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A thermal wake occurs when a high altitude balloon (HAB) influences and changes the 
surrounding ambient atmospheric temperature of the air through which it passes. This effect warms 
the air below the balloon to greater than the ambient temperatures during daytime flights, and 
cooler than ambient temperatures during nighttime flights. The total solar eclipse of August 21st, 
2017, provided us with an opportunity to study these balloon-induced temperature effects under the 
unique conditions of neither full daytime nor full nighttime. To measure these temperature effects, 
St. Catherine University and the University of Minnesota, Morris, flew over 40 temperature sensors 
suspended beneath weather balloons ascending within the path of totality. Stratospheric 
temperature data collected during the eclipse show a  thermal wake profile that is neither daytime 
nor nighttime; an eclipse thermal wake. 
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Nomenclature 

HAB  =  High Altitude Balloon 
P   =  Air Pressure 
D  = Day flight 
N  = Night flight 
E  = Eclipse flight 
Wake boom = device with attached temperature sensors, suspended beneath a weather balloon 
d  = heat exchange layer thickness 
Re  = Reynolds Number 
 

I. Introduction 

he total solar eclipse of August 21st, 2017, (Fig. 1) provided researchers with an opportunity to investigate  
atmospheric based changes within the Moon’s shadow. Throughout a solar eclipse this shadow provides a 

moving region where heating from the Sun’s radiation is reduced, creating a predictable perturbation for studying 
the atmosphere’s response to changes in solar heating. Eckerman [1] theoretically modeled an eclipse and 
Ramkumar [2] experimentally measured temperature changes using radiosondes during a solar eclipse. Their results 
suggest that the stratosphere cools due to radiation heating losses during solar obscuration. As Harrison and Marlton 
[3, 4] suggest, “the solar radiation reduction shall be a proportion of the sun obscured for a particular location and 
time of year.”  
 

 
Fig. 1. Eclipse totality path in blue.   

https://eclipse.gsfc.nasa.gov/SEmono/TSE2017/TSE2017fig/TSE2017-1.gif 
 

  
 Building upon previous work [5-9] measuring how the proximity of an ascending HAB affects atmospheric 
temperature measurements beneath the balloon, we studied thermal effects and transitions in the stratosphere during 
the solar eclipse. Based on references [1-4], we hypothesized that radiation cooling in the path of the eclipse would 
affect temperature measurements, especially those made in the stratosphere.  We further predicted that daytime  
thermal wake profiles measured under HABs would become like nighttime thermal wake profiles as a result of 
eclipse-induced solar radiation reduction.  

T  
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II.    Overview of the thermal wake 

 Both “balloon” [10] and “thermal” [11-13] wakes exist beneath an ascending HAB. The width and mixing of the 
balloon wake depends on the ascent Re as well as on the balloon’s shape and surface roughness. The width and 
mixing of the thermal wake depends on the ascent rate of the balloon, the type of lift gas used in the balloon, and the 
required amount of heat [12]. During a daytime flight the air directly beneath the balloon will be warmer than the 
ambient air due to solar radiation hitting the balloon [12, 14]. During night flights the adiabatic expansion and 
cooling of the lift gas inside the balloon dominates, lowering the balloon skin temperature and producing a thermal 
wake that is uniformly cooler than the ambient air. Fig. 2 [12], modified here, suggests an asymmetry in the thermal 
wake during daylight flights when the sun-side of the balloon receives more thermal energy than the anti-sun (shade) 
side, resulting in a thermal wake that is warmer on the sun-side and cooler on the anti-sun side, but still warmer than 
the ambient air temperature. For radiosondes Barat [10] states and Jumper [15] agrees that payload distance below 
the balloon (L) divided by the balloon diameter (D) must be greater than 20 to minimize thermal wake 
contamination of temperature measurements. To be “in the thermal wake” we make temperature measurements 6 m 
below the balloon where L/D is never greater than 2.00 (see Table 1.) 

 

 
Fig. 2: Asymmetrical and symmetrical temperature wake profiles beneath ascending balloons during day and night 
ascents. Adiabatic cooling of the lifting gas is always present but solar warming during the day dominates. Figure 

modified from Tiefenau [12]. 
 

 
Altitude 

(km) 
Air 

Pressure (hPa) 
Balloon 

Volume (m3) 
Balloon 

Diameter (m) 
  

Balloon 
Cross section 

(m2) 

Reynold’s 
Number Re 

Payload 
Location 
Ratio L/D 

0 1013.25 14.13 2.98 7.06 1.22E+06 2.00 
5 540.19 23.52 3.54 9.92 9.54E+05 1.68 

10 264.36 41.95 4.30 14.59 7.27E+05 1.39 
15 120.44 89.40 5.54 24.16 4.50E+05 1.08 
20 54.74 196.66 7.20 40.87 2.66E+05 0.832 
25 25.11 438.54 9.42 69.76 1.53E+05 0.637 
30 11.71 960.22 12.22 117.62 8.89E+04 0.490 
35 5.58 2102.69 15.88 198.34 5.07E+04 0.378 

Table 1: Balloon dimensions, Re and L/D ratio based on standard atmospheric conditions [16], 1.5 hPa overpressure 
and a 6 m/s ascent rate. 

 
Fig. 3 shows calculated cross sectional areas of both the balloon and the thermal wakes during a HAB ascent 

using standard atmospheric conditions [16] and the methods of Tiefenau [12] (see Table 2.)  Balloon size measured 
using an upward-pointing video camera is shown for comparison. Starting balloon volume was calculated based on 
1.5 T-size helium tanks; the amount of lifting gas required for our stack weight. These results for the area of the 
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thermal wake are based on a spherical balloon shape and assume the balloon is in transition between laminar and 
turbulent flow meaning it is not possible to predict the exact area of the thermal wake but results agree with 
Jumper’s claim [15], “that the mass of the thermal wake is only a small fraction of the mass of the velocity 
disturbance (balloon wake) discussed by Barat” [10]. 

 

 
 

Fig. 3: Balloon wake and the thermal wake cross sectional areas plotted against altitude for an ascending HAB.  
Calculations are based on standard atmospheric conditions [16] using a 1600 g balloon with Helium as the lifting 

gas. Actual balloon size was estimated using video footage from an upward-pointing camera flown during an eclipse 
flight. 

 
 We make our temperature measurements using a device called a wake boom (pictured in Fig.4): a carbon fiber 
rod with temperature sensors spaced along the 3.5 m boom length giving a maximum end to end sensor spacing of 
3.2 m. Our sensors are mounted above the carbon fiber rod, pointing upward to avoid thermal contamination by the 
rod itself as discussed by Eaton [17] and Kyrazis [18]. 

 
 

 
 

Fig. 4. The wake boom: Left side picture is a boom in flight and right is structure in preparation for flight. There 
is a 30 cm gap between the boom and the top of logging payload [22]. 
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 If the balloon is to stay in thermal equilibrium with the surrounding environment, adiabatic expansion during 
ascent requires 11.9 kWs of energy transfer for each 1 K change in balloon temperature, based on helium-filled 
balloons with an initial volume of 14.13 m3. The air through which the balloon ascends supplies this heat. Assuming 
an ascent rate of 6 m/s and using temperatures measured during a night flight with our wake boom, the results shown 
in Table 2 give estimates of the cross sectional size of the thermal wake.  As described by Tiefenau [12], night flight 
data are cleaner since radiation effects from the sun heating the skin of the balloon is not a factor. Based on these 
thermal wake areas, the 3.2 m maximum spacing of sensors on the wake boom appears large enough to sample the 
entirety of the thermal wake except at the highest altitudes. 
 
  

A B C D E F G H I 
(km) (hPa) (kW) (K) (m3/s) (m2) (m2) (m3/s) (K) 
10 264.36 0.95 0.10 22.89 3.81 0.64 1.22 0.61 
20 54.75 1.43 1.20 13.41 2.23 2.34 0.96 1.16 
25 25.11 1.77 1.50 29.60 4.93 4.52 0.83 1.67 
30 11.72 2.15 2.30 51.55 8.59 8.59 0.72 2.34 

        	
A Altitude	
B Pressure	
C Energy Flow Needed for Adiabatic Balloon Expansion per K temperature change	
D Measured Wake Temperature Drop - Flight 4N 	
E Required Thermal Wake Volume Flow rate to transfer heat using C and D 	
F Thermal Wake Cross Section from E based on 6 m/s ascent rate 	
G Thermal Wake Cross Section calculated using d ≈ 1/(√P) heat exchange layer 	
H Thermal Wake Volume Flow from d ≈ 1/(√P) to transfer heat using C and D 	
I Calculated Temperature Drop from C and H 	

Table 2:  Values used to estimate the size of the thermal wake for a night flight using the methods of Tiefenau 

[12]. Calculations are normalized to 30 km. Calculated thermal wake temperature drops, Column I, compare well 
with measured results shown in Column D. 

 

III.    Methods 

 The eclipse day launch location in Aurora, Nebraska, experienced 2 minutes and 35 seconds of totality beginning 
at 13:01 CDT. To characterize the atmosphere prior to eclipse day, we flew four balloons with wake booms - two 
balloons on Aug. 19th and two balloons on Aug. 20th. During the eclipse we launched two balloons with wake booms 
for a total of six balloons launched within a 48-hour window prior to and during the eclipse. All of the flight 
launches were conducted between 11:30 CDT and 12:30 CDT. As Ramkumar [2] states, “reducing the diurnal 
temperature variation effects are an important consideration when dealing with this type of data.” The path of 
totality and the flight paths of the balloons flown during the eclipse are shown in Fig. 5. The details of flights are 
given in Table 3. 
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Fig. 5: Eclipse totality and HAB flight paths in central NE on August 21st, 2017.  The yellow line is the center of 
the path of totality and the red line is the northern edge of totality. Note that north points downward for a clearer 

view of the flight paths. The time of totality is also indicated – just post burst for flight 1E and mid-ascent for flight 
2E. 

 
We tested different off-the-shelf temperature measuring systems to determine which are suitable for use in this 

work [9, 18]. Early tests [5] included a variety of sun shrouds and it was determined that even with well-ventilated 
sun shrouds the measured temperature was warmer than un-shrouded sensors. The shrouded sensors also 
demonstrated a time lag – i.e. registering balloon burst 3-4 seconds post burst compared to open-air sensors. As a 
result, our temperature sensors are flown un-shrouded. In addition, a series of tests conducted with painted and 
unpainted sensors determined that a flat white paint would be used on all temperature sensors. Brasefield [11] 
conducted similar tests where he determined that white painted sensors reflect up to 90% of solar radiation. 

Based on cost, flexibility, and performance in the low temperature and pressure conditions experienced during a 
HAB flight, we currently use two types of temperature sensors: Maxim DS18B20 digital band-gap temperature 
sensors logged every four seconds by an Arduino Mega microcontroller, and Onset HOBO thermistor temperature 
sensors logged every two seconds by an Onset U12-013 data logger [7, 9, 19]. The temperature sensors, mounted on 
the wake boom, are suspended approximately 6 m below the neck of the balloon, within the thermal wake region 
and above the payload boxes. The boom is centered beneath the balloon to measure thermal wake asymmetries and 
attached to the balloon neck to minimize swing. Barat [10] states that radiosonde payloads swing in and out of the 
thermal wake but we have video evidence that our wake boom swings very little; staying within the thermal wake.  

Ground tests have shown sensor-to-sensor variability up to ±0.5 °C at room temperature and pressure and up to 
±2 °C at -40 °C and 10 hPa pressure – closer to the conditions experienced during stratospheric flights. To account 
for sensor-to-sensor variation, each sensor goes through a calibration process [19, 20].  In this process, each sensor is 
calibrated against a NIST-certified thermocouple at two different temperatures and at low pressure to create a sensor 
unique, linear calibration curve to correct this variability.  After a flight, data from each sensor are analyzed using 
the calibration curve for the particular sensor. Through this calibration process we are able to measure even 
potentially small temperature variations as part of the thermal-wake effect [19]. However, as pointed out by Flaten 
[21], “temperature measurements are prone to many sources of error, one of those being the fact that measured 
temperatures will by definition lag the actual raw temperature (when used in a constantly-changing-temperature 
environment).”  
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Flight 
Number 

Date Launch 
Site 

Equipment Burst 
Altitude 

(m) 

Burst Time 
(CDT) 

Recovery 
Site Altitude at 

start of 
totality 

4N 8-4-2016 Madelia, 
MN 

22xDS18B20 (a) 

9xHOBO (b) 

1D Wake Arm 

33,385 0:53 Waseca, 
MN 

N/A 

13D 8-19-2017 Grand 
Island, 

NE 

22xDS18B20 (c) 

9xHOBO (d) 
1D Wake Arm 

32,716 13.02 Hampton, 
NE 

N/A 

14D 8-19-2017 Grand 
Island, 

NE 

22xDS18B20 (c) 

9xHOBO (d) 
1D Wake Arm 

31,588 14:07 Hampton, 
NE 

N/A 

15D 8-20-2017 Aurora, 
NE 

22xDS18B20 (c) 

9xHOBO (d) 
1D Wake Arm 

31,793 12:52 Gresham, 
NE 

N/A 

16D 8-20-2017 Aurora, 
NE 

22xDS18B20 (c) 

9xHOBO (d) 
1D Wake Arm 

29,820 14:04 Gresham, 
NE 

N/A 

1E 8-21-2017 Aurora, 
NE 

22xDS18B20 (c) 

9xHOBO (d) 
1D Wake Arm 

30,138 12:55 Garrison, 
NE 

18 km 
(post-burst) 

2E 8-21-2017 Aurora, 
NE 

22xDS18B20 (c) 

9xHOBO (d) 
1D Wake Arm 

31,494 13:49 Garrison, 
NE 

14 km 
(ascending) 

Table 3: Summary of pre-eclipse and eclipse day balloon launches. “N” denotes a nighttime flight, “D” denotes a 
daytime flight and “E” denotes a flight during the eclipse.  
 

(a) DS18B20 sensors on wake boom at 10, 20, 30, 40, 50, 60, 70, 80, 90, 100 and 110 cm – both sides. 
(b) HOBO sensors on wake boom at 10, 20, 30, 40 50, 60, 70, 90 and 100 cm –one side.  
(c) DS18B20 sensors on wake boom at 10, 20, 30, 40, 50, 60, 80, 100, 120, 140 and 160 cm – both sides. 
(d) HOBO sensors at 5, 25 and 45 cm on one side of the boom and 15, 35 and 65 cm on the other side of the    
boom 

IV.    Results 

Fig. 6 shows altitude profiles of the temperature for the night flight, the four daytime flights conducted on the 
days preceding the eclipse, as well as the two flights conducted on the day of the eclipse. The plot on the top shows 
temperature data from the entirety of ascent and the plot on the bottom shows data above 10 km. Note that the data 
from different flights show less than a 5 °C difference in the troposphere, but begin to diverge once the balloon 
enters the tropopause at approximately 14 km altitude, where two different profiles become evident and the 
temperature difference increases to nearly 15 °C. The three profiles on the left, the lower temperature grouping, 
belong to the night flight and the two eclipse flights. The four daytime, pre-eclipse flights make up the higher 
temperature grouping on the right side. It is clear from these groupings that eclipse day atmospheric temperatures 
plotted as a function of altitude are more similar to the night flight than the pre-eclipse day flights.  
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Fig. 6: Top – Altitude versus Temperature (HOBO sensors) for flights listed in Table 3. Bottom – Same data 

above 10 km. . Flight 1E burst 6 minutes before totality and flight 2E was at an altitude of 14-15 km during totality.  
 

In Fig. 7, we show calibrated DS18B20 temperature data plotted as a function of distance from the center of the 
wake boom for night flight 4N. Altitude slices of temperature data are shown from the troposphere, at 9 km, and the 
stratosphere at 23.2 and 30.5 km. The data show an increasing cool thermal wake effect as the balloon ascends in 
altitude into the nighttime stratosphere. The cool wake is not visible in the 9 km data, demonstrated by the nearly 
horizontal temperature profile, but becomes more pronounced as the balloon ascends to 30.5 km, showing an 
approximately 3 °C lower temperature in the center of the boom compared to the ends of the boom. Because the 
thermal wake is characteristic of decreasing pressure and a thickening heat exchange layer, one expects the effect to 
become more pronounced at increasing altitudes.  

Fig. 8 is a plot of temperature differences measured across the wake boom during flight 4N. The differences are 
shown for stratospheric data, where the thermal wake becomes significant. The difference is calculated by 
subtracting the average temperature of the two outermost sensors on the wake boom from the average temperature of 
the ten sensors located across the central 100 cm of the wake boom.  From this plot, it is clear that the thermal wake 
effect becomes more pronounced as the balloon ascends into the stratosphere, indicated by the increasing negative 
temperature difference. 
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Fig. 7: Calibrated DS18B20 temperature data from flight 4N using a 2.2 m wake boom. Data are plotted to illustrate 

how the temperature varies across the wake boom. Cooling is enhanced in the center of the wake with increasing 
altitude as predicted by Tiefenau [12]. Troposphere data (warmest) are at 9 km, low-stratosphere data (coldest) at 

23.2 km and mid-stratosphere data (middle) at 30.5 km.   
 

 
Fig. 8: 4N flight showing a negative temperature (DS18B20) difference between the average temperature measured 
across the central 100 cm of the wake boom and the average temperature measured by the outermost sensors.  The 

negative difference indicates that it is cooler within the thermal wake directly beneath the balloon. 
 
Data collected from 13D, 14D, 15D and 16D (pre-eclipse day flights) show a different thermal wake profile with 

warmer temperatures beneath the neck of the balloon and cooler temperatures as one moves outward horizontally 
along the boom. In addition to the thermal wake, the data occasionally shows a temperature spike associated with 
solar heating of the nearby logger box – a “box proximity effect.” Clearly, thermal effects from nearby objects 
complicate temperature measurements. In Fig. 9, we removed data points between 10 and 40 cm; those affected by 
the presence of the box. The sensor located at 130 cm did not function properly so that data is also removed. 
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Fig. 9:  Calibrated DS18B20 wake boom temperature data from flight 16D shows a pre-eclipse daytime flight with a 
warmer region in the center as compared to outer sensors. Troposphere data (warmest) are at 9 km, low-stratosphere 

data (coldest) at 23 km and mid-stratosphere data (middle) at 29.8 km.  
 
Fig. 10 is a plot of temperature differences across the wake boom measured during flight 16D. The calculations 

are completed in the same manner as Fig. 8. From this plot it is clear that the warm thermal wake effect becomes 
more pronounced as the balloon ascends into the stratosphere, shown by the increasing positive temperature 
difference at higher altitudes. The positive temperature difference is opposite of that seen for flight 4N. This positive 
difference means it was warmer in the 100 cm directly beneath the balloon relative to the sensors on the end of the 
boom.  

 

 
Fig. 10: 16D flight showing a positive temperature (DS18B20) difference between the average temperature 

measured across the central 100 cm of the wake boom and the average temperature measured by the outermost 
sensors.  The positive difference indicates that it is warmer beneath the balloon. This increasing positive result 

agrees with Tiefenau [12], that wake effects increase as the heat exchange layer thickness grows with decreasing 
pressure. 

 
Fig. 11 shows DS18B20 data from flight 1E with altitude slices corresponding to 9 km, 23 km and 30 km. These 

slices show expected behaviors, overall cooling followed by warming temperatures as the balloon ascends into the 
stratosphere. Compared to non-eclipse day, and night flights, this data does not show a warm or cool thermal wake 
effect that grows more pronounced as the balloon ascends. Fig. 12 supports this conclusion, as the temperature 
difference between the central and outer sensors is nearly constant as the balloon ascends into the stratosphere. The 
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slight positive temperature difference makes sense, as even during a total eclipse there is more solar energy present 
than during a night flight resulting in some warming of the balloon skin.  

 
 

 

  
 

Fig. 11:  Calibrated DS18B20 wake boom temperature data from flight 1E, an eclipse flight.  Troposphere data 
(warmest) are at 9 km, low-stratosphere data (coldest) at 23 km and mid-stratosphere data (middle) at 30 km.  The 

30 km data occurs at 12:55 CDT, six minutes before totality. Missing from this data: a clearly increasing positive or 
negative thermal wake effect as the balloon ascends into the stratosphere. 

 
  

 
 

Fig. 12: 1E stratospheric temperature (DS18B20) difference between the average temperature measured across 
the central 100 cm of the wake boom and the average temperature measured by the outermost sensors. Compared to 
the night and day flights shown in Fig. 8 and Fig. 10, the temperature difference across the wake boom is nearly flat, 

indicating no significant positive or negative temperature difference across the thermal wake profile. 
 

 Fig. 13 shows DS18B20 temperature data for flight 2E plotted at 9 km, 23 km and 30 km. Note once again the 
nearly horizontal nature of the temperature data across the wake boom until the balloon reaches its maximum 
altitude (middle data line) where slight warming in the center of the wake boom becomes evident. Fig. 14, the 
difference plot for flight 2E supports the conclusion that the temperature profiles were nearly flat during this eclipse 
flight. The slight warming that becomes evident after 26 km is over 25 minutes after totality.     
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Fig. 13: Calibrated DS18B20 wake boom temperature data from flight 2E showing temperature data during the 

eclipse – 9 km data (warmest) at five minutes before totality, 23 km data (coldest) at 23 minutes after totality and 30 
km data (middle) at 42 minutes after totality. 

 

 
Fig. 14:  2E stratospheric temperature (DS18B20) difference showing that wake boom profiles were nearly flat 

well past totality. A slight warming begins at 26 km altitude, approximately 25 minutes after totality.  
 

The nearly zero temperature difference between 23 and 26 km in Fig. 14 (2E) is noticeably different from the 
approximately 1°C positive temperature difference in Fig. 12 (1E) and worth discussing. Referring back to Fig. 6 it 
is clear that flight 2E experienced colder atmospheric temperatures relative to flight 1E up to approximately 24 km. 
From 24 to 26 km flight 2E was only slightly warmer than flight 1E, but past 27 km, flight 2E experienced 
temperatures that were significantly warmer than flight 1E. We believe the cooler atmospheric temperatures during 
flight 2E reduced the amount of thermal energy available to a point where balloon cooling by adiabatic expansion 
was in balance with the available solar energy, resulting in a thermal wake of nearly uniform temperature up to 26 
km. At 26 km, twenty-five minutes after totality, the atmosphere begins to show warming relative to the coolest 
eclipse temperatures. The result is wake temperature profiles typical of a daytime flight and positive temperature 
differences across the wake boom.       

V. Conclusions 
 

Fig. 15 plots temperature differences at 1 km increments calculated using wake boom HOBO temperature 
averages. Data on the left side are night and eclipse flights compared to 16D, a daytime pre-eclipse flight, and 
clearly indicate a negative temperature difference that increases as the balloon ascends.  When the eclipse flight data 
are compared in the same way to the 4N night flight data, one sees a small negative temperature differential up to 
approximately 17 km and then a positive differential up to 25 km. After cooling to 27 km eclipse flight 1E cools 
even more but flight 2E warms, possibly because totality had passed and the atmosphere was beginning to warm.  
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Fig. 15: Temperature difference profiles using averages measured by HOBO sensors, plotted at 1 km increments. 

The differences compare eclipse flight data to night and day flight results.  The differences support the conclusions 
that eclipse temperatures; measured at all altitudes were more similar to temperatures measured at night than during 

the day. 
 
These results agree with findings published by Ramkumar et al. [2] for cooling observed in the stratosphere during 

a total solar eclipse. In addition, flights 1E and 2E show neither typical daytime wake nor nighttime wake 
temperature profiles, instead, the profiles appear nearly flat – an eclipse thermal wake. Given the large number of 
sensors and flights both before and during the eclipse, we conclude that the 1E and 2E eclipse wake temperature 
profiles are directly related to cooling of the atmosphere and the balloon skin during the solar eclipse. Finally, as we 
have discussed in previous works, accurately measuring temperature from balloons ascending in the stratosphere is 
complicated due to dramatic changes in temperature and pressure, the fact that we are moving through a non-
constant temperature environment, and thermal radiation effects of nearby objects. Indeed, it is solar thermal 
radiation that produces the very effect we are trying to characterize, the thermal wake.    
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