    /Minion-BoldCondensedItalic
    /Minion-Condensed
    /Minion-CondensedItalic
    /Minion-Ornaments
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /Miriam
    /MiriamFixed
    /MiriamTransparent
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MonotypeSorts
    /MSAM10
    /MSAM5
    /MSAM6
    /MSAM7
    /MSAM8
    /MSAM9
    /MSBM10
    /MSBM5
    /MSBM6
    /MSBM7
    /MSBM8
    /MSBM9
    /MS-Gothic
    /MSHei
    /MSLineDrawPSMT
    /MS-Mincho
    /MSOutlook
    /MS-PGothic
    /MS-PMincho
    /MSReference1
    /MSReference2
    /MSReferenceSansSerif
    /MSReferenceSansSerif-Bold
    /MSReferenceSansSerif-BoldItalic
    /MSReferenceSansSerif-Italic
    /MSReferenceSerif
    /MSReferenceSerif-Bold
    /MSReferenceSerif-BoldItalic
    /MSReferenceSerif-Italic
    /MSReferenceSpecialty
    /MSSong
    /MS-UIGothic
    /MT-Extra
    /MT-Symbol
    /MT-Symbol-Italic
    /MVBoli
    /Myriad-Bold
    /Myriad-BoldItalic
    /Myriad-Italic
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /Myriad-Roman
    /Narkisim
    /NewCenturySchlbk-Bold
    /NewCenturySchlbk-BoldItalic
    /NewCenturySchlbk-Italic
    /NewCenturySchlbk-Roman
    /NewMilleniumSchlbk-BoldItalicSH
    /NewsGothic
    /NewsGothic-Bold
    /NewsGothicBT-Bold
    /NewsGothicBT-BoldItalic
    /NewsGothicBT-Italic
    /NewsGothicBT-Roman
    /NewsGothic-Condensed
    /NewsGothic-Italic
    /NewsGothicMT
    /NewsGothicMT-Bold
    /NewsGothicMT-Italic
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NimbusMonL-Bold
    /NimbusMonL-BoldObli
    /NimbusMonL-Regu
    /NimbusMonL-ReguObli
    /NimbusRomNo9L-Medi
    /NimbusRomNo9L-MediItal
    /NimbusRomNo9L-Regu
    /NimbusRomNo9L-ReguItal
    /NimbusSanL-Bold
    /NimbusSanL-BoldCond
    /NimbusSanL-BoldCondItal
    /NimbusSanL-BoldItal
    /NimbusSanL-Regu
    /NimbusSanL-ReguCond
    /NimbusSanL-ReguCondItal
    /NimbusSanL-ReguItal
    /Nimrod
    /Nimrod-Bold
    /Nimrod-BoldItalic
    /Nimrod-Italic
    /NSimSun
    /Nueva-BoldExtended
    /Nueva-BoldExtendedItalic
    /Nueva-Italic
    /Nueva-Roman
    /NuptialScript
    /OCRA
    /OCRA-Alternate
    /OCRAExtended
    /OCRB
    /OCRB-Alternate
    /OfficinaSans-Bold
    /OfficinaSans-BoldItalic
    /OfficinaSans-Book
    /OfficinaSans-BookItalic
    /OfficinaSerif-Bold
    /OfficinaSerif-BoldItalic
    /OfficinaSerif-Book
    /OfficinaSerif-BookItalic
    /OldEnglishTextMT
    /Onyx
    /OnyxBT-Regular
    /OzHandicraftBT-Roman
    /PalaceScriptMT
    /Palatino-Bold
    /Palatino-BoldItalic
    /Palatino-Italic
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Palatino-Roman
    /PapyrusPlain
    /Papyrus-Regular
    /Parchment-Regular
    /Parisian
    /ParkAvenue
    /Penumbra-SemiboldFlare
    /Penumbra-SemiboldSans
    /Penumbra-SemiboldSerif
    /PepitaMT
    /Perpetua
    /Perpetua-Bold
    /Perpetua-BoldItalic
    /Perpetua-Italic
    /PerpetuaTitlingMT-Bold
    /PerpetuaTitlingMT-Light
    /PhotinaCasualBlack
    /Playbill
    /PMingLiU
    /Poetica-SuppOrnaments
    /PoorRichard-Regular
    /PopplLaudatio-Italic
    /PopplLaudatio-Medium
    /PopplLaudatio-MediumItalic
    /PopplLaudatio-Regular
    /PrestigeElite
    /Pristina-Regular
    /PTBarnumBT-Regular
    /Raavi
    /RageItalic
    /Ravie
    /RefSpecialty
    /Ribbon131BT-Bold
    /Rockwell
    /Rockwell-Bold
    /Rockwell-BoldItalic
    /Rockwell-Condensed
    /Rockwell-CondensedBold
    /Rockwell-ExtraBold
    /Rockwell-Italic
    /Rockwell-Light
    /Rockwell-LightItalic
    /Rod
    /RodTransparent
    /RunicMT-Condensed
    /Sanvito-Light
    /Sanvito-Roman
    /ScriptC
    /ScriptMTBold
    /SegoeUI
    /SegoeUI-Bold
    /SegoeUI-BoldItalic
    /SegoeUI-Italic
    /Serpentine-BoldOblique
    /ShelleyVolanteBT-Regular
    /ShowcardGothic-Reg
    /Shruti
    /SimHei
    /SimSun
    /SnapITC-Regular
    /StandardSymL
    /Stencil
    /StoneSans
    /StoneSans-Bold
    /StoneSans-BoldItalic
    /StoneSans-Italic
    /StoneSans-Semibold
    /StoneSans-SemiboldItalic
    /Stop
    /Swiss721BT-BlackExtended
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Tci1
    /Tci1Bold
    /Tci1BoldItalic
    /Tci1Italic
    /Tci2
    /Tci2Bold
    /Tci2BoldItalic
    /Tci2Italic
    /Tci3
    /Tci3Bold
    /Tci3BoldItalic
    /Tci3Italic
    /Tci4
    /Tci4Bold
    /Tci4BoldItalic
    /Tci4Italic
    /TechnicalItalic
    /TechnicalPlain
    /Tekton
    /Tekton-Bold
    /TektonMM
    /Tempo-HeavyCondensed
    /Tempo-HeavyCondensedItalic
    /TempusSansITC
    /Times-Bold
    /Times-BoldItalic
    /Times-BoldItalicOsF
    /Times-BoldSC
    /Times-ExtraBold
    /Times-Italic
    /Times-ItalicOsF
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Times-RomanSC
    /Trajan-Bold
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /TwCenMT-Bold
    /TwCenMT-BoldItalic
    /TwCenMT-Condensed
    /TwCenMT-CondensedBold
    /TwCenMT-CondensedExtraBold
    /TwCenMT-CondensedMedium
    /TwCenMT-Italic
    /TwCenMT-Regular
    /Univers-Bold
    /Univers-BoldItalic
    /UniversCondensed-Bold
    /UniversCondensed-BoldItalic
    /UniversCondensed-Medium
    /UniversCondensed-MediumItalic
    /Univers-Medium
    /Univers-MediumItalic
    /URWBookmanL-DemiBold
    /URWBookmanL-DemiBoldItal
    /URWBookmanL-Ligh
    /URWBookmanL-LighItal
    /URWChanceryL-MediItal
    /URWGothicL-Book
    /URWGothicL-BookObli
    /URWGothicL-Demi
    /URWGothicL-DemiObli
    /URWPalladioL-Bold
    /URWPalladioL-BoldItal
    /URWPalladioL-Ital
    /URWPalladioL-Roma
    /USPSBarCode
    /VAGRounded-Black
    /VAGRounded-Bold
    /VAGRounded-Light
    /VAGRounded-Thin
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VerdanaRef
    /VinerHandITC
    /Viva-BoldExtraExtended
    /Vivaldii
    /Viva-LightCondensed
    /Viva-Regular
    /VladimirScript
    /Vrinda
    /Webdings
    /Westminster
    /Willow
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /WNCYB10
    /WNCYI10
    /WNCYR10
    /WNCYSC10
    /WNCYSS10
    /WoodtypeOrnaments-One
    /WoodtypeOrnaments-Two
    /WP-ArabicScriptSihafa
    /WP-ArabicSihafa
    /WP-BoxDrawing
    /WP-CyrillicA
    /WP-CyrillicB
    /WP-GreekCentury
    /WP-GreekCourier
    /WP-GreekHelve
    /WP-HebrewDavid
    /WP-IconicSymbolsA
    /WP-IconicSymbolsB
    /WP-Japanese
    /WP-MathA
    /WP-MathB
    /WP-MathExtendedA
    /WP-MathExtendedB
    /WP-MultinationalAHelve
    /WP-MultinationalARoman
    /WP-MultinationalBCourier
    /WP-MultinationalBHelve
    /WP-MultinationalBRoman
    /WP-MultinationalCourier
    /WP-Phonetic
    /WPTypographicSymbols
    /XYATIP10
    /XYBSQL10
    /XYBTIP10
    /XYCIRC10
    /XYCMAT10
    /XYCMBT10
    /XYDASH10
    /XYEUAT10
    /XYEUBT10
    /ZapfChancery-MediumItalic
    /ZapfDingbats
    /ZapfHumanist601BT-Bold
    /ZapfHumanist601BT-BoldItalic
    /ZapfHumanist601BT-Demi
    /ZapfHumanist601BT-DemiItalic
    /ZapfHumanist601BT-Italic
    /ZapfHumanist601BT-Roman
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


