High-Altitude Ballooning Teacher Notes – Interpretation of Graphs
Primary author:  James Flaten
Interpretation of graphs of sensor data is central to post-flight analysis from high-altitude balloon flights, probably right behind studying photographs and/or video from the flight.  Since photos are likely to be more engaging (and less abstract) than sensor data, it may be best to start post-flight analysis with at least an informal discussion of photos.  Questions bound to arise are “What do the photos show?” and “When in the flight were the photos taken?”  Eventually the question “How high were the photos taken from?” should arise, and answering that question can lead neatly into a discussion of tracking data and the interpretation of altitude versus time plots.

Sensor data analysis is somewhat complicated and can be a daunting task, especially if your students are not familiar with using a spreadsheet program like Excel.  You need to decide how much to involve your students in graphing flight data (besides the graph(s) they may have generated while monitoring the flight itself).  Don’t spoil the activity by pushing students too hard to do analysis they don’t understand!  In addition to raw data files, the MN Space Grant Ballooning Team will post a set of analyzed data, complete with graphs.  Thus one possible option is to have your students concentrate on predicting what the data graphs will look like, then discuss what the graphs (generated by someone else) actually do look like and what they mean.  Another possibility is to work through some or all of the data analysis in advance, then undo bits of it and have your students just reconstruct the final steps (or perhaps just tweak graphs you made for them, like adding labels, rescaling axes, etc.)).

For the record, instructions for processing tracking data and making altitude vs time plots are in the files StratoStarTrackingDataProcessing and APRSTrackingDataProcessing.  Sensor data from HOBOs can be analyzed using the file HOBOTempSolarPanelDataAnalysis.  BalloonSat Easy flight computer data (from weather stations) is discussed in BSEWeatherDataAnalysis.  Other telemetry data sent down using zigbee radios and interface boards will show up in the StratoStar record (each zigbee radio has a unique DeviceID) so all you need to do is sort the data by DeviceID then figure out (preferably before the flight) exactly which channels correspond to which sensors and how to apply the calibration constants to interpret the data (see pointers in StratoStarTrackingDataProcessing and in BSEWeatherDataAnalysis).

Missions to near-space result in tracking data and science sensor data which is best displayed, and easiest to interpret, in graphical form.  Regardless of exactly who generates the actual graphs (you, your students, the MnSGC Ballooning Team, or some combination thereof), here are some pointers about what can be learned from common graphs.
Note – the graphs included here are not all from the same flight.  Those labeled as GL30 (“GopherLaunch 30”) are from the teacher workshop flight on July 28, 2010.
Predictions and Tracking data (maps)
Flight prediction maps:  Here is a flight prediction map (from an on-line balloon-flight predictions software found at nearspaceventures.com/w3Baltrak) for GL30, with “L” for Launch, “B” for Burst, and “T” for Touchdown labeled.  The flags on the ascent (blue trace) at “10” for 10,000 ft, “30” (almost hidden), “60”, etc.  The descent is shown with a red trace.  The prediction parameters used (like launch site latitude, longitude, altitude plus average ascent rate and burst altitude) are listed on the right side.  A 5-mile (radius) and 10-mile (radius) circle are drawn around the touchdown point.  Usually predictions are good to with-in the 10-mile circle if you achieve the right average ascent rate, almost regardless of burst altitude.  (Aside: On this flight the balloon over-flew the predicted touchdown point by about 5 miles, landing at the edge of the town of Rice Lake, Wisconsin, just west of the southern end of the lake itself.)
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Tracking 2-D maps:  Typically tracking maps come from the internet (aprs – ham radio tracking) because the 900-Mhz “StratoStar” tracking program doesn’t allow saving of maps (though sometimes we do save screenshots).  Here is a screenshot from aprs.fi for the ascent during GL30 superimposing latitude and longitude pairs on a map.  Each dot represents one transmission (equally spaced in time), so the spacing between dots is related to horizontal speed.  As is the case here, typically the balloon doesn’t drift sideways very fast near the peak of its flight because there is so little wind that high.  Reversals of direction near launch and landing (not visible here) indicate surface winds are in a different direction from the upper-level winds.  Reversal of direction near the peak of the flight (visible here) is quite common, and usually shows up in the predictions as well.  This graph is incomplete because the aprs tracking unit lost its antenna during post-burst chaos, so there were no transmissions received during the descent.
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Tracking 2-D maps:  Here is a complete flight map from aprs tracking data collected during GL34A.  The following map shows a close-up of the peak of the flight.  If you click on a tracking point (on the aprs.fi web site) you can open up a box showing the altitude at that location.  The last map shows a close-up of the landing zone (in trees!), using the aerial photography feature of aprs.fi.
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Tracking 2-D maps:  Here is an example of (not-very-good) tracking of part of the GL33 flight from the StratoStar system.  Although useful during the flight, this software does not allow the saving of maps so unless we make screenshots (like the one below) or draw our own maps from the data (see following map), we don’t usually have maps associated with StratoStar tracking data.
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Tracking 2-D maps:  Here is a 2-D map of the GL30 flight, superimposed on aerial photos of the terrain.  This map was generated with data from the StratoStar tracking record using “GPS-visualizer” and viewed in Google Earth.  A 3-D view of part of this same map is shown on the following page.
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Tracking 3-D maps:  Here is a screenshot showing a GoogleEarth 3-D map of the end of the GL30 flight, showing the balloon landing near Rice Lake, Wisconsin.  This was generated using “GPSvisualizer” by entering altitude, latitude, and longitude data from the tracking record.  One can use the features of Google Earth to “fly around” this map in 3-D, zooming in on it and looking at it from various angles.  Very cool!  Requires Google Earth – a free download.
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Altitude vs Time:  Perhaps the most central of all data graphs is Altitude vs Time, from either aprs tracking data or StratoStar tracking data.  The graph below, from GL30, is actual StratoStar flight data but with real clock times replaced by t-values, where t is “time elapsed since release (in minutes)”.  Typically such a graph would have at least some negative t-values which are pre-release and t = 0 corresponds to the moment of release.  In this case the tracking system computer was also being used to stream video of the release, so the tracking record doesn’t begin till the balloon is already in the air.  The times and altitudes corresponding to release, burst, and landing are easy to spot on such a graph, associated with points where the altitude starts (or stops) changing.  Notice that the ascent is nearly linear in time (typically at about 1000/ft – on this particular flight we intentionally flew “hot” so we reached 90,000 ft in about 80 minutes) whereas the descent starts out much faster (i.e. the slope of the graph is much steeper) but the descent slows somewhat (slope is not quite as steep) as the payload gets lower in the atmosphere so that the parachute can “catch more air”.  During post-burst chaos (the first several minutes after burst) the payload is bounced around a lot and the tracking radios may have difficulty maintaining a GPS lock, though this graph has surprisingly few gaps in it.  Other gaps in the data, either during ascent or descent, may be due to the tracking vehicles (or ground ham radio repeaters) not being in a good location to receive the transmissions from the balloon (which tend to go out toward the horizon, not down, due to the geometry of the antenna used).  For example we lost tracking on this balloon for a few minutes just after it landed, but once we reached the landing zone tracking was restored (but the balloon was no longer changing altitude by then, of course).
[image: image9.png]Altitude (ft)

100000
90000
80000
70000
60000
50000
40000
30000
20000
10000
0

GL30: Altitude vs Time (StratoStar tracking)

40

60

80 100 120 140 160 180

Time (min)

# Seriesl





Altitude vs Time:  Altitude vs Time graphs, like the one shown above, often show 2 distinct ascent stages at two different rates, followed by a highly non-linear descent.  The ascent stages can be fitted with straight lines whereas the descent can be nicely fitted with a 4th order polynomial fit, after which altitude can be calculated for any time, such as the exact times when data was actually being collected by sensors, not just the times when the altitude was sent out by radio (usually 2 to 5 times per minute).  Here is an Altitude vs Time graph based on fits for GL33 (not the flight shown above).  Notice the two linear fits used during the ascent, one from about t = 0 to 20 min and the other from about t = 20 min to burst (at t = 112 min).  The descent polynomial fitting allows one to calculate altitude values even during post-burst chaos where real data is often missing.
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Pressure Data (StratoStar command pod, Weather Station)

If pressure data is available, either from a weather station or a StratoStar command pod, we recommend looking at it first because it is easy to understand.  Prior to Launch the pressure will be steady (near 1 atm = 760 torr = 1013 mBar = 14.7 psi – different sensors might use different units).  The moment of launch is when the pressure starts to go down.  The moment of burst is when the pressure, now very low, starts to go back up again.  The moment of landing is when the pressure levels out once again.  The time axis will either be Clock Time or else t (min), which is “time-since-release” so t = 0 corresponds to the moment of release.  Here are two pressure versus time graphs, both from GL34D.
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To learn about the atmosphere itself, it is more useful to plot Altitude vs Pressure, which requires associating an altitude with every time at which pressure was recorded.  Notice in the plot below that the pressure nears zero (the “vacuum” of outer space) even though we are still in near-space.  If the pressure ever appears to go negative that suggests a calibration problem – the manufacturer of the pressure sensor suggests how to interpret its output voltage as a pressure, but the calibration doesn’t always hold when the sensor is exposed to very low temperatures as will occur on a balloon flight.  It would be an interesting project to try to check the temperature sensitivity of the pressure sensors, to come up with a temperature-adjusted calibration.
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Temperature Data (Internal and External) (StratoStar command pod, HOBO, Weather Station)

Temperature sensors are even more common that pressure sensors, so Temperature vs Time graphs will result from nearly every payload.  The graph below, from GL33, shows HOBO data, both external temperature and internal temperature (sensor is in the HOBO itself, which was inside a heated payload).  Early on the payload was in a heated car, so the sensors basically agreed.  When the payload was set out on the cold ground, both temperatures went down.  When the heater was turned on the internal temperature started to rise.  When the balloon was released the external temperature plunged, though the internal temperature basically stayed steady due to the heater and the thermal insulation of the payload box.  When the payload passes out of the troposphere into the stratosphere (the ozone layer) the external temperature starts to go back up again.  Burst can be identified by the point where the external temperature suddenly starts down again – also visible on the internal temperature but only after some delay.  Due to the payload being pre-cooled and moving quickly through the air, the temperature on the way down appears to go even lower than on the way up – probably an artifact of the way in which the experiment was conducted.  The internal temperature is affected by the cold outside, but with some delay – in fact, close to the end of the flight, it is colder in the box than outside.  When the external temperature levels out again that indicates that the box has stopped falling – it is back on the ground.  If the heater batteries are still operational, the inside of the box can get quite hot after landing.
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Here is external temperature vs time from that same flight, captured by a BSE flight computer and weather station.  One significant difference from the data above is the suggestion here that the external temperature got well above freezing at the peak of the flight (just after t = 100 min).  This discrepancy is troubling – it may be due to the fact that this payload box was black and the thermometer that generated the record below was closer to the black surface than the HOBO temperature sensor.
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Here is external temperature vs time from a temperature sensor mounted in the (black) wall of a StratoStar command pod for flight GL34D (not the same flight as the previous two graphs).  One interesting feature here is the brief temperature inversion just after launch and just before landing.  This is due to passing through cloud decks in which the temperature is higher than one would expect, considering their altitude.
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Here is the same data from the graph above, but plotted versus altitude instead.  The temperature inversions at somewhat less than 10,000 ft are visible both on the ascent (right-most data) and on the descent (left-most data).  This graph suggests much lower temperatures on the descent (not true!) – again, this is an artifact of the way in which the experiment was conducted but could lead to an interesting discussion about reliability of data and bias in data.
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Relative Humidity Data (StratoStar command pod, HOBO, Weather Station)
In general relative humidity sensors, though built into both HOBOs and Verhage weather stations, are probably the least reliable of the sensors we fly.  Relative humidity, as a percent, should lie between 0% (very dry) and 100% (very moist).  The data in the graph below, from a Verhage weather station, shows a lot of drop-outs (values at about -25) which are clearly spurious.  If the data above that is correct (perhaps not a good assumption), this suggests that the humidity was high on the ground (when the sensor was turned on) but rather low in the upper atmosphere (from 40 to 140 minutes).  Notice that unlike other sensors, burst does not leave any particular signature here.  The peak around t = 150 minutes corresponds to passing through clouds on the descent.  Once the payload lands the relative humidity should stop changing.
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If the drop-outs are ignored, here is what that data suggests about the atmosphere – humid near the surface, drier and drier as you go up.  Not visible in this particular graph is a spike in relative humidity at a low altitude, corresponding to cloud layer(s).  Notice that this data is from a different sensor than the previous graph, though it was on the same flight.
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Solar Panel Data (raw voltage)
The graph below shows the voltage output from a solar panel monitored by a HOBO.  The graph below that, showing external temperature vs time for the same flight, helps identify launch, burst, landing, etc.  Notice that the solar panel output increases slightly during the flight, despite the cold temperatures, due to increased solar light intensity as you get above more and more of the atmosphere.  Also notice that the output jumps back and forth vertically, resulting in what appears to be a wide trace.  This is due to payload rotation – the solar panel was on the side of the payload so it was sometimes in the sun and sometimes in the shade.  Notice that it stops once the payload lands and it stationary on the ground.  Data from a solar panel mounted on the top of a payload box (always in the sun) would be much less noisy.
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Accelerometer Data (g-pendant HOBO)
If you have a HOBO accelerometer you can monitor vibration during a balloon flight in 3-D (two sideways directions, one vertical direction).  In the graph below, which is actually sideways acceleration vs time, one first sees vibration associated with handling the payload before launch.  The ascent itself is relatively quiet, followed by a big spike of acceleration when the balloon bursts.  The descent by parachute is quite bumpy, but then things are very quiet after the payload lands in a corn field.  Notice that that acceleration level is different from the ascent, suggesting that the payload landed sideways so the “sideways” accelerometer is now pointing up and down.  When people arrive to recover the payload they (a) tip it back upright again and (b) bounce it around as they carry it out of the cornfield.  The whole story is captured in the acceleration record, especially if the HOBO is set to run somewhat before the release and continues running for a while after the payload lands!  The other 2 acceleration directions will produce graphs from which other insights may be gleaned.
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Geiger Counter (Cosmic Radiation) Data

If you have an RM-60 Geiger counter you can monitor cosmic radiation during a flight by counting the number of times the detector “fires” during a specific time interval (like 6 seconds).  The top graph shows that radiation increases from just a few counts per 6 sec on the surface to about 80 or more counts per 6 sec – a tremendous increase.  Burst is not visible.  If you plot counts vs altitude instead of vs time (see second graph) you will actually notice that the increase in radiation doesn’t happen until about 10,000 or 15,000 feet.  Hence you should not notice it anywhere on the surface of the earth, except for on very high mountains, but if you fly in airplanes you might start to suffer from increased exposure (though the body of the airplane fuselage itself may protect you from radiation to some degree).  Not visible in this data, from a flight where the balloon burst prematurely, is a leveling off of radiation above about 80,000 feet.  This can teach us something about the protective nature of the atmosphere with respect to radiation coming from outer space.
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