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Abstract 
 

The rate of climate change in polar regions is now felt to be a harbinger of 
possible global warming.   Long-lived, relatively thin stratus clouds play a 
predominant role in transmitting solar radiation and trapping long wave radiation 
emitted from open water and melt ponds.  In situ measurements of microphysical 
and radiative properties of Arctic and Antarctic stratus clouds are needed to 
validate retrievals from remote measurements and simulations using numerical 
models.  While research aircraft can collect comprehensive microphysical and 
radiative data in clouds, the duration of these aircraft is relatively short (up to 
about 12 hours).  During the course of the Phase II research, a tethered balloon 
system was developed that supports miniaturized meteorological, microphysical 
and radiation sensors that can collect data in stratus clouds for days at a time. 

 
The tethered balloon system uses a 43 cubic meter balloon to loft a 17 kg 

sensor package to altitudes up to 2 km.  Power is supplied to the instrument 
package via two copper conductors in the custom tether.  Meteorological, 
microphysical and radiation data are recorded by the sensor package.  
Meteorological measurements include pressure, temperature, humidity, wind 
speed and wind direction.  Radiation measurements are made using a 4-pi 
radiometer that measures actinic flux at 500 and 800 nm.  Position is recorded 
using a GPS receiver.  Microphysical data are obtained using a miniaturized 
version of an airborne cloud particle imager (CPI).  The miniaturized CPI 
measures the size distribution of water drops and ice crystals from 9 microns to 
1.4 mm.  Data are recorded onboard the sensor package and also telemetered 
via a 802.11b wireless communications link.  Command signals can also be sent 
to the computer in the sensor package via the wireless link.   In the event of a 
broken tether, a GMRS radio link to the balloon package is used to heat a wire 
that burns 15 cm opening in the top of the balloon.  The balloon and sensor 
package slowly descends to the ground and a radio tracking beacon is activated 
to locate the balloon and sensor package.  

 
The tethered balloon system was deployed in upslope clouds at the Smokey 

Hills Bombing Range in western Kansas and at Ft. Carson Air Force Base near 
Colorado Springs, Colorado.  Both of these areas are FAA Restricted Airspace 
up to FL180 (18,000 ft MSL) so that the tethered balloon could be flown to its 
maximum height without violating FAA regulations.   Because the feasibility field 
programs took place at the very end of the research period covered by this DOE 
grant, a detailed analysis of the results are beyond the scope of this report.  
However, examples of water drops and ice crystals recorded by the CPI 
demonstrated the feasibility of the balloon and sensor package.  Based on our 
initial analysis of results from the feasibility field deployments, we have 
determined that the tethered balloon system is capable of making long-term 
measurements of meteorological, microphysical and radiation properties of polar 
stratus clouds up to a height of about 2 km.   However, further field trials should 
be conducted before deploying the system in a full-up field campaign. 
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1. Introduction 

 
Climatological studies conducted in both the Arctic and Antarctic show that 

global warming is having a dramatic effect on the rate of ice melt in Polar 
Regions.  The dramatic retreat of pack ice in the Beaufort Sea and breakup of 
the Antarctic ice shelf are harbingers of the potential impact of the current global 
warming trend.  For example, Figure 1 is a plot showing the northward retreat of 
the pack ice in the Beaufort Sea from 1996 to 1998.  A similar situation has 
occurred over the past 10 years in Antarctica, where the peripheral ice shelves in 
the northern Antarctic Peninsula have rapidly retreated, essentially disappearing 
(Figure 2).  Late in 2000, a 300 x 40 km iceberg (larger than the state of 
Connecticut) calved from the Ross Ice Shelf in Antarctica (see 
http://www.nsf.gov/od/lpa/news/media/2000/ma001 9.htm).  The ice shelves are 
believed to have existed for centuries (Scambos et al. 2000).  According to 
Scambos et al. (2000), the only plausible cause for the sudden turn of events is 
the strong regional climate warming observed in the area over the period the ice 
shelves have retreated.  Weather records from several stations in the Antarctic 
Peninsula indicate a 2.5 ° C warming trend in mean annual temperature over the 
past 50 years.   

 
The retreat of ice in the Beaufort Sea and the disintegration of the Antarctic 

ice shelves are both strongly associated with melt ponds that are typically 
observed in association with thin summertime stratus clouds.  While satellites 
provide extensive remote measurements of the radiative properties of polar 
clouds, the retrievals are not robust and in situ measurements of cloud properties 
are needed for validation and improvement of algorithms. Long-term in situ 
measurements of microphysical and radiative properties of polar clouds are not 
possible with research aircraft due to their limited flight duration.  SPEC Inc., 
under a grant from the Department of Energy has been researching the feasibility 
of using helium balloons to carry cloud physics instrumentation. The result of this 
research has been the development of a tethered balloon system capable of 
making extended (> 24 hour) measurements of the microphysical and radiative 
properties of polar clouds.  

 
 

http://www.nsf.gov/od/lpa/news/media/2000/ma001


4 
 

 
Figure 1.  Plot showing the retreat of the pack ice in 
the Beaufort Sea from 1996 to 1998 (from Science 
News, 1999: 155, p. 97 - 112). 
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Figure 2.  Overview of the Antarctic Peninsula summarizing recent ice-shelf 
activity and its correlation with melt-ponding. The base image of the peninsula is 
an AVHRR mosaic compiled from scenes acquired between 1980 and 1994 (from 
Scambos et al. 2000). 
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Tethered-balloon data collection stations can be deployed at several locations 
in high and low latitudes to collect statistically significant sets of cloud 
microphysical and radiation data.  Figure 3 shows an artist’s rendering of how a 
typical portable field station can be set up by two persons in a polar environment.  
The balloon can be hangared in the portable Quonset hut made of steel and 
canvas.   The portable Quonset hut, helium bottles, tools and other supplies can 
be transported inside the truck, off-loaded at the site and stored in the balloon 
shelter to make room in the truck for the crew members and living quarters 
during a field project.  These stations would be cost effective and provide 
valuable data that can be used to validate process and column models, which 
are precursors used to improve parameterizations in global climate models.   

 
Figure 3.  Artist’s conceptual drawing of how a tethered balloon data collection 
station could be deployed in the Arctic.  See system block diagram in Figure 4 
and text for further explanation.  
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 Figure 4 shows a detailed block diagram of the principal components shown 
in Figure 3.  Power is transmitted up the tether to supply the sensors and anti-
icing heaters.  Data are recorded on board the tethered balloon system and also 
broadcast to the ground via a telemetry link.  Meteorological sensors sample 
pressure, temperature, dew-point temperature, winds and position.  Radiative 
flux is calculated using a 4-π radiometer that measures radiance on each of six 
sides of a cube.  Microphysical data are collected with a modified cloud particle 
imager (CPI), originally developed as an aircraft instrument to collect high-
resolution images of water drops and ice particles in clouds (Lawson et al. 2001).  
The aircraft CPI sensor head was modified and lightened from 16 kg to 3.5 kg to 
produce a tethered balloon CPI (TBCPI) suitable for application with a 43 m3 
balloon.  Photographs of the tethered balloon, the winch, power converter and 
data collection package are shown in Figure 5.  Examples of images of water 
drops and ice particles are shown in Figure 6. 
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Figure 4. Schematic system block diagram of the tethered balloon data collection 
station shown in Figure 3.    
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Figure 5. .  Photographs of the tethered balloon, the winch, power converter and 
data collection package. Also shown are ice crystal images taken by the CPI. 
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Figure 6. Water Droplet and Ice Crystal Images Taken by the CPI. 
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2. Technical Description of the Tethered-Balloon System 
 
2.1   Tethered Balloon CPI Sensor Head 
 
2.1.1   Optical Particle Detection System 
 

Figure 7 shows the component parts of the CPI sensor head. The aspiration 
fan draws particles through the sample tube. Particles are detected by the PDS 
45 and PDS 90 detectors. When a particle is detected, the imaging laser fires 
and causes the particle to be imaged on the camera’s light sensitive CCD array. 
In this way, high-resolution images of particles ranging in size from 9 µm to 1440 
µm in diameter are captured.  

 

 
 
Figure 7. SolidWorks Drawing of Component Parts of the CPI Sensor Head. 
 

Figure 8 shows Ray traces for PDS laser beam shaping optics. Commercially 
available lenses were located at the appropriate focal lengths.    The diode laser 
used is the same as that in the existing CPI, a Sharp LT024MD operating at 30 
mW and a wavelength of 780 nm.  The diode has been modeled as a finite 
source with a half angle divergence of 5° in the parallel polarization plane and a 
half angle divergence of 14.5° in the perpendicular polarization plane.  The 
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different divergence angles are used to simulate the astigmatism of the laser 
diode.  An aspheric collimating lens (Thor C220TM-B) is used to collimate the 
beam from the diode in the shape of an ellipse.  The two cylindrical lenses 
(Melles Griot MGLCP004, F=20 mm and Linos Photonics SH318301, F=5 mm) 
are used to compress the minor axis of the beam.   
 

The particle detection system (PDS) beam is a collimated rectangle 
approximately 7.3 mm high and 0.5 mm wide.  The 0.5 mm beam width is the 
target width for the PDS beam.  A rectangular aperture was used to reduce the 
long dimension of the beam from 7.3 mm  to the size necessary to overlap the 
object plane (2.5 mm in the aircraft CPI) that is mapped onto the CCD camera. 
 

After the ray tracing analysis was performed, the lenses were purchased and 
the system was breadboarded in the laboratory.  The laser diode, collimating 
lens, and two cylindrical lenses were assembled on the optical bench in the 
laboratory.  The rectangular output beam was measured.  The beam size was  
 

a)

b) 

 
Figure 8.  Ray trace for PDS laser beam shaping optics with a) view of 
compressed axis and b) view of uncompressed axis. 

 
very close to that predicted by the simulations, approximately 7.3 mm by 0.5 mm 
wide.  These particular lenses were incorporated into the TBCPI sensor head.  
Work in this area involved designing the mounting barrel to mount the diode and 
lenses as a single mechanical part.  This assembly was then built and aligned 



13 
 

independently from the rest of the instrument.  The mount also incorporated a 
heater and temperature sensor used to keep the laser at a constant temperature.   
 
2.1.2    Optical Imaging Laser  
 

A fiber pigtailed laser diode was purchased from Laser Diode, Inc.  Figure 9 
is a photograph of the new fiber pigtailed laser, the collimating barrel, and a 
modified laser pulser.  The laser has an SMA connector that attached to a 
collimating barrel.  A single aspheric lens is used to collimate the output of the 
fiber.  The output is a collimated beam approximately 3 mm in diameter.  This 
arrangement simplified the mounting and alignment of the imaging laser.  The 
laser pulser can be rigidly fixed and only the collimating barrel needs to be tilted 
and translated to steer the beam through the sample volume.  
 
 

 
 

Figure 9.  TBCPI fiber coupled laser and components. 
 

 The imaging laser is used to illuminate particles passing through the sample 
volume and “freeze” the motion of a particle while exposing the CCD camera.  
The aircraft version of the CPI uses a pulsed laser operating at a pulse width of 
40 ns and a repetition rate of 40 Hz.  The TBCPI laser has a laser chip identical 
to the one used in the aircraft CPI.  It is a multiheterostructure Gallium Aluminum 
Arsenide (GaAlAs) diode operating at a wavelength of 850 nm.  A high output 
power of approximately 100 W is achieved by using a stacked array of 5 emitters, 
each 381 um wide x 2 um high.  The output from this laser is collimated and then 
passes through the sample volume and imaging optics onto the CCD camera.  
The size of the beam exiting the collimating optics is approximately 2.5 mm x 2.5 
mm, the exact size of the object plane in the aircraft CPI.  The imaging optical 
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system operates at an infinite conjugate ratio to expand the beam by the system 
magnification of 4.8 to a collimated beam incident on the CCD camera.  After 
passing through the imaging optics, the collimated beam is the exact size of the 
CCD array, 12 mm x 12 mm. 
 

Existing shortcomings with implementation of the imaging laser in the aircraft 
CPI are: non-uniform background on CCD camera, three lenses required for 
beam collimation and sizing, difficulty in adjusting laser alignment mechanism, 
and difficulty steering the beam through sample volume.  The use of a fiber 
pigtailed laser improved all of these shortcomings. 

 
The non-uniform background intensity on the CCD array is a result of the five 

separate segments of the diode being imaged onto the array.  During the 
alignment process, the collimation of the beam is slightly degraded to get these 
segments to “smear out” into a quasi-uniform intensity background on the CCD 
array.  Figure 10 shows examples of the light patterns and images of 30 µm 
beads using the existing CPI laser and the new fiber coupled laser.  The fiber 
acts as a diffuser and smears out the individual segments of the diode.  The new 
laser has a fiber that is butt-coupled to the facet of the laser chip.  The fiber itself 
has a 600 µm core and a numerical aperture (NA) of 0.37.  The fiber is actively 
aligned for maximum power output and potted in place.  The laser chip has an 
output power of 86 W at a 0.04% duty cycle without the fiber.  The output of the 
fiber measured by the manufacturer is 50 W.  The coupling efficiency is therefore 
50/86 x 100 %= 58%.  The output power after collimating the beam is 
significantly greater than from the existing laser configuration. This is because a 
portion of the beam from the existing laser does not make it to the CCD array 
due to vignetting of the beam by the collimation optics to obtain the 2.5 mm x 2.5 
mm beam size.   

 
Figure 10. Comparison of images and intensity cross-sections using (left) new 
fiber-coupled laser and (right) existing aircraft CPI laser. 
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A visual inspection of the two bead images shown in Figure 10 suggests that 
the fiber-coupled laser produces an image with a similar intensity pattern, but 
with a noticeably deeper shadow depth.  The existing software that resizes out-
of-focus images uses a numerical solution to the Kirchoff-Fresnel diffraction 
equation (Lawson and Cormack 1995).  Much of the software that is used to 
process CPI images is based on this existing work.  The fringe pattern generated 
by the fiber-coupled laser was similar enough to the aircraft CPI pattern that the 
resizing software was still applicable.   

  
 
2.1.3   Particle Imaging Collection Optics  
 

A number of optical systems and cameras were evaluated in the laboratory.  
The Dalsa CA-D4, Dalsa CA-D6, and Basler A301b were used with optical 
systems having magnifications of 3X, 4X, and 5X.  Table 1 lists the specifications 
of each of the cameras that were evaluated.  The LDI fiber coupled imaging laser 
was used as an illumination source with each of the configurations.  A variety of 
images were collected using glass beads on a slide. 
 

 
Table 1.  Camera specifications for cameras evaluated in the laboratory. 

 
Camera Frame    

rate 
(fps) 

# pixels 
 

Pixel 
size 
(um) 

   Size    Wt. Power 
 

Price 
   ($) 

Dalsa  
CA-D6 

262 
4 taps 

532  x  
516 

10 x 10 89 x 89 x 
105 mm 

0.8 Kg +/- 5V, 
+15 V 

6500 

Dalsa  
CA-D4 

40 
2 outputs 

1024 x 
1024 

12 x 12 89 x 89 x 
105 mm 

0.8 Kg +/- 5V,  
-15 V,  
+ 28V 

5900 

Basler 
A301 

80 – 
Channel 
link 
75 – 
IEEE1394 

640 x 480 9.9 x 9.9 62 x 62 x 38.1 
mm 
 
62 x 62 x 48.7 
mm 

0.31 12V 1800 

 
 

The theoretical pixel resolution in the sample volume is determined by the 
camera pixel size divided by the system magnification.  The imaging sample 
volume dimensions are determined by the (number of pixels x pixel size)/system 
magnification.  Higher pixel resolution results in a smaller sample volume and 
lower pixel resolution results in a larger sample volume.  Therefore, a higher pixel 
resolution reveals more fine detail about imaged particles, but sees fewer 
particles in one camera frame. 

 
For a given system magnification, the pixel resolution for the CA-D6 and A301 

are practically identical because the pixel size is nearly the same.    The 
disadvantages of the Dalsa CA-D6 compared to the Basler A301 are the 
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relatively large size and weight and the requirement for 3 power supply voltages 
compared to 12 V DC only for the Basler.  For a tethered balloon application, 
where the airspeed is lower than that of other research aircraft and computer 
storage space is limited, the size and weight limitations are the driving design 
parameters.  For that reason, the Basler A301 camera was selected for use in 
the TBCPI.  Frame grabber availability was also a deciding factor in selecting the 
Basler camera.   

 
 

Figure 11.  TBCPI Imaging system assembled in laboratory. 
 

Figure 11 is a picture of the Basler camera interfaced to the imaging optical 
system in the laboratory.  The optical system shown has a theoretical 
magnification of 4.28 X.  As described in the Phase I final report, the 
magnification is calculated by Msys=FIL2/FIL1 x FIL4/FIL3.  In this case, Msys=(50 mm 
/ 35 mm) x (60 mm / 20 mm) =4.28X.  A 500 um etched reticle was used to 
measure the actual magnification of the system.  Figure 12 is an image of the 
500 um disc which measures 208 pixels in diameter.  The pixel resolution is 
calculated as mentioned above, 500 um / 208 pixels = 2.4 um / pixel.  So the 
actual magnification is the pixel size / pixel resolution, or 9.9 / 2.4 = 4.125X. 
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Figure 12.  CCD image of 500 um disc used to 
calculate pixel resolution and system magnification.   

 
Time was spent on exploring ways to improve the performance of the imaging 

optics for the tethered balloon CPI (TBCPI.)  For both the aircraft CPI and the 
TBCPI, the imaging optical axis is at a 45 degree angle to the sample tube.  A 
sapphire window is used to gain optical access to the sample tube.  Inserting this 
window at 45 degrees into the system created the astigmatism that is present in 
the aircraft CPI.  The astigmatism causes spheres to look elliptical.  The aircraft  
CPI uses a BK7 6 mm thick correction plate tilted at 23 degrees to create an 
astigmatism in a direction orthogonal to that created by the window, thereby 
resulting in rounding out the spherical particles.  The result of this window and 
plate is to create “blur” in the image.  Measurements with the aircraft CPI indicate 
this blur is on the order of 5 µm with a 2 mm thick sapphire window.  This blur is 
calibrated out when sizing the particles in the post processing software.  

 
It would be desirable to remove this blur altogether.  If the windows were 

normal to the optical axis, this would remove the astigmatism.  However, this 
may not be a good geometry for the sample tube, as it would result in a pocket 
for water and ice particles to collect and deposit.  Decreasing the window 
thickness may help to decrease the magnitude of the introduced astigmatism.  

 
The amount of astigmatism introduced by a tilted window is given by (Modern 

Optical Engineering, W. J. Smith): 
( )

3

22 1
N
Ntu

mAstigmatis p −
−=  

where t is the thickness of the plate, up is the angle of tilt, and N is the index of 
refraction of the plate material.  A 1 mm thick sapphire window at 45 degrees 
introduces an astigmatism with a magnitude of –0.237.  To compensate for this, 
another sapphire window could be inserted 90 degrees orthogonal to the first 
window.  Due to limited space constraints, however, this is not an option.  A 2 
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mm thick BK7 plate tilted 32.2 degrees orthogonal to the window in the sample 
tube will correct for the astigmatism. 
 

The sapphire window and the correction plate are present in the imaging 
optical system shown in Figure 11.  Figure 13a is a CCD image of beads taken 
with only the 45˚ window present.  Figure 13b is an image of the same beads 
taken with the correction plate installed to cancel out the astigmatism.  It is 
apparent from these images that the correction plate corrects for the astigmatism 
and makes the glass beads appear round. 

 
Figure 13a.  Images of beads taken with only the 
45˚ window in the imaging system. 

 
Figure 13b.  Images of beads taken with the 45˚ 
window and the 1m thick BK7 correction plate in 
the imaging system. 
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Figure 14.  Images of 20 um beads taken with the CCPI imaging system. 
 

 
 

Figure 14 shows a full frame image of 20 um beads taken with the imaging 
system.  Both the sapphire window and the correction plate were in the system.  
The beads are manufactured by Duke Scientific and have a mean diameter of 
20.6 µm ± 1.4 µm.  The size of the beads in the image was estimated by 
expanding the image and manually counting the number of pixels.    Figure 15 is 
an example of how the 20 µm beads are sized manually.  Notice the slightly 
asymmetric diffraction rings in Figure 15.  This is most likely due to the 
correction plate not being tilted at the precise angle of 32.2˚ due to the crude 
adjustment mechanism. 
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Figure 15.  An expanded view of a 20 µm bead from Figure 14.  The red line 
measures 10 pixels across. 

 
Most of the beads in Figure 14 measure 9 or 10 pixels across the vertical and 

horizontal dimensions.  Based on 2.4 µm / pixel resolution, 9 pixels corresponds 
to a 21.6 µm bead and 10 pixels corresponds to a 24 µm bead.  This would 
indicate that the beads are slightly oversized.  This oversizing may be due to blur 
in the image.  In this case, the blur is on the order of 24 –20.6 = 3.4 µm.  This is 
on the order of one pixel, compared to the 5 µm blur in the aircraft CPI which is 
on the order of two pixels.  The image processing algorithms that automatically 
size the images in the post processing software can be calibrated to size the 
beads correctly.  
 

Previous reports mention the outer edges of the field of view of the CPI 
suffering from aberrations that compromise the image quality near the outer 
edges of the field.  In the laboratory, a weak meniscus lens was inserted into the 
M=3 optical system between the last element and the camera.  The result was to 
“flatten “ the field, thereby improving the image quality at the outer edges and 
decreasing the quality on axis.  This was a first order attempt to try and improve 
this problem over a large field of view.   
 

In Figure 14, the images in the outer edges of the field look relatively good.  
This is because the sample volume size is decreased to 1.53 mm x 1.15 mm, 
thereby decreasing the field of view of the imaging system.  By restricting the 
field of view, the overall image quality is improved because the light rays are 
closer to parallel to the optical axis.  In general, performance of an optical system 
is best at the center of the field and degrades at locations radially outward in the 
field.  
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2.1.4  CPI Sensor Head Electronics 
 

Figure 16 shows the top-level diagram of the TBCPI sensor head interfacing 
to its sub-components.  The number of connections is shown in association with 
each subsystem.  

 
The UAV control board uses surface-mount components in order to keep it 

small and lightweight. The on-board digital signal processor (DSP) and complex 
logic devices (CPLD’s) are packaged in low-voltage, low-power integrated 
circuits to keep power consumption down.   

 
Keeping payload power consumption to a minimum was a major design 

consideration because power was supplied via two thin (28 AWG) wires woven 
into the tether.  The maximum current carrying capacity of 28 AWG wire is about 
1 amp.  Power is given by  Power (Watts) = Volts X Current (Amps). Therefore, 
by  keeping the payload power requirement low we were able to meet its power 
needs without resorting to excessively high (greater than 1 KV) voltages. Total 
power for the system is approximately 600 Watts if only the laser heaters are 
being used, though this figure goes up to about 1000 Watts if all heaters are 
turned on at the same time.  

 
To keep the power requirement low, insulating foam was used for the payload 

package shell. The foam allowed us to use smaller de-icing heaters for the 
sample tube, optical block, and lasers. 
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Figure 16.  Top-level diagram of TBCPI sensor head electronics. 

 
 
 
 
2.1.5   Video Processing Engine and Data Computer 
 

The TBCPI video processing engine consists of a Basler A301 CCD camera, 
a Coreco PC-CamLink frame grabber card, and the AcquireNow  software 
program. Every 14 milliseconds the CCD camera downloads an image frame to 
the frame grabber card mounted in the data system computer.  This corresponds 
to 74 frames per second.  Boulder Imaging Incorporated was contracted to 
develop a software program that runs on the data system computer and 
searches each image frame for regions of interest (ROIs). These ROIs contain 
images of cloud particles. This software program crops the ROIs from the image 
frame and stores them on a hard disk.  This keeps the data files as small and 
compact as possible.  
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Boulder Imaging adapted a commercial product, their AcquireNow   

video processing program,  to perform the task of processing the cloud particle 
images. The AcquireNow software program works with the PC-CamLink frame 
grabber card. Figure 18 is a screen capture of the CPI program showing images 
of water drops captured with the frame grabber and processed in real time with 
AcquireNow™.  
 

Due to technical advances in the market place, the Compact Peripheral 
Component Interconnect (PCI) computer initially specified in the proposal is 
being replaced with a single board computer system that supports two PCI slots.  
A single board computer solution consumes less power and is lighter than a 
Compact PCI solution.  The board is a Shuttle FS50 mainboard with the following 
specifications (See Figure 17):  
 

•  CPU: Intel Pentium 4. 
•  Onboard LAN. 
•  PCI Expansion slots: two 32 bit PCI slots. 
•  Serial Ports: 2 DB9, 16550 UART based RS-232 ports. 
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Figure 17.  FS50 main board. 
 

Using the FS50, a wider selection of PCI bus-based frame grabbers and 
peripheral cards are available.  Also, the Ethernet based wireless 
communications system can be directly interfaced using the on board Ethernet 
port  (See Section 2.2).  A custom lightweight chassis was designed to support 
the single board computer and peripheral cards. 
 
 
2.1.6   Artificial Intelligence (AI) Control Software 
 

During operation of the CPI, a user normally monitors and adjusts key 
parameters that are now handled by the Artificial Intelligence (AI) software. The 
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AI software offers a huge advantage of reliability for the balloon-borne instrument 
because once it is set up to capture particle images it will continue to capture 
those images and store them to the instrument’s local hard disk even if the 
wireless Ethernet link to the ground-based computer is lost.  Here, we present 
and discuss the AI algorithms used to replace the user.  Each of the AI controls 
to be discussed may be turned on or off at the user’s discretion. A test of the AI 
algorithms was conducted using the NASA WB-57 aircraft, which does not have 
a cabin to house users and computer data systems.  Instead, there are only two 
crew on board the aircraft and the instruments are located in unpressurized pods 
under the wings.  In test flights on NASA’s WB-57 aircraft, all algorithms were 
enabled, as they sometimes are during a tethered balloon flights. They 
performed well.   

 
2.1.6.1   Particle Detection System Control 

 
Particle Detection System (PDS) thresholds affect the sensitivity of the CPI.  

Typically, CPI operators balance the desire to see small particles, corresponding 
to lower threshold settings, with getting empty images caused by the probe 
interpreting electronic or optical noise as a particle event.  The AI code added to 
the real time software attempts to do the same thing using the following 
algorithms: 

 
 

For the following, R = number of valid frames / number of strobes. 
 

Algorithm 1: If number of laser flashes per second is > X1 for X2 seconds 
(start with X1 = 5, and X2 = 5) and R < X3 (0.1 to start), then raise 
PDS threshold by X4 (start with X4 = 50). 

 
Algorithm 2:If the sum of the laser flashes per second over the duration of 

X5 seconds is < X6 (start with X5 = 30, X6 = 2), then lower the PDS 
threshold by X7 (start with X7 = 50). 
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Figure 18.  Screen capture of water drops collected with AcquireNow™ and Coreco PC CamLink frame grabber.
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         Figure 19.  PDS threshold adjustment options. 
 

Figure 19 shows the form used to change the parameters that affect this 
algorithm, with the upper third of the form controlling the PDS threshold control 
parameters.  To turn off the PDS Threshold Level control algorithm, leave the 
Algorithm Enabled checkbox unchecked. 

 
The parameters in the PDS Threshold Control form are all mentioned in the 

description of the two control algorithms above.  Note that Algorithm 1 raises the 
threshold if a number of particles have been detected (via imaging laser flashes) 
over a given time period, but the percentage of valid frames (frames containing 
valid particles, or regions of interest denoted as ROI’s) is low.  The assumption is 
that increasing the PDS thresholds increases the valid frames. 

 
Algorithm 2 decreases the PDS threshold if, over a long period of time, very 

few (X6) laser flashes occur.  In clear air with no particles present, this algorithm 
will decrease the PDS thresholds enough to cause light and optical noise to just 
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begin triggering the PDS system: the optimum sensitivity setting of the probe’s 
PDS system. 

 
Figure 20 shows data from a test flight where the AI algorithm was used in 

unattended mode on the NASA WB-57.  The PDS signal (in magenta) changes in 
response to the presence and absence of particles and the AI control algorithm.  
The blue line in the plot is measured counts per second of 12 µm particles as 
seen by a SPP100 scattering probe flown next to the CPI on the NASA WB-57.  
The abscissa is time in seconds during the flight.  It is evident that during particle 
events, the PDS algorithm often raised the PDS thresholds to increase the valid 
percentage of imaged particles.  During clear air periods, where the number of 12 
µm particles is near zero, the AI algorithm lowers the PDS thresholds, thus 
increasing sensitivity as desired. 

 
 

 
 
Figure 20.  WB-57 flight data showing PDS thresholds changing automatically 
under control of the AI algorithm due to presence and absence of particles (i.e., 
clouds).  A similar adjustment would take place on a tethered balloon as 
scattered clouds were advected past the balloon.  
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2.1.6.2   Imaging Laser Control 
 

The CPI, due to changes in temperature affecting optical paths and laser 
power fluctuations, requires monitoring and control of the PDS laser settings.  
Users typically set the laser power while monitoring the PDS DC voltage on both 
the PDS 45 and PDS 90 lasers.  The objective is to set the PDS laser power as 
high as possible without exceeding 8.5V on the photodetector, as shown on the 
real time data display.  The AI code added to the real time software attempts to 
accomplish the same objective using the following algorithm: 

 
1. Start with the set point stored in the CPI.ini file. 
2. Wait X (start with 5) seconds. 
3. Measure the error between desired PDS DC level (from CPI.ini file) and 

the measured value. 
4. Implement proportional/integral control based on error in 3. 
5. Record new set point 
6. Go to 2. 

 
As shown in Figure 19, the lower two thirds of the form are for PDS laser 

setting control, which this section discusses, while the upper third is for 
controlling the PDS threshold, which was discussed in the previous section. 

 
The following is a description of the parameters affecting the Particle 

Detection System (PDS) laser DC level control.  Note that both the PDS 45 and 
PDS 90 lasers have settings that need to be entered.  These settings should be 
the same for both the DPS45 and the PDS90.  One possible difference is the 
target DC level. 

 
Target DC Level: This comes from the cpi.ini file in the C:\Winnt 
directory.   The max value entered in the file is used as the target 
DC level.  This value is not editable in the form. 
 
Err Thresh (Start Change): This specifies the volts away from the 
target that the PDS laser DC level must be for the algorithm to go 
active.  The control algorithm will do nothing until the target DC 
value differs from the actual DC value by more than this value. 
 
Err Thresh (Stop Change): This specifies the volts away from the 
target that the PDS laser DC level must be to stop the algorithm.  
Once the difference between the desired DC value and the actual 
DC value is less than this value, the control algorithm will end.  The 
value should be smaller than the start value just discussed. 
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Stable State Max Range:  For min. stability time period (next field), 
all the values need to be within the Stable State Max Range Volts 
to be considered good.  If the Voltage samples of the laser DC level 
within a window of time equal to Min. Stability Time Period vary by 
more than this setting, the control will not be implemented.  This 
feature keeps the algorithm from becoming unstable if the 
measurements are varying to erratically. 
 
Min Stability Time Period:  This specifies how long the PDS DC 
levels must be within Stable State Max Range Volts of each other 
before the proportional—integral (PI) control will begin.  See 
previous parameter explanation. 
  
Averaging Time Period:  How long to average PDS DC levels for 
comparison with set point.  This is time T in the difference equation 
discussed below. 
 
Adaptation Parameter Ki*T:  For the PI control algorithm the 
difference equation implemented is uk = uk-1 + (Kp + Ki*T)*ek + 
(Ki*T - Kp)ek-1.  In this equation, uk is the applied DC laser setting 
(as the user would enter in the Settings/Advanced Control and 
Settings form); uk-1 is the previously applied value; ek-1 is the error 
between the desired laser DC voltage and the previously measured 
DC voltage.  The larger Ki*T is, the faster things change, but you 
get less stability.  Ki*T should be greater than Kp--twice Kp is a 
good start. 
 
Adaptation Parameter Kp: See above. 
 
Maximum Iterations:  After this number of iterations, if the set level 
isn't within Err Thresh (Stop Change) Volts of the DC set point, the 
algorithm looks for a stable state again and starts over. 
 

Figure 21a shows the change in laser power drive over time, in seconds, 
corresponding to power up during a test flight.  Values stayed stable until the end 
of the flight at the final value shown in the graph.  The corresponding detected 
DC levels for the PDS 45 laser are shown in Figure 21b.  The target DC level 
was 8.2V, the Error Thresh (Start Change) value was 0.3V and the Error Thresh 
(Stop Change) value was 0.2V, and it is evident in the graph that the detector DC 
level settles to 8.4V: Target + Error Thresh (Stop Change). 
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Figure 21a.  Example of how the AI algorithm correctly adjusts the 
set point of the PDS 45 laser during changes occurring on take off 
of the WB-57.   A similar adjustment takes place over a long time 
period on a tethered balloon due to changing environmental 
conditions. 
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Figure 21b.  As in Figure 21a, except here the PDS 45 DC voltage 
level of the PDS 45 photodetector is shown responding to changes 
in the PDS 45 laser intensity.   
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2.1.6.3   Control of Collection of Background Frame 
 

Prior to the AI code implementation, users set a time period in seconds that 
determined the interval between collection of background frames (i.e., a 
complete 1 megapixel frame that contained no particle images).  This was done 
so that variations in the background image intensity over time can be removed 
when looking for particles in a captured frame.  An added AI feature that can be 
user enabled looks, in every captured frame, to see if multiple frames have 
captured a detectable ROI in the same area of the image.  So if, for example, a 
piece of dust on a lens were to remain in one spot, this algorithm would then take 
a background, thus removing the effect of the dust spot.  Otherwise, every time a 
particle was detected by the PDS system and the image processing software 
looked for ROI’s, the image processing would find the dust spot and count it as a 
particle. 

 
Choosing the Settings/AI Background Settings menu option brings up the 

form shown in Figure 22.  The background adaptation just described is 
controlled in the lower half of the form. 
 

 
 

              Figure 22.  Background and image laser setting control form. 
 

The parameters that affect the background algorithm are described below: 
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Check Period: Once every Check Period frames, the image 
processing algorithm will look for ROI’s that overlap.  If this value is 1, 
the data system will monitor every frame.  If value is 2, every other 
frame.  Choosing bigger numbers makes the system faster. 
 
Overlap ROIs Pixel Offset Limit: The locations of two corners of 
possible matches are compared by subtracting their respective X 
coordinates and Y coordinates.  If the difference is less than this 
number, they are considered overlapped.  A value of 1 means exact 
overlap. 
 
Max Consecutive Frames Checked: Number of frames that must 
have overlapping particles to execute new background. 
 
Overlapped ROI count limit: The CPI imaging system needs more 
than this value to execute a background.  Leave at 0 to remove all 
stuck images. 
 
 

2.1.6.4   Laser Pulse-Width Control 
 

The imaging laser energy incident on the CPI’s digital camera sensor is 
proportional to the image mean, which is a measure of the brightness of the 
exposed image.  If the light intensity is too low, then the exposure is too dark to 
see particles; too high and saturation causes the exposure to be too bright to see 
particles.  Users can set this incident energy by changing the imaging laser 
current setting and the imaging laser pulse width setting.  It is standard practice 
with the CPI to set the imaging laser current to its maximum (4095 counts), and 
then adjust the pulse width to achieve an optimum image. AI control 
accomplishes the same objective, changing the imaging laser pulse width to 
maintain an optimal image mean.  The upper half of the form shown in Figure 22 
shows the parameters used by the AI algorithm to control this AI feature.   

 
Pulse Width Update Step: how many counts to adjust the laser pulse width 
setting—250 is a good value here. 
 
Maximum ROIs in Diff image: If there are more than this number of ROI’s 
detected in an image, then the background algorithm will not use the current 
frame for image mean calculation. 
 
Max ROI size in Diff image: If any ROI in the image is over this number of 
pixels, the image is rejected for background. 
 
Max time between images: If frames get thrown out, the time between the 
first and last accepted frame for performing ROI subtraction must be less 
than this number in milliseconds. 
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To turn off the imaging laser level control algorithm so that the real time 

software lets the user maintain control, leave the Enable Mean Error Event 
checkbox unchecked.  Even if the checkbox is left unchecked, the minimum and 
maximum values for acceptable background image means is entered in this form 
and must be set correctly.   

 
 
 
 
2.1.7   Meteorological Data Acquisition System 
 

The meteorological subsystem of the Tethered Balloon Cloud Particle Imager 
Instrument was designed and constructed to provide ancillary meteorological 
data to support the cloud particle measurements, as well as to provide real-time 
information to aid in positioning of the TBCPI system at altitudes of interest. 
 

The met subsystem (Shown in Figures 23 & 24) contains its own 
datalogger/controller to handle data acquisition from several sensors and the 
processing of this data into a single, calibrated data stream.  This data stream is 
transmitted to the main CPI data system computer at 1 second intervals.  The 
met subsystem currently ingests standard meteorological data (pressure, 
temperature, relative humidity, wind speed and direction), as well serial data 
streams produced by a GPS unit and 4-π radiometer. 
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Figure 24. Bottom view of the meteorological subsystem bo
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Wind Speed: Wind speed is measured using an in-house designed pitot 
static tube.  A low-range (0-10 mb), integrated-circuit differential pressure 
sensor (SensorTechnics model HCXM010D6) is used to measure the 
difference between the streamwise dynamic pressure and the ambient 
static pressure, measured inside the instrument at the reference port.  
Using Bernoulli’s equation, the wind speed can be determined, using the 
measured pressure difference, as well as the air density (as calculated 
from the pressure, temperature and relative humidity data provided by 
other sensors on the met subsystem): 
  
    Ppt = (P – P0) = ½ ρ V2 
 
A Pneutronics Xvalve solenoid valve is actuated for 2 seconds of each 
minute to switch from the pitot tube inlet to an reference inlet inside the 
instrument to measure the offset change caused by temperature drift. 
 

The end of the pitot tube is outfitted with a Minco thermofoil heater and 
Heaterstat temperature controller to maintain the tube above freezing and 
therefore preclude icing and blockage of the tube.  The Heaterstat operates from 
10-38 VDC (12 VDC in this application) and consumes approximately 5 W of 
power when activated. 
 
Digital Inputs: The met subsystem currently incorporates a digital compass to 
measure wind direction, a GPS module to determine 3-dimensional position and 
velocity, and provides an additional RS-232 channel to poll for and receive data 
from the 4π radiometer. 
 

Wind Direction: Wind direction is measured using a Honeywell HMR-
3100 digital compass.  The compass is fixed to the met subsystem sub-
board and therefore rotates with the TBCPI instrument as it heads into the 
wind.  By measuring the two horizontal components of the Earth’s 
magnetic field, the sensor calculates the magnetic heading of the 
instrument package.  It operates from a 3.3 VDC supply, consuming only 
0.2 mA, and is controlled using 2 digital I/O lines on the CF2.  The 
direction is reported with a resolution of 0.5 degrees and the specified 
accuracy of the sensor is +/- 5 degrees.  Since the wind direction reported 
by the met subsystem is magnetic, rather than true, it must be corrected 
for the magnetic declination at the operating site. 
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GPS module: A Trimble Lassen-SQ GPS module and antenna are used 
to obtain the 3-dimensional position and velocity of the TBCPI instrument.  
The Lassen-SQ is a low-power, small-form sensor consuming only 133 
mW at 3.3 VDC from a 1” x 1” x 0.6” form.  Position and velocity are 
updated once per second and read through one of the serial ports of the 
CF2.  The unit has a maximum time to acquire a fix (from a cold start, with 
no initialization information) of < 3 min. The specified standard deviations 
of the GPS measurements are:  6 meters in the horizontal, 11 meters in 
the vertical, and 6 cm/s in the velocity. 
 
 
 

Datalogger Software: The CF2 runs software (written in C) to coordinate all of 
the measurements from the various sensors.  It then uses calibration constants 
for each measurement to calculate the final meteorological values and combines 
them into a comma delimited list which is transmitted using the main RS-232 
serial port to the main CPI computer for storage on the hard drive and 
transmission to the ground on the wireless ethernet system.  The data stream is 
also stored on the onboard Compact Flash memory card as a backup. 
 

2.1.8  4-ππππ Radiometer 
 

Radiation measurements in cloud cannot be made over long periods of time 
with manned aircraft. However, a tethered balloon carrying a radiometer can 
easily make radiation measurements in one location in cloud over extended 
periods of time. The 4-π radiometer was designed and constructed by the Light 
and Life Laboratory at the Stevens Institute of Technology, based on original 
work done at the Norwegian Institute of Air Research (NILU).  The sensor 
measures incoming radiation on each of its six faces at both 500 and 800 nm.  
As shown in Figure 25, the 4-π radiometer is cube-shaped and measures 20 cm 
to a side. It weighs 1.42 kg, including the combination power and data cable. It 
operates from a 12 VDC supply, drawing a maximum of 200 mA. 
 

The development of this instrument was motivated by the desire to quantify 
the radiation field in spite of the lack of a leveled platform to measure radiation 
incident on a horizontal surface. To capture the basic information on the 
directional dependence of the radiation field, radiation sensors were mounted on 
each side of a cube. By subtracting radiation readings from opposite sides, a 
direct measure of the flux divergence was obtained. Similarly, the sum of the 
radiation measurements is proportional to the mean intensity. 
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Figure 25.   The 4-π radiometer. 

 
 
 
4-ππππ Radiometer Characteristics 
Following is a list of the characteristics of the 4-π Radiometer: 

•  It measures radiation simultaneously in six directions on each face of a 
cube. 

•  Each radiation sensor has two photodiode detectors situated behind a 
diffuser and a filter. 

•  The filter response curves have approximate bandwidths of 10 nm (Figure 
26). 
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Figure 26. Detector filter response curve for 500-nm channel (left panel) and 
800-nm channel (right panel). 
 
 

The 4-π radiometer is interfaced directly to an RS-232 serial port on the CF2 
meteorological data acquisition minicomputer.  The CF2 software queries the 4-π 
for data once per second and combines the data stream from the 4-π with a data 
stream put together from readings of the other meteorological sensors, such as 
temperature and position. The data stream thus formed is sent from the CF2 to 
the main data computer via another RS-232 link. 

 
Preliminary laboratory tests verified the 4-π radiometer’s response to visible 

radiation. It was then mounted atop the TBCPI instrument package.  The 4-π 
radiometer was flown during the morning hours on clear days and solar radiation 
readings from faces that were oriented toward the sun showed increased signal 
levels. However, the CPI data acquisition software needs to be modified to work 
with the long number strings that the 4-π radiometer puts out. Also, the 4-π 
radiometer’s output must be calibrated to a known reference before the readings 
can be used in a research setting. Future laboratory and field tests should be 
made to gain more experience with it before using it to gather data in a field 
research project. 
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 2.2.   Wireless Ethernet Ground-Payload Data Link 
 

The initial Phase II proposal specified a data communications link between 
the ground and airborne payload developed using the Lonworks network 
communications software.  This technology was successfully used by SPEC 
during the SHEBA project.  The power and data signals were multiplexed over 
the tether with a data rate of about 9600 baud.  Implementing this technology 
required custom electronics to separate the multiplexed data from the DC power 
on the tether.  It also required custom communications hardware and software.  
A data rate in the 9600 baud range limited the utility of this data link. 

 
Due to rapid advances in wireless network technology, the data link between 

the ground and airborne payload can now be accomplished with off-the-shelf 
wireless Ethernet components.   A wireless Ethernet link transmits data up to a 
rate of 11 Mbps.  A ground computer is used to directly control the computer on 
board the TBCPI with off-the-shelf networking software.  Entire data files 
containing CPI images (92 Mb each) are transferred to the ground for quality 
assurance and to serve as a data backup in the case of an airborne data storage 
failure. 

 
The data link between the instrument package and the ground is a wireless 

IEEE 802.11b Ethernet link (See Figure 27). This is a peer-to-peer, 10BaseT 
Ethernet link using standard off-the-shelf equipment. IEEE 802.11b defines a 2.4 
GHz, Direct Sequence Spread Spectrum (DSSS) radio link. This equipment is 
available for intra-office Ethernet service without cables. Normally its range is 
100 meters or less but with external equipment its point-to-point range can be 
extended to a theoretical maximum of 2 km. 

 
We installed a wireless card in the ground computer and fed it through a 

booster amplifier and a gain antenna to provide enough system gain to operate 
reliably up to a 1 km altitude. The reason that the TBCPI Ethernet link’s range did 
not reach the theoretical maximum of 2 km is that a whip antenna with an omni-
directional radiation pattern was used on the balloon package. This type of 
antenna was used because the Instrument package experiences a lot of pitch, 
yaw, and roll motion as it gets buffeted by winds aloft. Under these conditions a 
directional antenna, with its requirement that it be aimed at the ground station, 
would not work. The omni-directional quality of an antenna comes at the expense 
of low gain since it does not “focus” the radio signal in any particular direction. 
The low gain of the balloon package antenna limits the range of the Ethernet link 
to 1 km. This is not a serious issue because the balloon instrument package can 
image particles and gather meteorological data autonomously, as explained 
below.  

 
The balloon package contains a plug-in wireless module that connects to the 

standard Ethernet port on the single-board computer, as shown in the system 
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diagram in Figure 27. Calculated values for the Ethernet system we are using 
are shown Table 2.  

 
Figure 27. Wireless Ethernet Link for Tethered Balloon. 
 
 
Balloon Low Gain Antenna and Ground High Gain Antenna With Preamp 
 
Frequency (MHz)    2400 
Wavelength (m)    0.125 
Ground Antenna Gain (dB)      12 
Ground Transmit Power (dBm)      30 
Ground Receive Preamp Gain (dB)     14 
Balloon Antenna Gain (dB)     1.1 
Balloon Transmit Power (dBm)      15 
Cable Loss (dB)          2 
Receiver Noise (dBm)      -82 
 
    
Path Length (m) 10 100 200 400 800 1500 2000 3000 
Path Loss (dB) -62 -82 -88 -94 -100 -106 -108 -112 
B to G Rec Power -13 -33 -39 -45 -51 -56 -59 -62 
S/N  wrt –82 dBm 70 50 43 37 31 26 23 20 
G to B Rec Power -12 -32 -38 -44 50 -55 -58 -61 
S/N  wrt –82 dBm 82 51 44 38 32 27 24 21 
 
Table 2.   Wireless Ethernet Link Specifications   
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The wireless Ethernet link was tested on the ground and during many balloon 

flights.  It performed at full data rate up to a height of 0.5 Km then the data rate 
fell off gradually with balloon height until it became too slow and intermittent at an 
altitude 1.0 Km above ground level.  

 
This is not a serious issue because the balloon instrument package can 

image particles and gather meteorological data autonomously. Once the Artificial 
Intelligence Control Software is set to run the instrument it will continually 
optimize the CPI for best data collection as conditions change. This is explained 
in section 2.1.6. Images and meteorological data are stored automatically on the 
local hard disk of the instrument for later retrieval. This process takes place even 
in the absence of communications with the ground computer.  
 
2.3   Deflation System 
 

The balloon tether has a nominal tensile strength of 500 pounds. The average 
upward force of the balloon and instrument package varies with altitude but it is 
not more than 30 pounds. The main threats to the tether are electrical arcing in 
the tether conductors and high winds causing the balloon to dive and then “rear 
back” on the tether. The tether has never broken in all of the balloon flights that 
SPEC has made in the TBCPI project. In the unlikely event that the tether 
breaks, recovery of the TBCPI instrument is the primary concern.  Cost of the 
TBCPI instrument is 1-2 orders of magnitude greater than any other component 
of the system, so its recovery is deemed a first priority.   
 

To that end, a radio-triggered balloon deflation mechanism has been 
incorporated into the instrument package.  This design employs a ground-based 
transmitter system and a balloon-based receiver/trigger mechanism. As shown in 
the schematic diagram in Figure 28 and the photo in Figure 29, the transmitter 
system consists of a tone generator and a portable radio transmitter. In addition, 
the ground crew monitors the ground- based transmitter on a separate receiver 
to make sure that the deflation signal is sent correctly. The receiver/trigger 
mechanism consists of a portable radio receiver, a tone detector, a triggering 
circuit, and a deflation harness for the balloon. The schematic diagram in Figure 
30 shows this mechanism. The relay contacts in the upper right portion of the 
diagram, labeled A1 and A2, switch on power to a nichrome wire that burns a 
hole in the top of the balloon. 
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Figure 28.  Schematic Diagram of the Deflation Mechanism Ground-Based 
Transmitter System. 
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Figure 29. Photo of the Ground-Based Transmitter System. 
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Figure 30. Schematic Diagram of the Airborne Receiver/Trigger Mechanism 

 
A typical balloon retrieval scenario would be as follows: The ground crew is 

flying the balloon in cloud and suddenly notices that the tether goes slack and 
falls to the ground. A crew member triggers the ground-based deflation 
transmitter system. Its tone generator puts out a dual tone multiple frequency 
(DTMF) audible tone just like the ones that a touch-tone telephone generates. 
This tone has a duration of ten seconds. The tone is transmitted over a Motorola 
portable radio to the airborne receiver/trigger mechanism in the balloon’s 
instrument package. The tether broke, so power to the instrument package was 
lost, but the airborne receiver/trigger mechanism and deflation harness are 
powered by separate batteries. The airborne receiver/trigger receives a signal 
that is modulated by the tone for more than 10 seconds. This causes relay 
contacts A1 and A2 (see Figure 30) to close. The relay contacts switch on 6 
amps of current which flows through a nichrome wire that is part of the deflation 
harness attached to the balloon. The nichrome wire heats up and burns a 6-inch 
slit in the plastic material in the top of the balloon. The small size of the slit allows 
for a slow descent of the balloon as it loses helium. The relay contacts stay 
closed and the current continues to heat the nichrome wire until the batteries go 
dead. Meanwhile the ground crew uses the payload recovery receiver (see 
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section 2.4 below) to get an initial bearing on the escaped balloon.  The crew 
then climbs into a chase vehicle and tracks the balloon until it returns to earth. 

 
 
 
2.4   Payload Recovery System 
 

As explained in Section 2.3, in the event that the tether breaks the deflation 
system will burn a small (6-inch) slit in the balloon. This size of slit causes the 
balloon to slowly descend. As there was no real-life deflation test of an inflated 
balloon with instrument package and no broken-tether emergency we do not 
know exactly how long it would take for the balloon to return to the ground. Worst 
case estimates put this time at about 1 hour. If winds aloft are high, the balloon 
could travel a considerable horizontal distance before returning back to earth. 
The ground crew’s visual contact with the balloon would almost certainly be lost 
because of low-lying clouds. Under these conditions, recovery of the balloon and 
package is facilitated by a tracking beacon mounted inside the instrument 
package. The tracking beacon is a small battery operated VHF radio transmitter 
of the kind used by wildlife biologists to track wild animals.  The range of the 
beacon is 40 miles if the balloon is airborne. This range drops to around 5 miles if 
the balloon is on the ground. The beacon can transmit constantly for a period of 6 
months before its battery runs down. It is the matchbox-sized object shown on 
the left-hand side of Figure 31. 
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Figure 31. Radio beacon and tracking receiver connected to antenna. 
 
The radio beacon signal is received by a 5-element yagi antenna and is fed to 

an Icom R-10 receiver (Figure 31). The antenna has high gain in the forward 
direction and therefore can be used to get an azimuth bearing on the escaped 
balloon.  Using this radio beacon and receiver system ground crew members in a 
chase vehicle can track the balloon until it returns to earth. 

 
As a backup in case the deflation system or payload recovery system fail, two 

reward stickers were attached to the instrument package. They offered the finder 
a $500.00 reward for the safe return of the package and gave SPEC’s address, 
phone number, and e-mail address.  

 
 

 
2.5   Tether 
 

Figure 32 is a functional diagram of the airborne and ground system showing 
the primary system components.   An analysis and detailed design for the power 
system was performed.  The specifications for the tether have also been 
finalized.   
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Figure 32. Functional diagram of tethered balloon system. 
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The power tether for the TBCPI system was fabricated by Cortland Cable 
Corp.  Table 3 shows the specifications to which the tether was constructed and 
tested.   
 

Tether Component Characteristics 
Strength Member BVT/16 x 750 braided Vectran fiber 

Conductors Twisted pair #28 AWG stranded copper 
Insulation EPC (ethylene propylene copolymer) 

Dielectric breakdown voltage > 3000V 
Heat deflection temperature of 80 oC 

Jacket Woven polyester 
Provides improved abrasion resistance 

 
Design Specifications 

Breaking Strength 500 lbs. (nominal) 
Diameter 0.1 in. 

Unit Weight 4.5 lb./1000 ft. 
 

Table 3.  Tether specifications. 
 

The tether is designed to operate safely in a no-wind (no convective cooling) 
atmosphere up to 40 oC. 
 

The tether is 2 km long and the conductors are stranded, 28 AWG copper 
wire woven into the tether. The idea of using power dissipation in the tether 
conductors for de-icing the tether has been discarded as unnecessary. The loop 
resistance of the line conductors is approximately 1060 Ohms at 20 deg C. It can 
vary between 950 and 1200 Ohms depending on temperature and the resistance 
tolerance of the wire. The load current that flows through the tether is 
approximately 1.1 Amps. Therefore the power dissipation in the tether is 
approximately 0.6 W / meter. This does not cause a serious temperature rise. 
 

The tether conductors’ insulation is specified to withstand at least 3000 Volts.  
Since the nominal voltage of the primary supply is around 1000 Volts, there was 
no danger of arcing. 

 
The tether never broke during the entire TBCPI project.  
 

2.6   Power System Design 
 

Load: 
 

The power demand of the instrument package normally varies as instrument 
conditions change and as heaters are switched on and off. This can be a 
substantial fluctuation in electrical load. This load varies between 150 and 400 
Watts. The instruments are powered by regulated DC / DC converters which are 
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electrically isolated from the primary power feed. See Figure 33. The following 
regulated DC voltages are used in the package;  +12V,  +5 V, +3.3 V, -5 V, -12 
V. Instrument heaters are driven from the 12 Volt supply.  

 
Primary Supply: 
 

The primary power supply consists of three major components, the high 
voltage supply on the ground, the tether transmission line and the high voltage 
regulator in the instrument module (Figure 33). The primary power system 
operates as a DC constant current supply providing a nominal 375 Volts to the 
input side of the DC / DC converters in the instrument package. Maintaining a 
stable 375 Volts at the instrument package requires a shunt voltage regulator 
which diverts current from the load when necessary in order to keep the voltage 
constant. This results in the current in the tether being constant. The ground 
power supply provides a constant current (1.1 A) at a voltage equal to the 375 
Volts plus the voltage drop in the line (1.1 x 1060 = 1166 Volts). Thus the 
nominal ground supply voltage would be 1540 Volts.  We use the Del model 
RHVS2-2500R high voltage supply from Del Global Technologies Corp. to 
provide this voltage.   

 
Shunt Regulator: 
 

The shunt regulator in the high voltage part of the power system consists of 
three Insulated Gate Bipolar Transistors (IGBT’s) Q1, Q2, Q3, zener diode Z1, 
and associated components shown in Figure 33. It functions as follows: If the 
instrument package draws less current, it conducts more current; if the 
instrument package draws more current, it conducts less current. It thus 
maintains the current through the tether conductors at a constant level. This, in 
turn, keeps the voltage drop across the tether conductors at a constant level and 
holds the voltage at the instrument to the set value, 375 Volts. Because the shunt 
regulator must dissipate considerable power (240 Watts) when the instrument 
load is low, effective heat dissipation was a major factor in the mechanical design 
of the package. This heat dissipation helps heat the instrument in low ambient 
temperatures.  

 
 
Converters: 
 

Conversion of the primary 375 Volts to the regulated low voltage needed by 
the instrument package is done by the Vicor DC / DC converters shown in Figure 
33. The +12, +5 and –12 volts are derived from the Vicor DC / DC converters and 
the +3.3 and –5 Volts come from linear regulators that run off the +5 and –12 Volt 
converters. The Vicor converters provide regulation, protection and isolation of 
the instruments from the tether power. Static charge accumulated on the 
instruments bleeds into the tether through resistor R8. 
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                                        Shunt Regulator                                         Converters 
 
 
 Tether Conductor   (470 to 630 Ohms)    M1*   
Vsrc +          
Note 3: 
         1.1 A Const. Current             0.5 to 1.1 A Lo  K1 
    375 VDC (Nom.) 
 
 
        M2* 
  R1              R4*           R5*            R6*           R7* 
        Note 2: 
 
               27 V                      K2 
                            Q1*          Q2*           Q3*   + 
                         16 V                                           IGBT               C1           X1  
  R2        M3* 
 Note 1         
   11 V                R9            R10            R11 
 
  R3                                                          10 Volts 
                                                   Z1*      
         
               
               
Vsrc - 
 
 Tether Conductor  (470 to 630 Ohms) 
     2 km, 28 AWG 
 
 
Note  1:      Adjust for 375 Volts on output over a load  range of 0.5 to 1.1 Amps. 
 
Note 2:       Items marked with   *   are mounted on heat sink. 
 
Note 3:      Source supply range 1500 to 1700 Volts at 1.1 Amp load. 
 
         I 

Figure 33.   Instrument Package Power Supply. 
 

 
 
 
3.0   Feasibility Demonstrations and Prelimina
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period from September through December 2003.   On one occasion, the SPEC 
Learjet research aircraft (see Figure 34 and www.specinc.com), which is 
instrumented for atmospheric research, was deployed to Colorado Springs to 
make comparative measurements in the upslope cloud conditions. 

 

 
Figure 34.   SPEC Learjet instrumented with 2D-C, CPI, and Nevzorov probe 
 
Because the feasibility field programs took place at the very end of the 

research period covered by this DOE grant, a detailed analysis of the results are 
beyond the scope of this report.  It is our anticipation that results from data 
collected by the tethered balloon system in polar clouds will be presented in 
future refereed publications.  However, based on our initial analysis of results 
from the feasibility field deployments, we have determined that the tethered 
balloon system can be deployed and make long-term measurements of 
meteorological, microphysical and radiation properties of polar stratus clouds up 
to a height of about 2 km.  Of particular value to the DOE ARM program, the 
tethered balloon system is capable of collecting extended data sets in mixed-
phase polar stratus clouds and reliably separate images of water drops and ice 
particles, such as shown in Figure 6.  From these measurements, microphysical 
cloud properties can be derived, such as liquid and ice particle size distributions, 
liquid and ice water contents, extinction coefficient, effective particle radius and 
radar reflectivity.   These microphysical data, along with the balloon-borne 
measurements of temperature, pressure, humidity, wind speed, wind direction 
and actinic flux radiation measurements, can then be compared with 
observations from remote platforms.    

 
 
 
 
 

http://www.specinc.com/


54 
 

 
 

REFERENCES 
 
Lawson, R.P., B.A. Baker, C.G. Schmitt and T.L. Jensen, 2001:  An overview of 

microphysical properties of Arctic clouds observed in May and July during 
FIRE.ACE. J. Geophys. Res., 106, 14,989-15,014. 

Lawson, R. P. and R. H. Cormack, 1995: Theoretical design and preliminary 
tests of two new particle spectrometers for cloud microphysics research. 
Atmos. Res., 35, 315-348. 

Scambos, T.A., C. Hulbe, M. Fahnestock and J. Bohlander, 2000: The link 
between climate warming and break-up of ice shelves in the Antarctic 
Peninsula. J. of Glaciology, 46 (154), 516-530. 

Smith, W. J., 1990: Modern Optical Engineering. 2nd Ed., McGraw Hill. 
 


	Final Report
	
	
	Department of Energy



	2.1.1   Optical Particle Detection System
	2.1.2    Optical Imaging Laser
	2.1.3   Particle Imaging Collection Optics
	Dalsa
	CPI Sensor Head Electronics
	2.1.5   Video Processing Engine and Data Computer
	
	
	2.1.6.1   Particle Detection System Control


	2.1.6.2   Imaging Laser Control
	2.1.6.3   Control of Collection of Background Frame
	2.1.6.4   Laser Pulse-Width Control

	2.1.7   Meteorological Data Acquisition System
	Balloon Low Gain Antenna and Ground High Gain Antenna With Preamp
	2.3   Deflation System
	2.4   Payload Recovery System
	Tether Component


	Strength Member
	
	
	
	REFERENCES





