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during cloud free times between 2000 and 2008.  The average emissivity of the surface 

was then calculated at the five ASTER TIR wavelengths (Bands 10, 11, 12, 13, and 14). 

The average emissivity value at the CR3000 tower for all wavelengths was 0.89 with 

0.001 standard deviation.  An uncertainty in emissivity value is expected due to the 

coarse spatial resolution of ASTER GED image. A sensitivity analysis for the typical 

range of siliceous sinter soils (0.86-0.89) revealed that the maximum difference in TS was 

about 2.67 °C for ɛ = 0.86 and ɛ = 0.89. 

2.3.3. Correction of Measured Ground Heat Flux (Gz) 

The ground heat flux, Gz, was measured at 0.1 m depth, using a model HFT3 

REBS soil heat flux plate (Fig. 2.3). The heat flux plate contains a thermopile that 

measures the temperature at the two sides of the plate (Scientific, 2003). With a known 

thermal conductivity of the plate (1.22 W·m-1·K-1), the heat flux through the plate is 

calculated by multiplying the temperature gradient by the plate thermal conductivity. The 

heat flux plate method is widely used due to its simplicity; however, heat flow distortion 

may be introduced due to unmatched thermal conductivities of the plate and the 

surrounding soil (Mayocchi and Bristow, 1995; and Sauer et al., 2003). Soil thermal 

conductivity varies with physical soil properties (i.e. particle size, soil minerals, density, 

and water content); however, the thermal conductivity of the plate is fixed for a known 

design ranges. The method developed by Philip (1961) was used to correct the heat flux 

values for heat flow distortion given the plate dimensions and thermal conductivity. A 

correction factor (f) for the measured heat flux and the ground heat flux in the 

surrounding soil media is given by 
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where kp (W·m-1·K-1) is the thermal conductivity of the plate, ks (W·m-1·K-1) is the 

thermal conductivity of the surrounding soil, H is a factor depends on the shape and 

geometry of the heat flux plate, t is the plate thickness (3.91 mm), and D is the plate 

diameter (38.2 mm). In this study the correction factor, f, used to correct soil heat flux 

measurements varied between 0.91 and 0.79. The variability of f was controlled by the 

variability of the soil water content between the residual water content (0.15 gm·gm-1) 

and the saturation water content (0.38 gm·gm-1). 

2.3.4. Estimation of Ground Heat Flux at the Surface (Gs) 

The ground heat flux estimated at the surface (Gs) is often underestimated due to 

ignoring the heat flux stored in the soil above the heat flux sensor (Mayocchi and 

Bristow, 1995). Potential effect of latent heat flux on the soil heat flux measurements is 

not expected to be significant in this study since the plate was buried in a relatively deep 

depth (Gentine et al., 2012). To estimate the conductive heat flux at the soil surface, heat 

storage in the soil layer above the plate, ΔS, and ground surface heat flux, Gs, were 

estimated using the calorimetric heat storage method (Fuchs and Tanner, 1968; Ochsner 

et al., 2007).  

   tStGtG sz )(                                                         (4) 

    tTztCtS zs                                                       (5) 
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where z is the depth above the plate (0.1 m); ΔT is the change in temperature at depth z 

over time, Cs (J·m-3·ºC-1) is the heat capacity of moist soil, ρb (g·cm-3) is the bulk density 

of dry soil; Cd (J·g-1·ºC-1) is the specific heat of dry soil, Cw (J·g-1·ºC-1) is the specific 

heat of water calculated using a numerical equation (eq. 7) described in Millero, Perron, 

and Desnoyers (1973), and ρw (g·cm-3) is the density of water calculated using eq. (8) as 

in Gill (1982). The parameter Cs is generally a function of the water content of the soil; 

however, ρb and Cd are assumed specific to the type of soil. The average ρb for soil 

samples collected on site at depth ranged between 5 and 13 cm was 1.31 g·cm-3. The 

average CS measured on site using KD2 probe at the same depth range was 2.43*106 J·m-

3·ºC-1 and the average θ was 0.15 g·g-1. Using eq. (6), the average Cd was calculated as 

1.24 J·g-1·ºC-1 by substituting the values of CS, ρb, θ and Cw.  Given that Cd does not vary 

greatly for the soil type, Cs(t) was estimated as a function of θ(t), ρw(t), and Cw(t) for the 

period of measurement. 

2.3.5. Estimation of Advective Heat Flux from Snow Melt (Qm) 

 The advective heat removed by meltwater of snow (Qm) was numerically 

estimated using the Utah Energy Balance Snow Accumulation and Melt Model (UEB) 
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Fig. 2.2. The explosion crater pool in Norris Geyser Basin and the energy balance 

experiment towers CR3000 and CR1000. 

a. TIR image acquired by USU for 
NGB in September 2010 showing the 
radiant temperature and location of 
the CR3000 tower 

c. CR1000 site at the northeast side 

of the explosion crater pool in 

NGB Photo date May 2009 

b. Google map for the explosion 
crater pool and the location of the 
two towers CR1000 and CR3000 
(1 inch =30.48 m)  

d. CR3000 at the southwest side of the 

explosion crater pool in NGB Photo 

date May 2009 
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Table 2.1.  

Summary of parameters and instruments used for data collection. 

Variable Sensor Model Accuracy Manufacturer/Warranty 

Ground Heat 

Flux, ,Gz (W·m-2) 

HFT3 Soil Heat 

Flux Plate 

Better than 5% of 

reading 
REBS Inc., Seattle, WA 

Soil Water 

Content, θz (wfv) 

Steven Hydra 

Probe II 
± 0.03 wfv (m3·m-3) 

Stevens Water 

Monitoring System Inc. 

Portland, OR 

Ground 

Temperature, Tz 

(°C) 

Steven Hydra 

Probe II 

± 0.6 Degrees Celsius 

(From -10o C to 36o C) 

Stevens Water 

Monitoring System Inc. 

Portland, OR 

Air Temperature, 

Ta (ºC) 

HMP45C 

Temperature and 

Relative 

Humidity Sensor 

0.8º C @ -40º C 

0.6º C @ 60º C 

Vaisala Company, 

Finland 

Relative 

Humidity, RH 

(%) 

HMP45C 

Temperature and 

Relative 

Humidity Sensor 

± 2% RH (0 to 90% 

RH) 

± 3% RH (90 to 100% 

RH) 

Vaisala Company, 

Finland 

Short Wave 

Radiation (Rs and 

𝑅𝑠
,
), long wave 

radiation (Rl and 

𝑅𝑙
′) (W·m-2) 

NR01 Four-

Component Net 

Radiation Sensor 

± 10% for 12 hours 

totals, day and night 

Hukseflux Thermal 

Sensors B.V., Delft, 

Netherlands 

Net Radiation, Rn 

(W·m-2) 

NR-Lite Net 

Radiometer 

0.001 ºC for the 

thermopile which is 

proportional to Rn 

Kipp & Zonen, 

Bohemia, NY 

Wind Speed  

(m·s-1) 

RM Young 

Wind Sentry Set 
± 0.5 m·s-1 

R. M. Young Company, 

Traverse City, MI 

Wind Direction 
RM Young 

Wind Sentry Set 
± 5º 

R. M. Young Company. 

Traverse City, MI 

Rain (mm) 

TE525 Tipping 

Bucket Rain 

Gauge 

Up to 1 in·hr-1: ± 1% 

1 to 2 in·hr-1: +0, -3% 

2 to 3 in·hr-1: +0, -5% 

Texas Electronics Inc. 

Huston, TX 

Thermal 

conductivity 

(W·m-1·K-1), 

diffusivity 

(mm2·s-1), and 

heat capacity 

(MJ·m-3·K-1) 

KD2 Pro 

Thermal 

Properties 

Analyzer 

±5 to ±10% Thermal 

Conductivity/Resistivi

ty 

±10% Specific Heat 

±10% Thermal 

Diffusivity 

Decagon Devices Inc. 

Pullman, WA 
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developed by Tarboton and Luce (1996). The model assumes that the snowpack is 

characterized by water equivalence W (m), energy content U (kJ·m-2), and snow age at 

the surface. The model numerically solves the energy balance equation (eq. 9) and mass 

balance equation (eq. 10) using inputs of air temperature, wind speed, relative humidity, 

precipitation, incoming solar radiation and longwave radiation, and ground heat flux, 

which were all measured on site.   

mehgPlisn QQQQQQQ
dt

dU
                                     (9) 

EMPP
dt

dW
rsr                                                  (10) 

The energy balance terms are in units of energy per horizontal area (i.e. kJ·m-2·hr-1); 

where, Qsn is net shortwave radiation; Qli net incoming longwave radiation; Qp is 

advected heat from precipitation; Qg is ground heat flux; Qh is sensible heat flux; Qe is 

latent heat flux due to sublimation/condensation; and Qm is advected heat removed by 

meltwater. In the mass balance equation all terms are in m·hr-1 of water equivalence; 

where, Pr is rainfall rate; Ps is snowfall rate; Mr is meltwater outflow from snowpack; and 

E is sublimation from the snowpack. Many of these fluxes depend functionally on the 

state and input driving variables. In this study the model was applied from the beginning 

of the snow season on October 1st for each year from 2009 to 2012. The initial condition 

of snow age, energy content, and snow water equivalent were assumed to be zero. The 

model estimated Qm as 

Ifwm MhQ        (11) 

where ρw is water density (1000 kg·m-3) and hf is heat of fusion (333.5 kJ.kg-1). 



25 
 

 
 

  Sublimation is defined as vapor transport away from the surface and is described 

as  

 qqKM saee                                                      (12) 
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                                                      (13) 

where qs is the surface specific humidity, Ke the vapor conductance (m·hr-1), ρa is air 

density (kg·m-3), k is van Karman’s constant (0.4), V is wind speed (m·hr-1) at height h 

(m), and z0 is height at which the velocity is zero (assumed 0.1 h for bare ground). The 

water equivalence depth of sublimation is described as  

w

eM
E


                                                       (14) 

2.3.6. Estimation of Average Diurnal and Seasonal Heat Flux from Solar  Radiation 

To estimate the conductive heat flux due to solar radiation, the time with potential 

minimum heat flux due to solar radiation was determined using the direction of net 

radiation (Rn) and the temperature gradient in the soil. The temperature difference (ΔT) 

between the temperature measured at 0.05 m depth (Tz) and ground skin temperature (Ts), 

was used to determine the direction of the heat flow in the soil (Fig. 2.3). Generally, when 

ΔT is negative (Ts > Tz), heat flowing downward from the ground surface towards the 

cooler subsurface indicates heat gain from solar radiation and/or atmospheric longwave 

radiation. This scenario generally peaks during the day on clear and sunny days. When 

ΔT is positive (Ts < Tz), heat flowing upward from the subsurface towards the cooler 

atmosphere indicates heat loss from the soil which generally occurs under clear skies 
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shortly after sunset due to the radiation cooling effect.  

The sign of net radiation, Rn, determines the direction of the radiative energy at 

the ground surface with positive values indicate that the incoming radiative energy 

exceeds the reflected and emission losses at the surface and negative values indicate that 

the energy loss exceeds the gain  ''

lsls RRRR  . At the time when Rn is negative and 

∆T is positive, the heat from the subsurface is a combination of the heat flux due to solar 

radiation and atmospheric radiations stored in the ground and the near-surface geothermal 

heat.  

A diurnal cycle of Rn and ∆T were compared among a set of overcast winter days 

and mostly clear and sunny days. Overcast winter days with notably low measured 

incoming shortwave radiation and mostly negative Rn were observed during winter 

months of December 2009 and January 2011. On these days, air temperature was below 

freezing and Rn was negative during the entire day indicating that the heat flux due to 

solar radiation was minimal. However, during these days the ground temperature was 

predominantly greater that air temperature. For that latent and sensible heat fluxes were 

lost from the ground to balance the energy input from the geothermal source. The average 

ground heat flux relative to -Rn and +ΔT during the previous days was compared with 

that of mostly sunny summer days, where the heat flux from solar radiation was expected 

to be high. The difference between the averages represent the lower bound of the 

conductive heat flux in the soil due to solar radiation effect. The method does not 

separate the effect of solar radiation from the atmospheric radiation. The night-time 

remote sensing TIR imagery are usually acquired on mostly clear and sunny days to 
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Fig. 2.3. Simulation shows the HUKSEFLUX plate at 0.1 m measuring Gz, Gs estimated 

at the surface, Ts estimated at the surface, and Tz measured at 0.05 m. 

 

minimize the radiative effect due to clouds. This method represent a simplified method to 

estimate the average heat flux due to solar radiation. However, the heat from solar 

radiation varies greatly with the intensity and duration of solar radiation and with the 

cloud condition and time of the day. 

2.4. Results 

2.4.1. Observed Variability 

The 5-minute measurements collected at the CR3000 site and the CR1000 site 

between August 15, 2009 and July 2, 2012 are presented in Figs. A-1 to A-4 and A-5 to 

A-8 in appendix A, respectively. The observed ground heat flux measured at 0.1 m depth, 

Gz, was mostly negative in the two sites indicating that the geothermal heat was dominant 

over the heat stored from solar and atmospheric longwave radiation. The largest Gz 

values occurred mostly during the night (low negative values). During the day, Gz 

changed gradually and became less negative as Rs increased. On sunny days with clear 

skies, Gz values were either low positive or large negative due to the increase in solar 

∆S 

GS 

GZ 

TS 

TZ 

∆T = TZ – TS 

HFT3 

REBS Plate 

0.1 m 
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heating. For example, 22 September 2009 was mostly sunny with maximum Gz value as -

77.6 W·m-2 around noon and minimum value during the night as -223.2 W·m-2 around 11 

pm. As the HTF3 heat flux plate thermopile measures the differential temperature across 

the ceramics-plastic body of the plate and generates a voltage proportional to the heat 

flux, Gz negative reading suggested that the differential temperature was lower during the 

day when solar radiation was present, which explains the low positive or high negative Gz 

values close to noontime on sunny days. Positive Gz values indicate that the temperature 

above the ceramics-plastic composite body was greater than the temperature below the 

body. The condition which occurred few times during the course of the study, on mostly 

clear sunny days. 

The heat loss from snow meltwater during snow season explains some of the 

seasonal variability in Gz between summer and winter months. Fig. (2.4) shows the 

results from the UEB model including the cumulative precipitation (m), cumulative total 

outflow (m), cumulative snow sublimation (m), and cumulative melt energy (W·m-2). The 

total outflow represented more than 60% of the snow loss compared to less than 40% for 

sublimation.  

Anomalous spikes in Gz (up to -400 W·m-2) were observed at the CR3000 site 

after precipitation, mainly during summer months where the form of precipitation was 

rain (Figs. A-1 to A-4 in Appendix A). This phenomena was clearly observed in 2009 

between September 30th and October 31st when more than 50 mm of rain was recorded 

(Fig. A-1 in Appendix A). Similar increase in Gz after precipitation was also observed at 

the CR1000 site; however, the increase was less compared to that at CR3000 site.  Also, 
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an anomalous increase in Gz occurred at the CR3000 site between January 11 and 

February 1, 2010, and September 6 and 20, 2010. During these days were also anomalous 

increase in the ground temperature, Tz, and the upwelling longwave radiation, Rl, were 

observed. This parallel increase in Gz, Tz, and Rl at CR3000 site, was neither observed at 

CR1000 site nor in the temperature of the nearby explosion crater pool.  

2.4.2. Variability during Selected Summer and Winter Days 

In this study, selected mostly sunny summer days and overcast winter days were 

used to demonstrate the diurnal variation of the heat flux due to solar radiation. The 

diurnal variability of some of the parameters measured at the CR3000 site for three 

consecutive sunny days of September 22-24, 2009, mostly cloudy winter days of January 

10-12, 2010, and overcast winter days of December 29-31, 2009, and January 4-6, 2011, 

is observed in Figs. 2.5 and 2.6. The days of September 22-24, 2009 were mostly sunny 

(maximum Rs ≈ 720 W·m-2) (Fig. 2.5.a). On these days, net radiation (Rn) was positive 

during the day and negative shortly before sunrise and after sunset. Ground skin 

temperature (Ts) gradually increased at sunrise and was greater than the temperature 

measured at 0.5 m depth (Tz) at about an hour after sunrise. At about an hour after sunset 

Ts decreased and became lower than Tz resulting in negative temperature gradient (-ΔT) 

until sunrise of the following day. Maximum Ts and Tz values during these days ranged 

between 34 and 37 °C and between 28 and 32 °C, respectively, and minimum values 

ranged between 12 and 16 °C and between 17 and 19 °C, respectively.  Maximum and 

minimum Ta values ranged between 19 and 24 °C and between -3 and 10 °C, 

respectively. 
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Sunshine hours on January 10-12, 2010 was about nine hours compared to 12 

hours on September 22-24, 2009 (Fig. 2.5.b).  Fluctuations in Rs and Rn during January 

10-12, 2010, were partly due to presence of snow clouds. About 0.2 inches of snow 

precipitated on each of the three days. Maximum heat loss due to snow meltwater was 

estimated at 48.7 W·m-2. Maximum and minimum Ts values were about 15 °C cooler 

during January 10-12, 2010 compared to September 22-24, 2009, and Ta was below 

freezing. Similar to September 22-24, 2009, Ta and Ts continued to gradually decrease 

after sunset until the following sunrise.  

Weather conditions were similar during 29-31 December 2009 and 04-06 January 

2011, generally cloudy with low Rs values and freezing air temperatures. About 0.2 

inches of snow precipitated on 31 December 2009, and about a similar amount 

precipitated on each of the days of 04-06 January 2011. The radiant energy loss was 

mostly greater than the gain as indicated by the negative sign of Rn. Due to the cloudy 

condition during December 2009 and January 2011 days, the maximum Rs values at the 

ground surface were less than 200 W·m-2. On 30 and 31 December, and 04 and 05 

January, Rn was negative throughout the day; and maximum Rn was noticeably low in 

December 29th and January 06th (Fig. 2.5.d). 

2.4.3. Snowmelt and Advective Heat Loss 

 Snow water equivalent was zero during December 29 and 30, 2009 (Fig. 2.7). 

Maximum heat loss of 31.4 W·m-2 occurred on December 31, 2009, following a snow 

storm in the afternoon of that day. Increased surface temperature during that time resulted 

in almost immediate meltdown increasing the heat loss from the ground. During January 
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Fig. 2.4. results from the UEB Model showing accumulated snow outflow (m), 

accumulated sublimation (m), and accumulated melt energy (W·m-2) during a) 2009-2010 

winter, b) 2010-2011 winter, and c) 2011-2012 winter. 

(a) 

(b) 

(c) 
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Fig. 2.5. Observed Rs, Rn, Gs and Gz values on the selected consecutive days (a) 

September 22-24, 2009 (b) January 10-12, 2010 (c) December 29-31, 2009 (d) January 4-

6, 2011. 

(a) 

(c) 

(b) 
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Fig. 2.5. (continued). 

 

   
Fig. 2.6. Observed Ta (°C), Ts (°C), ΔT (°C), and WS (m·s-1) values on the selected 

consecutive days (a) September 22-24, 2009 (b) January 10-12, 2010 (c) December 29-

31, 2009 (d) January 4-6, 2011. 

(d) 

(a) 

(b) 
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Fig. 2.6. (continued).  

 

10-2, 2010, maximum heat loss of 47.1 W·m-2 occurred on January 11 following two 

events of precipitation. Precipitation depth during January 04-06, 2011, was similar as the 

former January 2010 days. Maximum heat loos occurred during January 06 as ground 

temperature was relatively high compared to the previous two days and heat loss through 

sublimation was notably lower compared to the former days (Fig. 2.7). 

2.5. Discussion 

 The ground heat flux, Gz, measured at the CR3000 and CR1000 sites was 

generally consistent (Figs. A-1 to A-8 in Appendix A). The heat flux values had similar 

(d) 

(c) 
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 Fig. 2.8. (continued).   

(c) 
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Fig. 2.8. (continued).  

(d) 
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Fig. 2.8. The average ground heat flux (Gs) during times with -Rn and +∆T (circle) and 

+Rn and -∆T (triangle). The error bar represents the standard deviation. 

to the atmosphere. Cellier et al. (1996) measured soil heat flux in bare ground near Laon, 

France. The albedo of the chalky soil in their study site was similar to the albedo of the 

siliceous sinter soil at the CR3000 site (Table 2.2). Maximum solar radiation on the 

sunny day of measurement on April 28, 1991, was approximately 805 W·m-2. The 

Minimum soil heat flux measured during the night at the ground surface was 

approximately -75 W·m-2. Another study of soil heat flux on non-vegetated area was 

-3
0
0

-1
0
0

1
0
0

W
m

2

09/21/2009 09/22/2009 09/23/2009 09/24/2009 09/25/2009

GS Rn and T
GS Rn and T

-3
0
0

-1
0
0

1
0
0

W
m

2

01/09/2010 01/10/2010 01/11/2010 01/12/2010 01/13/2010

GS Rn and T
GS Rn and T

-3
0
0

-1
0
0

1
0
0

W
m

2

12/28/2009 12/29/2009 12/30/2009 12/31/2009 01/01/2010

GS Rn and T
GS Rn and T

-3
0
0

-1
0
0

1
0
0

W
m

2

01/03/2011 01/04/2011 01/05/2011 01/06/2011 01/07/2011

GS Rn and T
GS Rn and T

W
.m

-2
 



46 
 

 
 

conducted by Heusinkveld et al. (2004) in Negev, Israel. Maximum solar radiation on the 

mostly sunny day of October 16, 2000, was about 770 W·m-2. The soil had high albedo 

similar to the soil at the CR3000 site. The minimum soil heat flux values during the night 

of that day was approximately -70 W·m-2. The soil from Santanello Jr and Friedl (2003) 

had relatively lower albedo compared to the soil at  

 

Fig. 2.9. Seasonal histogram showing the frequencies of Gs corresponding to -Rn and +∆T 

after adding Qm. Seasons were classified according to the meteorological seasons for the 

northern hemisphere from August 2009 to July 2012. 
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Spring 2012
200 -200 -600

0
1
0
0
0

3
0
0
0

Fall 2009
200 -200 -600

0
1
0
0
0

3
0
0
0

5
0
0
0

Fall 2010
200 -200 -600

0
2
0
0
0

6
0
0
0

Fall 2011
200 -200 -600

0
1
0
0
0

3
0
0
0
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CR3000 (Table 2.2). Maximum incoming solar radiation during the time of measurement 

on August 9, 1991 was ~1000 W·m-2. The minimum soil heat flux during the night of that 

day was approximately -90 W·m-2. Although the previous studies were conducted in 

different geographic areas with different climate and altitude and in different months, the 

ground heat flux had a range of minimum soil heat flux between -70 and -90 W·m-2 for a 

range of surface albedo between 0.4 and 0.22; and a range of incoming solar radiation 

between 770 and 1000 W·m-2.  In non-geothermal grounds, soil heat flux measured 

during the night is solely due to the effect of solar and atmospheric radiation. The later 

range (~70-90 W·m-2) fell within the average of Gs during -Rn and +∆T (-89.2 ± 21.0 

W·m-2) estimated from the comparison between the sunny summer days and the overcast 

winter days as discussed previously.  

2.5.4. Estimation of Average Radiant Geothermal Heat Flux using Thermal Infrared 

Remote Sensing Images 

 

 The main purpose of this study was to develop a method to estimate the 

conductive heat flux stored in the ground due to solar and atmospheric radiations using 

surface and near-surface measurements. The ground-based experiment was conducted to 

help remove the radiant effect due to solar and atmospheric radiations from the remote 

sensing TIR images in NGB. The TIR images are usually acquired during night time 

hours of mostly sunny days to avoid the effect from clouds and atmospheric longwave 

radiation. The total radiant flux estimated from the TIR images is a combination of the 

radiant flux due to solar and atmospheric radiations and the radiant geothermal flux. 

Estimation of the radiant geothermal flux may be achieved assuming that the ratio 

between the estimated conductive heat flux and radiant flux due to solar and atmospheric  
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Table 2.2.  

Soil thermal properties and albedo from different previous studies 

Reference Site Date of 

Measurement 

Elevation 

ASL (m) 

Maximum 

Rs  

(W·m-2) 

Maximum 

Albedo 

Minimum  

Gs  

(W·m-2) 

This Study Norris, 

WY 

September 

22, 2009 

2279.3 770 0.36 ~ -230.1 

Cellier et al. 

(1996) 

Laon, 

France 

April 28, 

1991 

104.2 ~805 0.31 ~ -75 

Heusinkveld 

et al. (2004) 

Negev, 

Israel 

October 16, 

2000 

198.7 ~770 0.4 ~ -70 

Santanello Jr 

and Friedl 

(2003) 

Walnut 

Gulch, 

Arizona 

August 09, 

1991 

1179.6 ~1000 0.22 ~ -90 

 

radiation equals the ratio between the estimated conductive heat flux at the ground 

surface and the total radiant flux estimated from the TIR images. 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝐻𝑒𝑎𝑡 𝐹𝑙𝑢𝑥 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

 𝑅𝑎𝑑𝑖𝑎𝑛𝑡 𝐹𝑙𝑢𝑥 𝑑𝑢𝑒 𝑡𝑜 𝑠𝑜𝑙𝑎𝑟 𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛 
=

𝐺𝑟𝑜𝑢𝑛𝑑  𝐻𝑒𝑎𝑡 𝐹𝑙𝑢𝑥 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝐺𝑠)

𝑇𝑜𝑡𝑎𝑙 𝑅𝑎𝑑𝑖𝑎𝑛𝑡 𝐹𝑙𝑢𝑥 𝑓𝑟𝑜𝑚 𝑇𝐼𝑅 𝐼𝑚𝑎𝑔𝑒𝑠
       (15) 

And 

𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝐻𝑒𝑎𝑡 𝐹𝑙𝑢𝑥 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒

 𝑅𝑎𝑑𝑖𝑎𝑛𝑡 𝐺𝑒𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 𝐹𝑙𝑢𝑥 
=

𝐺𝑟𝑜𝑢𝑛𝑑  𝐻𝑒𝑎𝑡 𝐹𝑙𝑢𝑥 𝑎𝑡 𝑡ℎ𝑒 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 (𝐺𝑠)

𝑇𝑜𝑡𝑎𝑙 𝑅𝑎𝑑𝑖𝑎𝑛𝑡 𝐹𝑙𝑢𝑥 𝑓𝑟𝑜𝑚 𝑇𝐼𝑅 𝐼𝑚𝑎𝑔𝑒𝑠
 (16) 

The ratio between the estimated conductive heat flux at the ground surface (Gs) and the 

radiant flux estimated from the TIR image (G) at and around the pixel where the heat flux 

plate was installed was approximately consistent (Table 2.3). However, in this study the 

radiant flux in the ground from stored solar radiation was estimated for soil with siliceous 

sinter characteristics, therefore this method is suggested for bare sinter soil areas with 

similar albedo as the siliceous sinter in the study site. In general, areas covered with 

siliceous sinter soil surround hot hydrothermal features in YNP. Therefore, study of the 

temporal changes in the radiant temperature and/or radiant flux on areas covered with 
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siliceous sinter, after removing the radiant effect from stored solar and atmospheric 

radiations, can provide an indication of changes within the adjacent hydrothermal 

systems. Multispectral images in multiple wavelengths of the visible and near infrared 

spectrum can be used to classify the surface into different classes with similar reflectance 

values including the siliceous sinter (Yuan and Bauer, 2006). Estimating the radiant 

geothermal flux is essential to study possible temporal and/or spatial changes within the 

geothermal system after removing the radiant flux from solar and atmospheric radiations.  

 Two examples of TIR images were used to estimate the average value of the 

radiant geothermal flux. The images were acquired in NGB on September 10, 2009, after 

midnight, and on March 9, 2012, at around 9 pm. The TIR images had a spatial resolution 

of approximately 1 m*1 m. To account for the spatial error within the image, the average 

radiant flux (G) was calculated for the six pixels around the location of the heat flux 

plate.  

 The ground-based measurements were collected during the day prior to image 

acquisition, on September 9, 2009, and on March 9, 2012, as displayed in Fig. (2.11) and 

Table (2.3). September 9, 2009, was mostly sunny. On the night of the TIR image 

acquisition on September 10, 2009, the average Gs during -Rn and +ΔT was -234.1 ± 20.6 

W·m-2.  This value was statistically similar to the average value estimated during 

September 22-24, 2009 (-231.8 ± 20.7 W·m-2). Therefore, the residual conductive heat 

from stored solar and atmospheric radiations was expected to be in the same range of the 

former days (89.2 ± 21.0 W·m-2). The average radiant flux (G) from 2009 image was 

estimated as 425.3 ± 0.4 W·m-2. The ratio between the average Gs and G was 
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approximately 0.55. Using eq. (15), the average residual radiant flux is estimated at 162.1 

W·m-2 (with range between 124 W·m-2 and 200.2 W·m-2). This range is larger (i.e. 

between 102.8 W·m-2 and 221.4 W·m-2) if the standard deviation was calculated as the 

square root of the two variances of Gs values corresponds to –Rn and +ΔT, estimated for 

the sunny and overcast days as explained in the previous section. The maximum radiant 

residual flux value in this case is 221.4 W·m-2. The minimum radiant geothermal flux 

was estimated as approximately 203.8 W·m-2 after subtracting the maximum radiant flux 

value (221.4 W·m-2) from the total radiant flux (425.3 W·m-2). Using eq. (16), the 

minimum conductive geothermal heat flux was then estimated as 112.1 W·m-2 which is in 

the lower range of Gs value during -Rn and + ΔT estimated on December 30, 2009, and 

January 4 and 5, 2011 (142.7 ± 25.2 W·m-2). 

 On March 9, 2012, the difference between the average Gs during –Rn and +ΔT (-

169.2 ± 15.5 W·m-2) and the average estimated on December 30, 2009 and January 4 and 

5, 2011 (142.7 ± 25.2 W·m-2) was (approximately 26.5 ± 23.9 W·m-2). According to the 

comparison method this difference represents the average heat flux due to solar and 

atmospheric radiation. Using this average value and the ratio between Gs and G in eq. 

(15), the average radiant flux due to solar and atmospheric radiation was 46.6 W·m-2. The 

range of the radiant flux due to solar and atmospheric radiation was 4.7 W·m-2 and 88.5 

W·m-2. Subtracting the maximum radiant flux value (88.5 W·m-2) from the total radiant 

flux (297.6 W·m-2) gives an estimate of the minimum radiant geothermal heat flux as 

approximately 209.1 W·m-2. Using eq. (16), the minimum conductive geothermal heat 

flux was then estimated as 119.2 W·m-2 which is in the lower range of Gs value during -
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Rn and +ΔT estimated on December 30, 2009, and January 4 and 5, 2011 (142.65 ± 25.21 

W·m-2). Given the variability of weather conditions and the between-acquisitions 

difference, the estimated values of minimum conductive geothermal heat flux during the 

two flight periods (112.1 W·m-2 and 119.2 W·m-2) and radiant geothermal heat flux 

(203.8 W·m-2 and 209.1 W·m-2), are considered fairly similar.  

2.5.5. Possible Sources of Uncertainty 

 The comparison method suggested in this study to estimate the heat stored in the 

soil due to solar radiation assumed that the geothermal heat flux was constant and the 

bulk of the change in ground heat flux was due to surface energy. The seasonal 

comparison of ground heat flux during times with -Rn and +ΔT suggested that this 

assumption might be true as the seasonal difference in the ground heat flux values was 

mostly consistent. However, in Norris Geyser Basin, change in geothermal heat can be 

rabid and unpredictable.  

 In this study, uncertainty in the data can be related to, first, the ground-based 

experiment and, second, the remote sensing method. The uncertainty related to the 

ground-based experiment includes using the calorimetric heat storage method to estimate 

soil heat storage above the heat flux plate. This method integrates the ground temperature 

over the depth overlaying the heat flux plate to estimate the heat storage above the plate. 

The accuracy of the estimates of the ground heat storage increases when soil temperature 

is measured at multiple depths. Massman (1992) stated that the standard calorimetric 

correction may have ±3% to 10% errors when assuming the change in temperature of the 

soil layer above the plate is approximated by the average temperature at the midpoint. In 
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Table 2.3.  

Average of ground-based data (Ta, Ts, and Gs) during the night before the flight overpass, during -Rn and +ΔT; and radiant flux 

(G) estimated using the TIR images 

Date of Flight 

Overpass 

Time of Flight 

Overpass 

Ta (°C) Ts (°C) Gs (W·m-2) G (W·m-2) Gs/ G 

Sep 10, 2009 3:36-3:53 am 11.51 ± 6.23 25.62 ± 3.41  -234.12 ± 20.57 425.25 ± 0.35 0.55 

Mar 9, 2012 21:23-21:44 pm -4.35 ± 8.81 8.93 ± 4.05 -169.19 ± 15.46 297.55 ±1.79 0.57 
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Fig. 2.11. Temperature and flux data for the days of airborne TIR remote sensing image 

acquisition over NGB 

 

this study, the temperature measured at 0.05 m depth is assumed representative of the 

average temperature between the heat flux location at 0.1 m depth and the ground 

surface. More accurate results of heat storage and surface ground heat flux surface can be 

obtained by incorporating temperature at multiple depths in the heat storage calculation 

(Weber, 2006).  

 Uncertainty can be introduced, when surface skin temperature is estimated using 

estimates of surface emissivity from ASTER GED database. An uncertainty is expected 
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from using the emissivity images which had a course resolution of approximately 100 m 

compared to the relatively small area represented by the heat flux plate. The sensitivity 

analysis for a range of surface emissivity between 0.86 and 0.89 showed about 2.67 °C 

difference in the estimated skin temperature. This error may have implication on 

determining the temperature gradient in the soil and therefore Gs values during time with 

+ΔT. 

 Uncertainty related to the remote sensing TIR images includes spatial accuracy of 

the features, temporal consistency of the TIR images, and relevance of the estimated 

radiometric temperatures to the measured kinetic temperatures. Neale et al. (2016) 

explained the methods used to produce consistent and accurate TIR images including the 

methods used for image processing and correction for atmospheric disturbance and 

emissivity. The spatial accuracy of the TIR images varied in year to year with maximum 

spatial displacement of 5 m (Neale et al., 2016). To reduce this uncertainty, the radiant 

flux (G) was calculated for six pixels around the pixel that theoretically overlay the heat 

flux plate. 

2.6. Summary and Conclusions 

 Frequent monitoring of the thermal activity in active geothermal areas, like 

Yellowstone National Park, is required to determine possible temporal and/or spatial 

changes within the system. Airborne remote sensing images have recently been used in 

YNP to estimate and compare the surface radiant temperature and radiant flux. The 

challenge remained in comparing year-to year changes in the radiant temperature and 

radiant flux due to the geothermal source and removing the stored radiant flux resulting 
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However, between September 6, 2010 and September 20, 2010 the potential increase in 

thermal activity was not tied with reported seismic activity and this reasoning might need 

extra investigation. 
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