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2 Abstract
Our team set out with the objective of exploring the high atmosphere
by collecting data on pressure, temperature, wind speed, and location
derived from GPS, all while recording video. Our payload was borne
up into the atmosphere by the buoyant force of a helium-filled weather
balloon. All systems were successfully tested in a tethered launch to
296 m before the space launch. During the space launch, the payload
reached an altitude of 36.47 km before the balloon burst and the
payload tumbled back to Earth, losing its parachute in the process. It
was successfully recovered, and this paper details the data collected.
3 Introduction
The central aim of this project was to collect data and video from as
high in the atmosphere as possible, using a helium weather balloon
to lift a payload of sensors. Our team chose to focus on pressure and
temperature, two essential variables for understanding the atmosphere,
This paper was written for Dr. James Dann’s Applied Science
Research class in the fall of 2012.
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as well as wind speed. Understanding how wind moves through the
atmosphere has important implications for weather prediction. A GPS
was used to help map our readings to locations in the atmosphere. These
readings were then compared to existing models for the atmosphere.
3.1 Atmospheric Layers and Composition
In order to understand how our readings compare to existing models,
it is necessary to first understand what is known about the atmosphere.
The atmosphere of the Earth is a layer of gases surrounding the body
of the planet that are held in place by gravity. These layers are defined
by differences in temperature and gas composition. The atmosphere
can be divided into five main layers, each with distinct properties.
The lowest layer is the troposphere, which extends from the surface of
the earth to 9 km at the poles and 17 km at the equator. The altitude
difference is due to temperature discrepancies. Because the troposphere
is mostly heated by energy transfer from the surface of the Earth, its
lowest part to the ground is warmest; as altitude increases within the
troposphere, temperature decreases. The second layer, the stratosphere,
extends from around 12 km to 50 km; here, the temperature remains
at a constant -60 degrees Celsius. This is where the weather balloons
reached the peak of their trajectory. Beyond the stratosphere is the
mesosphere, the coldest section of the atmosphere. It extends to 85 km
in altitude with an average temperature of -85 degrees Celsius. From
there, temperature increases with height increase in the thermosphere;
ultraviolet radiation is converted to heat in this layer, making it
extremely hot, with temperatures exceeding 2000 degrees Celsius.
The air is very thin here, and in the top part of the thermosphere the
exosphere (which extends upwards indefinitely) is mostly composed of
hydrogen and helium. [1]
Because the atmosphere is held to the Earth by the force of gravity,
pressure will vary with altitude. The force from pressure on any
given location is essentially the weight of the column of air above
it. Determining altitude from pressure is more complex than it may
initially seem. The simplest solution is to use an exponential model,
derived and explained below:
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Let “a” be the altitude in kilometers.
Let’s consider the slice of air above a meter of ground. For it to remain
stationary, the pressure has to equal its weight. Therefore:

	
  

Manipulating the ideal gas law:
	
  
	
  
	
  

To relate only pressure change and altitude we need to eliminate T
as a variable. To do this we are necessarily assuming a constant scale
height, i.e., that the pressure decreases e fold over a constant change
in altitude. The scale height on Earth is RT/molar mass*g = -7.64 on
average. [4] This value is K in the below equation:
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Using sea level to determine C:
	
  
	
  
	
  

The limitations of this model arise from the assumption we made
when we adopted the constant scale height. That assumes that molar
mass of air and temperature are constant, which is not the case. A
more accurate model would rely on fitting curves to real data taken
from the atmosphere. Several such empirical models exist for different
conditions and climates. The general NASA empirical model for the
relationship between altitude, temperature, and pressure, averaged
across a variety of locations, is shown below in metric units [3]:
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Where h is the altitude in meters and p is the pressure in kPa.
Both the exponential and empirical models are compared to our data
in the space pressure section.
3.2 Wind in the Atmosphere
Weather is determined by circulations of air in the atmosphere that
distribute thermal energy via their movements. Air moving from an
area of high pressure to an area of low pressure is called wind. It follows
a spiralling trajectory outwards from high pressure and inwards to
low pressure. Thus, air moves clockwise around high-pressure areas
(called anticyclones) and counterclockwise around low-pressure areas
(called depressions).
There are three major belts of wind (cells) that travel around the planet
called the Polar cell, the Ferrell cell, and the Hadley cell. These are
respectively furthest to closest to the intertropical convergence zone,
which is an area near the equator where northeast and southeast winds
meet. These cells are largely dependent on one another to transport
heat around the globe.
On a smaller scale, jet streams are narrow air currents, mostly found
near the tropopause, that generally flow from west to east due to the
Earth’s rotation. There are two main jet streams—the polar jet stream
at 60 degrees latitude and the subtropical jet stream at 30 degrees
latitude. They are results of large temperature differences between
various latitudes on Earth. Thus, the strongest ones occur during the
winter months, when the discrepancies between low and high latitudes
are largest.
The movement of air, whether it is via jet stream or cell, affects the
force and speed of wind, which in turn directly contributes to weather
changes. By studying the trajectory of these air currents, it is possible
to predict weather patterns. [14][15]
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4 Design

Figure 1: CAD drawing of payload with dimensions labeled in inches.
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Figure 2: Picture of payload before launch into space.

4.1 Physical Design
The design process for the payload began with choosing a box in
which to mount the equipment needed for the experiment. Styrofoam
was chosen because of its ability to insulate and minimize heat loss,
important for allowing continued performance at high and cold
altitudes. Styrofoam also provided a solid structure for attaching
sensors. The Styrofoam actually ended up saving our equipment, as it
absorbed the impact from landing without a parachute. After ordering
a box with the appropriate dimensions to hold two complete Arduinos
and accompanying sensors, a plan was developed to use a wind tail
to orient the payload towards wind. This plan included mounting an
anemometer on the face opposite the wind tail to improve accuracy
of wind readings while afloat. The anemometer needs to always face
directly into the wind so that the air is not blocked from moving
through the sensor by the rest of the payload. To accomplish this, we
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cut a plexiglass tail with the bandsaw and embedded it into the back
of the payload. The tail would be forced into alignment with the wind,
much like a weathervane. All air leaks were then secured shut with
duct tape.
The rest of the sensors, transmitters, circuits, and Arduinos were kept
inside of the payload to protect them from the cold. They were packed
as neatly and tightly as possible. The thermistor was poked out of the
payload through a hole in the bottom, so as to protect it from intense
electromagnetic radiation that could otherwise alter the readings at
high altitudes. The pressure sensor was also inside the payload, but
its nozzle was pointed out through a hole in the styrofoam, so it was
constantly exposed to the outside pressure. The batteries powering
the boards were located together, near the handwarmer, since they
were the most temperature critical. The antenna was mounted on the
outside because of its size.
One element of the design that was not effective was the placement
of the Contour HD camera on the outside of the payload box. As the
payload rose, the temperature dropped, getting to the point where the
camera could no longer operate. In the future, it would be better to
insulate the camera and have the lens poking out through a hole in the
insulation.
The parachute was attached via twine running through holes that went
all the way through the foam box. The string itself was shredded when
the parachute was lost, so perhaps stronger twine should have been
used and the holes in the box should have been backed to prevent the
twine from slicing through inches of styrofoam.
Weight is always a consideration since there is a limited amount of
buoyancy force available to lift the payload. Buoyancy force is the
amount of force that the balloon generates as a consequence of the
amount of air that it displaces as it travels upwards. In order to calculate
the buoyancy force, one must first calculate each force involved, so
that they may be summed to produce one force. The weight of the
string and the weight of the helium are measured then added. For the
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payload, only 60% of the buoyancy is used so that the balloon’s vertical
force component is comparatively much larger than the horizontal
force vector created by wind. That figure is divided by gravity to get
mass, which is then converted to pounds.
Here are accepted values needed to calculate the buoyancy force of
the balloon.
Acceleration due to gravity: 9.8 m/s2
Weight of empty balloon: 0.2 kg
Radius of inflated balloon: 0.915m
Volume of sphere:
Air density: 1.2 kg/m3
H2 density: 0.09 kg/m3

	
  

The following equation is the force of buoyancy based on the amount
of air displaced. 	
  is density, for which the accepted value of air density
was used.
	
  
	
  

	
  

This equation is a sum of all of the forces involved, with the weight of
the equipment (balloon, string) and the gas being subtracted from the
buoyancy force.
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The weight of roughly 1000 meters of string was calculated using a
measurement of a very accurate BioTech Lab electric scale, then
converted to kg.
1000 ft of string: 0.5394 g / 1.205 m = .448 g / m
1000 ft = 304.8m
.448 g / m (304.8 m) = 136.6 g = 0.14 k g
Then the downward force of the helium is calculated by multiplying
the volume, density and acceleration due to gravity
	
  

	
  

Lastly, the forces are combined, with the downward forces being
subtracted from the upward force of buoyancy.

	
  

	
  

	
  

maximum capacity

As previously stated, only 60% of the buoyancy can be used for
maximum capacity, so that the balloon generates more upward force
than the wind generates horizontal force.
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4.2 Electrical and Software Design
By definition, an Arduino is a single-board, programmable
microcontroller. These Arduinos are typically used as a way to easily
read sensors. Once the sensors are read in as inputs, the programmer
can create a program on the Arduino that uses the values however
they please.
For the tethered launches to the inner atmosphere above Menlo School
and to space, sensors were used to measure pressure, temperature,
and wind speed. Both the gas pressure and the wind speed sensor
were Vernier sensors and just plugged into their Vernier ports, but to
measure the temperature we used a thermistor circuit. A thermistor is
a resistor that has a variable resistance. A variable resistance resistor
is one that has its resistance change as the temperature changes. As a
result, the thermistor circuit determines the temperature by measuring
and tracking the change in resistance. By calibrating the sensor, the
Arduino is able to convert the change in resistance into a temperature.
Furthermore, the gas pressure sensor operates with the help of a
transducer. As pressure changes, the membrane in the transducer
flexes. As this transducer flexes, it produces an output voltage, which
varies linearly with absolute pressure. The sensor is pre-calibrated to
have these various voltage values represent different pressure values.
[6] Lastly, the windmill anemometer operates by calibrating wind
speed based upon the RPM of the windmill. As wind blows through the
anemometer, it measures and records the RPM at which the propellor
inside spins. As a result, wind speed can be measured by calibrating the
anemometer’s RPM values to correspond to various wind speeds. [7]
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Figure 3: This is the type of Arduino we used.

The outputs from both the gas pressure sensor, anemometer (wind
speed sensor), and the thermistor circuit are read into the Arduino
through analog ports (A0, A1, and A2 shown in the lower right corner
of Figure 3). On the Arduino Uno, the analog input ports have 10 bits of
resolution, so the input voltages are converted into one of 1024 unique
values. To be able to use the sensors correctly, we had to calibrate them.
This means we had to use a reference and compare the values between
0 and 1023. The calibration yielded an equation for the Arduino. For
example, the pressure calibration gave the equation:
pressureVal = ((2.504*pressureSensorVal)-249.0)
So for each unitless value emitted by the Arduino microcontroller, for
that value to become pressure in kPa we had to multiply it by 2.504
and then subtract 249 from the product. The sensors were connected
to the Arduino in the manner described in the schematic diagram in
Figure 4.
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Figure 4: Circuit schematic. Shows how the Arduino was connected to each sensor,
Micro SD card, and GPS chip.

The circuit schematic above shows how our group connected the
sensors to the Arduino Uno Microcontroller. Ideally, the wiring
diagram would show the grounds of the sensors, Micro SD card, and
GPS chip as connected to the GND pin of the Arduino; however, in the
interest of simplifying the diagram, they are shown as being connected
to ground.
At first for the tethered launch, the circuitry was connected onto a
single breadboard. The breadboard was easy to put together and did
not require any soldering. But for the space launch the breadboard
would not suffice. The breadboard would be a relatively large, heavy
item to keep in the payload compared to a protoboard. Moreover,
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the payload was going to get shaken all over the place when sent up
into space, so the leads would possibly come out of the breadboard. If
this occurred, the SD card would cease to collect data. Therefore, the
circuit was soldered onto a protoboard. This design not only ensured
that the leads would not fall out, but it was more compact and let us
have a cleaner payload space.
In summary, the code that controls the Arduino reads in values from
the sensors over and over again, converts those Arduino values to real
meaningful values, and prints the values to the SD card where they
are saved. Therefore when the payload was recovered after the long
trip to space, the data could be easily retrieved by putting the SD card
into a computer.
4.3 Radio and Tracking Design
The GPS chip that was used to track the latitude, longitude, and
altitude of the payload was a Venus638FLPx GPS Receiver. Meanwhile,
the radio transmission was accomplished with a Radiometrix NTX2434.650-10 Transmitter attached to the payload, and a HAM Radio
to receive the signals from the NTX. These transmitters and receivers
operate on a 434.65 kHz signal.
As a bit of background, the concept behind GPS chips and radio
transmission will be explained. GPS chips are not transmitters;
rather, they are passive receivers. They receive signals from Global
Positioning System satellites orbiting Earth. Each GPS chip recognizes
the location of the satellites it is receiving information from, and by
creating imaginary spheres centered at each satellite location, the GPS
can determine its location by finding the junction of the many spheres.
[8] Meanwhile, radio transmission is a means of wireless transmission
through free space by electromagnetic radiation. The frequency of
radio waves is much lower than visible light, ranging from 30 kHz to
300 GHz. These waves travel by means of oscillating electromagnetic
fields that can pass through vacuums, which is especially important
at the top of the atmosphere. Information can be sent via these radio
waves when modifications are made to the amplitude, frequency, phase,
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or pulse of the waves. And when these waves in turn hit an electrical
conductor, the oscillating fields induce an alternating current. The
data in these radio waves can then be extracted and put back into its
original form. [9]
With the help of a document guide compiled by Ari Holtzman [10],
a working radio transmission was quickly up and running between
the Radiometrix NTX and a receiving Radiometrix NRX. Within a
few more days, the Venus GPS chip was set up with the help of an
online guide and could accurately track the chip’s location, even when
moving. At this point, the largest challenge became integrating the
GPS code into the radio code. After a few days, this goal was fulfilled
and the GPS/radio system was ready for the practice tethered launch.
On the day of the tethered launch, the system worked beautifully, as
the receiver was still able to pick up accurate data coordinates from the
payload that was approximately 1,000 feet in the air.
However, after the tethered launch, Micah Rosales suggested that the
radio system be altered such that the data could be received by a HAM
radio. As it turns out, projects from years prior had had trouble receiving
radio signal from their payload after just a few minutes. Therefore,
Micah advised that with a HAM radio, the radio signals could travel a
further distance, and thus data could be received for a longer period of
time. The issue with this was that the data from the GPS had originally
been sent by the transmitter one character per “void loop,” rather than
having the code read in the entire string of “latitude, longitude, and
altitude” per loop. This became problematic as the HAM radio only
recognized and accepted entire strings of characters at a time. As this
would have been nearly impossible to alter with the original code, the
GPS tracking method was instead changed altogether. Instead of using
the online guide for the GPS, it was decided to use the “Tiny GPS”
library. In addition to reading in the entire string per loop, this library
also eased the process of changing the code. Rather than having to
manually get the fields (the fields were the measurements that the GPS
could detect, such as the latitude, longitude, and altitude), the Tiny
GPS library made it easy to just call upon the variables in one line.
With this library discovered and utilized, it was relatively quick and

82		

Christopher Sauer et al.

simple to integrate a working Tiny GPS code into the new transmitter
code that could be received by the HAM radio.
However, with this change, a new Arduino needed to be added to the
system to control just the transmitter. As the GPS chip was connected
to the Arduino that was collecting all the data for the sensors, another
Arduino was attached separately to the original data-collecting
Arduino. By using an online Arduino library called “SoftEasyTransfer,”
communications were developed between the two Arduinos. In short,
this library created an easy way to send a data structure from the
original data-collecting Arduino code to the transmitting Arduino.
This new Arduino, connected to just the original Arduino and the
NTX transmitter, then sends the data structure to the HAM radio
on the ground. This data structure included a time stamp, latitude,
longitude and altitude.
The day before the launch, the GPS chip and transmitter were tested
in the Quad of the Menlo School campus. Looking individually at the
different codes, it was determined that the SD card was recording the
sensor data, the transmitter was sending the GPS coordinates, and
the HAM radio was detecting the radio signals. After taking a closer
look, it was discovered that the HAM radio was reading accurate GPS
coordinates given the chip’s location. However, an issue encountered at
the beginning of this test was that the transmitter stopped transmitting
data after a couple of minutes (all of the data was still recording on the
SD card). In order to start the transmitter again, the reset button on the
transmitter Arduino had to be pressed. This issue appeared to be trivial
at the time, as after pushing the reset button once, the system restarted
and continued to transmit for the next 30 minutes, until the Arduino
was turned off.
On the day of the launch, the radio and GPS systems were tested prior
to launch. The system worked just as well as the day before; however,
the issue of the “restart” became more problematic. Rather than
having to reset the Arduino once and having it work continuously,
the transmitter continued to require a restart every few minutes. As
such, the Arduino was constantly reset in the hopes of achieving a
similar result to the end of the testing day. In the end, the payload
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was launched just after having reset the Arduino to maximize the time
that the transmitter sent data. The HAM radio received accurate GPS
coordinates for about 2.5 minutes before the transmitted messages
ended. However, it is not certain whether this was due to the payload
getting out of range or whether the Arduino required a restart. It is
more likely that the cause was the latter. In the future, this problem
could be addressed by putting a restart into the transmitter code itself.
This will ensure that the Arduino resets itself every few loops and
continues to transmit until it gets out of range.
Throughout this process, it was determined that an iPhone 3G would
serve as the backup tracking device. With the application, “Find My
iPhone,” it appeared as though this would serve as a reliable tracking
device. On the day of the space launch, the phone was placed inside the
payload and turned on. This phone was tracked for approximately 15
minutes before the signal went blank, as the phone went out of range
from cellular towers. After about three hours, a signal came back on
the phone, which showed that the payload had landed in Stockton (see
Figure 16). This was found to be extremely accurate, as the payload
turned out to be on the roof of the building shown in Figure 16. Thanks
to this accuracy, the payload was recovered.
4.4 Cut-Down Mechanism
The purpose of the cut-down mechanism was to sever the cord
connecting the payload to the balloon by melting it with Nichrome
wire when a certain, undesirable threshold is met. When cut-down
conditions were detected, the Arduino would output a signal to an
NPN transistor, which would allow current to flow from the nine-volt
battery through a Nichrome wire, which would then burn through the
string that attached the payload to the balloon.
Nichrome is an alloy containing nickel, chromium, and usually iron,
that has both a high resistance to heat, with a melting temperature of
1400 °C, and relatively high electrical resistance. [11] At the same time,
it is resistant to oxidation and therefore is typically used in heating
electrical elements. [12] When supplied more than 2.1 volts, the
Nichrome wire becomes extremely hot and glows red. In our tests with
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a 9-volt source, the wire was able to cut the string in less than 1 second.
The group tested the mechanism by having the Arduino switch on the
cut-down mechanism after a 10-second delay. It performed flawlessly
under this test and quickly sliced through a sample length of cord. A
video of this test is available. For real use, the signal to cut down the
payload would have to be given after pressure readings had repeatedly
exceeded a given threshold to prevent cut downs due to anomalous
readings. The cut-down mechanism was not used in the final payload.
One objective of this experiment was to reach the maximum possible
altitude at which lack of pressure would have caused the balloon to swell
and pop. Using a cut-down mechanism meant the balloon would be
cut down early and would have not have reached its maximum height.
If the cut-down mechanism triggered early, the objective of reaching
the maximum height would not have been completed. As having the
cut-down system imposed a risk to this goal, the system was ultimately
left out from the final design. Also, the cut-down system added weight
to an already heavy payload (the payload weighed 3 pounds and 5
ounces without the cut down, and would have weighed over 3 pounds
and 13 ounces with the cut-down). Therefore, in order to gather the
maximum amount of data and to lower payload weight, the cut-down
mechanism was eliminated from the space launch payload.
5 Sensor Calibration
As described in the electrical design section, the outputs from both the
Vernier sensors and the thermistor circuit are read into the Arduino
through analog ports. On the Arduino Uno, the analog ports have
10 bits of resolution, i.e., the input voltages are converted into one
of 1024 unique values. [2] Converting these values from merely bins
numbered from 0-1023 into actual pressure, temperature, and wind
speed values required calibrating against a reference. For each of the
sensors below, we recorded the voltage bin value from the Arduino
under known pressure, temperature, and wind speed conditions. We
then fit a regression line to the data to create a function that would turn
voltage bin numbers into the desired sensor value.
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5.1 Pressure
To calibrate the gas pressure sensor, we placed the sensor, Arduino, and
a second sensor to provide reference pressure values into a vacuum
chamber in which pressure can be controlled manually with a vacuum
pump. For the purposes of calibration, a test Arduino programmed by
Micah was used, not the Arduino later used in the payload. Although
this may seem to be an issue, there should be very little discrepancy from
one Arduino to another. Once sealed, the vacuum chamber was turned
on, causing the pressure inside to drop. Rather than letting the vacuum
run and thus lower pressure constantly, the decrease in pressure was
periodically stopped by closing off the tube connecting the chamber to
the vacuum motor and halting the flow of air from the chamber. Doing
such causes a plateau in the data (i.e. a period of constant pressure
and/or voltage readings). The original plan was to plateau the data at
regular intervals and only use the data taken during these plateaus to
graph the relationship between gas pressure voltage and the reference
pressure values. Because the reference pressure sensor and gas pressure
sensor take data at different rates, if the pressure was decreasing fast
enough, the two sensors could have been recording different pressures
for a given time. Thus, graphing data from only plateau regions
would ensure that the relationship is indeed accurate. However, after
multiple trials it was decided that it was not as precise to just use the
plateaued data because there was a limited number of data points. In
the end, the plateaus in the data were solely used as markers to line up
corresponding data points. Additionally, while Micah’s Arduino was
programmed to take data every tenth of a second, the sensor used for
reference pressure values takes data every five seconds. Because of this,
it was necessary to bin the Arduino data. However, averaging the data
every five seconds would yield discrepancies because of the drastic
decreases in pressure over every five second period, thus the average
of five data points was taken every fifth second. These values were then
compared to the reference pressure sensor’s data. The final graph for
the calibration of pressure can be seen in Figure 5.
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Figure 5: Calibration graph for pressure.

5.2 Temperature
The calibration for temperature was similar to that of pressure. After
taking the data at room temperature, the thermistor circuit, Arduino,
and reference temperature sensor were placed in a freezer and allowed
to cool. Unfortunately, after multiple test runs, it was determined
that the temperature control settings on the freezer were not reliable
enough to accurately manually control the temperature. Because of
this, unlike the pressure calibrations, there was no way to plateau the
data. However, unlike the pressure calibration trials, the Arduino and
temperature sensor were turned on at approximately the exact same
time. Also, when looking at the data, sudden decreases and increases in
values were apparent at similar times in both the Arduino values and
the temperature readings, thus the data could be “mapped together”
that way. The data was binned similar to the pressure readings. The
final calibration graph for temperature can be seen in Figure 6. One
major fault in the temperature readings was that it was assumed that
the temperature during the space and tethered launches would never
exceed room temperature. Because of this, no tests were done at higher
than room temperature. Additionally, the freezer could only go down to
approximately -4 degrees Celsius, forcing us to extrapolate to calculate
the extremely cold temperatures experienced in the space launch.
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Figure 6: Calibration for temperature. Note: the plateau region was ignored due to
possible discrepancies in cooling rates.

5.3 Wind Speed
The calibration of wind speed was most likely the least precise of
the three. With no theoretical or reference temperature sensor, the
same sensor was plugged into a logger pro to provide the reference
value and into the Arduino to provide the Arduino values during a
single trial. Because of this, it was not possible to place two sensors
into some sort of wind chamber and constantly slowly increase and/
or decrease the wind speed. Instead, single value data points were
taken individually and then plotted together. This was done by using
different settings on a leaf blower and two fans. Once the wind speed
sensor provided a constant speed as seen through the logger pro, the
value was recorded, and the sensor was immediately switched into the
Arduino. The Arduino values were then analyzed and averaged and
plotted against the recorded values. Not only was this not the most
accurate procedure, but values over 18 m/s were not tested, thus the
calibration may not hold accurate for increased wind speeds. However,
as depicted in Figure 7 the close correlation of the linear best fit does
suggest that the calibration is reliable.
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Figure 7: Calibration graph for wind speed.

5.4 Error Analysis
Although there is a slight amount of error due to imprecision in each
sensor, these errors are small in comparison to the error caused by
mapping varying values onto the 10 bit Arduino. Because the sensor
errors are minor, this paper’s error analysis only focuses on the error
from the Arduino. For example, during the calibration of pressure, the
pressure varied from around 100 kPa to 0 kPa. The resolution of the
Arduino is the range of the pressure divided by the number of values
the Arduino could assign to it (i.e. 1024 because the Arduino is ten
bit). In the case of pressure, the resolution is therefore approximately
0.1 kPa, meaning the pressure recalculated from the raw Arduino
values is only accurate to 0.1 kPa. Because of this, it is important to
calculate error bars.
As mentioned earlier, when calibrating pressure, temperature, and
wind speed, the reference or theoretical values were graphed versus
the Arduino values, and a relationship between the data were then
established with a least-squares regression line. Thus, the equation on
the graph is the best relationship between these two values. Because the
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slope itself is not a perfect fit, an uncertainty is displayed (i.e. the slope
plus or minus a certain value). The percent error in the relationship
between Arduino and theoretical values is thus determined by dividing
the standard error in the slope by the slope. To calculate error bars, the
percent error is divided by the square root of the number of readings
in the bin, since each reading varies independently, multiplied by 1.96
to get a 95% confidence interval, and then multiplied by each value
(i.e. all the pressure values in the pressure versus altitude graph) using
a calculate column in graphical analysis.
An example calculation for percent error is as follows:
For Pressure:
Slope of calibration graph: 2.504 +/- 0.008236
Error divided by slope: 0.003289
Therefore the percent error is: 0.3289%
This would be divided by the square root of the bin size and multiplied
by 1.96 to get the size of the error bars.
Note: Although pressure was calibrated in hPa, the same error can be
derived from a calibration in kPa, since any scaling effect would be
divided out when the error is divided by slope.
Overall, there appears to be relatively little statistical error. The error
values are small, and the calibration graphs all display extremely high
correlation rates, suggesting that the possible variation and error are
rightfully extremely small.
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5.5 Error Table
All of the errors calculated above are summarized in Table 1.
% Error
Pressure

0.3289

Temperature

0.4767

Wind Speed

2.139

Table 1: Summary of error for each of the three sensors.

6 Tethered Launch Results
Before launching an experiment directly into space, it is necessary to
do some test runs (i.e. a tethered launch). The procedure and detail
of the tethered launch is as follows. On Tuesday, November 27th, our
balloon was released to a height of 296 m as measured with a laser
rangefinder, tethered above the Menlo School Quad.
After the supplies were brought outside, including the reel-in system,
payload, radio, and computer, a few last tests were done. We checked
to see if the Arduino was writing data to the SD card, that the video
was working, and that the radio was broadcasting. Then, the payload
was hooked to the balloon and the balloon to the reel-in mechanism,
everything was checked once again, and the balloon was let loose. Our
group opted for the bigger balloon, thus relieving us of some of the
wind trouble that we could have faced. The tethered launch went as
smoothly as could have been hoped. The balloon was let out slowly,
stopping briefly here and there to check radio connection and height.
After reaching approximately 300 meters above the ground the balloon
was pulled back in.
Data was binned into five reading bins to help smooth out jumping due
to issues with the aforementioned low resolution of the Arduino’s analog
ports. A brief summary of the results of the tethered launch is below.
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6.1 Pressure and Altitude
For the following graphs, the altitude was calculated using the empirical
model for atmospheric pressure and our own experimental pressure
data. The reasoning behind this is explained in the space launch
section. The calculated change in height of the payload was 331 m,
which is reasonably close to the rangefinder value given fluctuations in
pressure conditions.

Figure 8: Graph of the tethered launch pressure vs. altitude. Pressures were recorded up
to around 300 meters. The altitude values in the graphs are absolute. The relationship
is very nearly linear due to the small variation in pressure in altitude and pressure.
Here, the altitude is calculated from pressure.

As depicted later (see space launch section) with the empirical and
exponential atmospheric pressure models, the change in pressure over
height is somewhat constant for low altitudes. Seeing as the payload
only reached a height of 296 m during the tethered launch, it makes
sense that the relationship between pressure and altitude as depicted
above is constant.
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6.2 Temperature

Figure 9: Temperature for tethered launch. Note: Temperatures are in Fahrenheit for
the tethered launch. The lower curve depicts the temperatures on the way down. The
decrease in temperature was likely due to temperature changes over the course of the
day as it cooled.

The temperature data from the tethered launch also acted as predicted—
steadily decreasing as altitude increased. The temperature values are
reasonable for the grey, foggy day. The lower part of the curve is for
the descent of the balloon. These temperature values are lower likely
because as time passed the day became stormier.

THE MENLO ROUNDTABLE

93

6.3 Wind Speed

Figure 10: Wind speed during the tethered launch.

The graph of wind speed is somewhat chaotic. There are clearly strong
gusts, increasing in intensity with altitude. There is, however, somewhat
of a relationship. As the altitude got larger, the speed of the wind also
got a little greater on average. The chaotic appearance of the graph was
likely the result of the gusty, variable weather that day.
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6.4 Images of the Tethered Launch

Figure 11: This photo captures the first few feet traveled by the balloon as it makes its
way into the sky.

Figure 12: This photo marks the ascent of the balloon out of Menlo School
in Atherton, California.
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Figure 13: This photo marks the maximum height (1,000 feet) traveled by the balloon
during the tethered launch.

Figure 14: This picture captures the descent of the tethered balloon into the Menlo
School quad.
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Figure 15: This picture captures the excitement of Linh Nguyen, a member of
Team Sauer.

7 Space Launch Results
The space launch procedure was extremely similar to that of the
tethered launch. The night and morning before, the group did some
last-minute tests on radio broadcasting and data recording. The one
main problem that we faced was that although the radio seemed to
be broadcasting, no signal was received. Therefore, as half of the team
blew up the balloon (again, because there was a heavier payload, a
bigger balloon was used), the other half worked on radio. In the end,
although the radio and GPS were working, data would stop being
received after approximately five minutes or so. Eventually, the team
decided to launch and hope the radio connection remained constant.
With everything appearing to be in working order, the payload was
taped shut with reflective tape and attached to the parachute and
balloon, the pre-launch checklist was read through once more, and the
balloon was launched.
Unfortunately, after about three minutes post-launch, the radio signal
cut out again. Fortunately, the backup recovery system (the iPhone
3G) worked perfectly. Two hours post-launch we received a fix on the
iPhone. The payload was finally tracked to and recovered on a Cost
Plus warehouse roof in Stockton, California. Although we were not
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able to recover the payload ourselves, the security guard who did
found only the payload; there was no parachute to be found. Judging
by the tremendous dent in the payload, which can be seen in Figure
17, the payload fell from a significant height without the parachute,
perhaps all the way from its maximum altitude. Many of the innards
of the payload had split open from impact, but the iPhone, thankfully,
remained intact.

Figure 16: The interface from the “Find my iPhone” app displaying a satellite image of
the landing location.
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Figure 17: The payload displaying a sizable dent in the corner from impact. The side
wall of the styrofoam box was crunched down from 1.25” to .25” thick.

Since we collected data every half second for the duration of the
flight, we decided to bin the data into 20 reading bins, similar to what
was done for the tethered launch. The results of the space launch are
detailed as follows.
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7.1 Flight Path

Figure 18: The upper line represents the true path that the balloon took, while
the lower line represents the predicted path based upon the weather patterns. The
prediction was relatively accurate, as the balloon followed a similar curve to the
predicted path. However, it appears as though the balloon did not travel nearly as
far along the first straightaway as predicted, which led to a landing spot much closer
to the launch spot than expected.

100		

Christopher Sauer et al.

7.2 Pressure and Altitude

Figure 19: Space launch pressure versus GPS altitude, compared with the empirical
and exponential models. Note, while the empirical model fits almost perfectly, the
exponential model varies a little as altitude increases. Best fit lines for these two
models are depicted below to enable an unobstructed view of the data.

Figure 19 depicts the pressure versus GPS altitude compared with the
exponential and NASA empirical models for atmospheric pressure.
Unlike temperature and wind speed, the data for this graph was
found by extracting all the unique GPS values and finding their
corresponding pressures, using a Python program. This is because
the GPS chip updates its fix at a much slower rate than the Arduino
and sensors. As suspected, the experimental pressure does indeed
decrease exponentially with altitude. While the exponential model fits
the pressure GPS curve, as depicted in Figure 19, the NASA empirical
model fits the experimental data almost perfectly. Because of this strong
fit, it was decided to use the empirical model for atmospheric pressure
to calculate altitude from our experimental pressure. By calculating
altitude rather than using the altitude provided by GPS, more raw data
could be used (i.e. because the wind speed and temperature sensors
take data at the same rate as the pressure sensor).
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We can solve for the NASA empirical equations through to get altitude
as a function of pressure instead of pressure as a function of pressure:
When

	
  

(Upper Stratosphere):

	
  
	
  

When
	
  

When

	
  

(Lower Stratosphere):

	
  

	
   (Troposphere):
	
  
	
  

To figure out which equation should be used for each pressure, we can
just solve through for both altitude boundaries of the middle equation
When h = 11000 m, p = 22.7181 kPa and when h = 25000 m,
p = 2.52227 kPa.
Therefore, the first equation should be used when p < 2.52227 kPa, the
last equation should be used when pressure > 22.7187 kPa, and the
middle equation should be used in all other cases. A Python program
was used to recalculate all the pressure values from altitude.
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7.3 Temperature

Figure 20: Space launch temperature versus altitude compared with the empirical
model for temperature.

Unfortunately, unlike the tethered launch, the space launch
temperature data seems skewed. The measured ground temperature at
time of launch was approximately 12.9 degrees Celsius, judging from
Nico’s ground data. However, as depicted in Figure 20, the calculated
ground temperature from the experimental data was around 45
degrees Celsius, which is far higher. In fact, as depicted by the graph,
while the temperature data seems to follow the same general curve
of the empirical model, it seems to be shifted up, suggesting that
something was making the thermistor consistently warmer. At first
glance it was assumed that something was wrong with the temperature
calibration, but after reviewing the tethered launch data and running
a few extra tests post space launch, it was decided that this was not
the case. The other alternative was that the thermistor was heated due
to the hand warmer inside the payload. However, the thermistor was
placed outside of the well insulated payload, so it seems unlikely unless
heat was conducted through wires running against the handwarmers.
Another possible explanation is that something, possibly loose or
mismatched wires in the circuitry, increased the resistance in the
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circuit and thermistor, thus causing a greater voltage drop and a
greater voltage reading by the Arduino. Even so, when compared to the
empirical model, the data does not seem all that accurate. However, it
does follow a similar curve. In fact, in the low stratosphere (from 11 to
25 km), temperature is constant or varies only slightly. In the middle
and lower stratosphere temperature actually begins increasing due to
increased absorbance of ultraviolet light. These are both trends that the
experimental data seems to follow.
7.4 Wind Speed

Figure 21: Space Launch wind speed versus altitude.

It is worth mentioning that this graph records absolute wind speed;
the data recorded was added to GPS speed to determine the speed of
the wind relative to the ground. Otherwise, the speed would merely
be the speed of the wind relative to the balloon, since the balloon will
gradually accelerate to the speed of the wind. It was assumed that
wind speed and GPS speed will always be in the same direction, but in
general, that should be a good assumption. Though there is variation
due to gusts, the peaks and troughs in wind speed can be seen clearly
over time.
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There is a peak in wind around 11 km, which is the boundary between
the troposphere (where the temperature decreases with altitude) and
the stratosphere (where the temperature increases with altitude—as
seen through the graph). This indicates an occurrence of a jet stream.
After that peak, the wind speed decreases, because as altitude increases
molecules move further apart, and their decreased interaction causes
less convection and consequently less wind. It is unclear as to why there
is a peak at the end of the graph; perhaps when the balloon popped due
to its expansion in the low pressure of the stratosphere, the payload
became unstable and its downward fall resulted in a high amount of
measured wind speed.
7.5 Images
The following images were recorded by the Contour camera on the
side of the payload.

Figure 22: Picture of the beginning of the launch showing the farms of
Modesto, California.
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Figure 23: Picture that shows clouds over Central California.

Figure 24: Picture outlining the Sacramento Delta.
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8 Conclusion
Overall, our experiment was a resounding success. Our tracking
devices succeeded in allowing the recovery of the payload, and with
it the video and our data. The video footage was nothing short of
spectacular, and with the exception of temperature, every sensor
recorded accurate and precise data in both the tethered and space
launches. Although the temperature readings were too warm for the
space launch, their relative trends over altitude were in line with what
has been observed in the past and still provided the opportunity to
observe how temperature varied in different layers of the atmosphere.
As a learning experience, the experiment was also highly successful.
Working in a scientific team is a challenging and unique experience, in
which one truly has to rely on one’s teammates, since each individual’s
contribution is useless if someone else’s responsibility fails. At the
same time, breaking up tasks into both manageable and self-contained
chunks for each group member to focus on can often prove a challenge.
There will always be luck involved in terms of which components are
stressed and fail (our parachute, for example), but through repeated
testing and careful pre-launch planning, our team was able to minimize
the risk of failure.
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