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Acronyms and Abbreviations 

ABL atmospheric boundary layer 
AC alternating current 
ARM Atmospheric Radiation Measurement 
DTS distributed temperature sensing 
FO fiber optic 
GPR Gaussian Processes Regression 
MOST Monin-Obukhov similarity theory 
NWP numerical weather prediction 
RMSE root-mean-square error 
SGP Southern Great Plains 
TKE turbulent kinetic energy 
USB universal serial bus 
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1.0 Study Area and Experimental Setup 
The experimental setup was installed in 2017. It is located adjacent to the world’s largest and most 
extensive climate research facility, the Southern Great Plains (SGP) atmospheric observatory, which was 
established by the U.S. Department of Energy’s Atmospheric Radiation Measurement (ARM) user 
facility. This site was selected due to the abundance of environmental data that can support the proposed 
project. The location and layout of the experimental setup are presented in Figure 1. The site extends 
through two agricultural fields separated by the Coal Road. One agricultural field (hereafter called “the 
homogeneous site”) contains a relatively homogeneous soil composition and a homogeneous alfalfa 
vegetation cover. The other agricultural field (hereafter called “the heterogeneous site”) extends through 
two different soil compositions and is covered by two vegetation covers, which are different in type and 
coverage ratio (see Figure 1, lower part). 

 
Figure 1. Location and layout of the experimental setup including the different observed vegetation 

covers. 

Two distributed temperature sensing (DTS) units were installed inside air-conditioned containers on the 
locations marked in red in Figure 1. Each DTS unit was connected to three aerial and three ground fiber 
optic (FO) transects. Each transect has a length of 600 m not including the coiled sections illustrated in 
Figure 2. This proposal focuses only on the ground transects, which consists of three FO installed in the 
soil over a 45o plane and at depths of 5, 10, and 15 cm that extends over the total length of both the 
homogeneous and heterogeneous sites (600 m on each site). Three calibration baths are installed in each 
site according to the configuration presented in Figure 2. Both DTS units continuously recorded the 
temperature over the entire FO installations every second until May 2020. 
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Figure 2. Schematic diagram of the installed FO transects in the homogenous site. 

In June 2018, we revised the previous air fiber setup of 2017 by detaching the air fiber from the steel wire 
(Figure 3) to reduce the temperature signal due to the heat conduction at the ARM SGP site. Two sections 
of 600-meter-long FO cables transect were then collecting air temperature and soil temperature. We are 
also uploading all data generated by this experiment to the ARM Data Center at Oak Ridge National 
Laboratory. 

 
Figure 3. The revised air fiber design in June 2018 and previous setup in 2017. Previous design: the air 

fiber is directly in contact with the steel wire (the uppermost steel wire in contact with air 
fiber). Revised design: the air fiber was separated from steel wire by plastic spacers (the 
middle steel wire connected with air fiber by two black spacers). 

Five different soil moisture stations were installed; three along the homogeneous and two along 
the heterogeneous ground FO transects, respectively. Each station consists of four EC5® sensors 
installed at depths of 5, 10, 15, and 25 cm. Soil moisture measurements from the four sensors are 
recorded continuously every minute using a HOBO USB Micro Station Data Logger. Three 
undisturbed soil samples were taken in the location of every soil moisture station during their 
installation process to apply any needed soil-specific calibrations to the sensor’s measurements. 

In February 2020, 17 HOBOnet Soil Moisture EC5 Sensors were also installed in the homogeneous 
transect at the depth of the heated FO cable at the locations presented in Figure 4. The data from these 
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sensors were collected using a HOBO MicroRX station, which was uploaded to the HOBOnet website via 
a cellular connection. Soil samples were taken from the locations of the new sensors using cores that have 
a diameter and height of 7.62 and 15.24 cm, respectively. 

 
Figure 4. Schematic diagram of the location of the additional wireless soil moisture sensors installed in 

the homogenous transect in February 2020. 

On 29 February, 2020 a Hydra Go handheld probe was used to map the heterogeneity in the soil moisture 
content of the homogeneous transect. Soil moisture content measurements were taken over a distance 
ranging from 3.5 to 4 m along the whole transect. 
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2.0 Heating Protocol for the Active Soil Measurements 
Seven heat pulses were applied in the period from 12:30 PM to 7:00 AM daily. The heat pulses were 
applied only to the first 450 m of the middle ground OF cable of the homogeneous site (drawn in yellow 
in Figure 2). The heat pulses (eight minutes each) were applied using a MicroFUSION AC power 
controller (Control Concepts, Chanhassen, Minnesota) and a time-activated relay controller (NCD, 
Osceola, Missouri), which is used to control the timing and duration of the heat pulses. 

3.0 Data Analysis 

3.1 Turbulence Spectra in the Equilibrium Range of the Stable 
Atmospheric Boundary Layer 

We have focused on the study of turbulence spectra in the stable atmospheric boundary layer (ABL). For 
the first time, we proposed a shape of the turbulent kinetic energy (TKE) and temperature spectra in 
horizontal wavenumber for the equilibrium range (Figure 5) that consists of three regimes at small Froude 
number: the buoyancy subrange, a transition region, and the isotropic inertial subrange through 
dimensional analysis and substantial revision of previous theoretical approximation (Weinstock 1978). 
Our field observation provides unique spatial observation without invoking Taylor’s frozen turbulence 
hypothesis (Taylor 1938) and supports the proposed spectral scaling (Figure 5) in addition to various 
eddy-covariance observations. 

 
Figure 5. Spatial spectra and spatial mean of temporal spectra of temperature along fiber optics in 

representative 30-minute periods of DTS data in the stable atmospheric boundary layer. Only 
the buoyancy subrange and transition region are resolved due to limited temporal resolution 
and temporal averaging. 𝑬𝑬𝝎𝝎𝝎𝝎 is wavelet spectrum in frequency, 𝑼𝑼 is mean streamwise wind 
velocity, 𝒛𝒛 is measurement height above ground, 𝑻𝑻∗ is scaling temperature, 𝝎𝝎 = 𝟐𝟐𝝅𝝅𝝅𝝅 is 
angular frequency, 𝑽𝑽𝑽𝑽𝑽𝑽 is variance of temperature, 𝑳𝑳 is Obukhov length, and 𝑹𝑹𝒇𝒇 is flux 
Richardson number. “H1 mean”, “H2 mean”, “H3 mean”, and “H4 mean” denotes the spatial 
mean of temporal spectra at four fiber optic measurement heights (1.00 m, 1.25 m, 1.50 m, 
and 1.75 m) respectively. Taken from Cheng et al. 2020a. 

This study provides a clear explanation for the failure of Monin-Obukhov similarity theory (MOST; 
Monin and Obukhov 1954) in very stable atmospheric boundary layers. The buoyancy scale (Billant and 
Chomaz 2001) characterizing the transition region is not considered in MOST, thus leading to a failure 
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when calculating turbulent fluxes in very stable conditions at kO>ka, where kO denotes the wavenumber 
corresponding to the Dougherty-Ozmidov scale (Dougherty 1961, Ozmidov 1965) and ka denotes the 
wavenumber for wall effects (Katul et al. 2014, Townsend 1976), as shown in Figure 6. The study thus 
suggests developing new turbulence parameterization by explicitly adding the buoyancy scale to MOST, 
which should contribute to improved stably stratified turbulence representation in numerical weather 
prediction (NWP) and climate models (Svensson et al. 2011). 

 
Figure 6. Schematic of turbulent kinetic energy and temperature spectra in horizontal wavenumber in 

the stable atmospheric boundary layer. 𝒌𝒌𝟏𝟏 is horizontal wavenumber, 𝑬𝑬(𝒌𝒌𝟏𝟏) is turbulent 
kinetic energy or temperature spectra. 𝒌𝒌𝑶𝑶 denotes the wavenumber corresponding to the 
Dougherty-Ozmidov scale. 𝒌𝒌𝒂𝒂 denotes the wavenumber for wall effects. “Kolmogorov” 
denotes the Kolmogorov scale and “buoyancy” denotes the buoyancy scale. Taken from 
Cheng et al. 2020a. 

3.2 Power-Law Scaling of Turbulence Cospectra in the Stable 
Atmospheric Boundary Layer 

We examined the shape of the turbulence cospectra at high wavenumbers from extensive field 
measurements of wind velocity and temperature in various stably stratified atmospheric conditions at high 
Reynolds numbers. We show that the cospectral scaling deviates from the typically assumed -7/3 scaling 
proposed by Lumley (1964) and Lumley (1967) for high wavenumbers in the equilibrium range and 
seems to better follow a -2 power-law scaling (Figure 7) that also is valid within dimensional analysis. 
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Figure 7. Median of normalized temporal cospectrum of momentum flux (denoted by 𝑬𝑬𝒘𝒘𝒘𝒘/𝒖𝒖∗𝟐𝟐 or 𝑬𝑬) 
multiplied by 𝒇𝒇𝟕𝟕/𝟑𝟑 (blue lines) or 𝒇𝒇𝟐𝟐 (red lines) for each frequency in six representative 
30-minute periods of MATERHORN hot film data. 𝒑𝒑 is an exponent equal to 7/3 or 2 and 𝒇𝒇 
is sampling frequency in Hz , 𝑬𝑬𝒘𝒘𝒘𝒘 is the wavelet cospectrum of the vertical velocity 𝒘𝒘 and 
streamwise velocity 𝒖𝒖, and 𝒖𝒖∗ is the friction velocity. Taken from Cheng et al. 2020b. 

Our SGP field observations are consistent with previous laboratory experiments (Mydlarski 2003, 
Mydlarski and Warhaft 1998, Sakai et al. 2008) suggesting a −2 scaling for turbulence cospectra at 
Reynolds number as high as 𝑅𝑅𝜆𝜆 = 582 (𝑅𝑅𝜆𝜆 is Taylor-microscale-based Reynolds number [Pope 2000]). 
As for applications in the ABL, Horst (1997) assumed a −2 scaling for scalar flux as it approximates 
observations, and could be analytically computed. Here we provide multiple lines of evidence suggesting 
that the cospectra might obey a −2 scaling in the stable ABL. This correction can then be used in 
eddy-covariance data and should improve estimates of the fluxes. 

3.3 Soil Measurements 

This section describes the soil analysis that was performed on the data collected in the homogenous 
section after installing the 17 additional HOBOnet Soil Moisture EC5 Sensors and until the project ended 
(data collected during the three months from March to May, 2020). 

Figure 8 shows the observed soil moisture at the different EC5 stations during the study period using the 
optical fiber corrected based on calibration to the existing probes (see later sections). It is worth noting 
that a severe precipitation event was observed at the site in April. This event caused an abrupt increase in 
soil moisture to reach near-saturation at all the stations. Many periods of substantial drydowns occurred, 
allowing us to assess substantial changes in soil moisture conditions and their regulation on 
evapotranspiration. Our following analysis will focus on the space-time organization of soil moisture, as 
well as the impact of soil type and small-scale heterogeneity in soil moisture. We also got in touch with 
the COSMO sensor team, who have installed the COSMO probe at the SGP site, measuring soil moisture 
with a large footprint of ~400 m. The aggregate of this footprint will be compared to the results we are 
obtaining at our site, in particular to understand the role of sub-kilometer-scale heterogeneity. The unique 
space-time structure of soil moisture will permit us to address some key questions on the spatial 
organization of soil moisture at sub-kilometer scale, which remains entirely unknown (soil moisture 
satellites are at scales ~10km), such as the role of different soil types, the role of microtopography, or the 
impact on local temperature. 
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Figure 8. Observed soil moisture at the different EC5 stations during the study period. 

3.3.1 DTS Data Acquisition 

Each of the six 600-m transects (three aerial and three underground transects) were calibrated separately. 
The COVID-19 pandemic limited the ability of the site team to maintain a significant temperature 
difference between the three calibration baths during the study period, which is required for applying the 
traditional three-bath, single-calibration method of Hausner et al. (2011). Therefore, the DTS data were 
calibrated instead using the DTS internal calibration routine. Any drift or residual differential attenuation 
in the calibrated temperature for each 600-m transect were then corrected using information from two of 
the three calibration baths. Comparison between the calibration method used and the three-bath, 
single-calibration method was performed on two days where the three baths were well maintained 
(16 March and 13 April). The calibrated signals exhibited a mean bias (<0.01 K) and had a 
root-mean-square error (RMSE) that ranged from 0.5 to 0.7 K. Ambient temperature during each heat 
pulse was estimated by fitting a linear relationship using the data from time equal -10 to 0 and 30 to 
40 minutes where the zero minutes represent the start of the applied heat pulse. The estimated ambient 
temperatures were subtracted from their associated temperature signals to extract the variation in 
temperatures caused by the applied heating event. 
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3.3.2 Estimation of Soil Thermal Conductivity 

The calibrated DTS signals had a spatial resolution of 0.25 m. The soil thermal conductivity 
(𝜆𝜆) corresponding to each 0.25 m was estimated from the slope of linear relationship during the heat pulse 
duration between the change of temperature observed at this location and the logarithm of time, as 
described by the following equation (De Vries 1952, Bristow et al. 1994): 

∆𝑇𝑇 ≈ �𝑞𝑞
′

4𝜋𝜋𝜋𝜋� � 𝑙𝑙𝑙𝑙(𝑡𝑡) + 𝑏𝑏 

where ∆𝑇𝑇 is the temperature change due to the applied heat pulse at time 𝑡𝑡, 𝑞𝑞′ is the applied heating 
power, and 𝑏𝑏 is the intercept of the fitted line. The first few seconds of the heat pulse needed to be 
excluded from the fitting as their behavior deviated from the aforementioned linear relationship because 
of the influence of the heat source finite radius and the contact resistance between the FO cable and the 
surrounding soil (Bristow et al. 1994). Excluding periods of 5, 10, 20, and 30 seconds were tested to 
investigate the sensitivity of the resulting 𝜆𝜆ℎ to the duration of the excluded period. The analysis showed 
that 𝜆𝜆 was approximately insensitive to excluded periods larger than 10 seconds. 

3.3.3 Soil Moisture Calibration Curves 

The estimated 𝜆𝜆 at the locations of the installed soil moisture stations were combined with the observed 
volumetric soil moisture content (𝜃𝜃) to establish the calibration curves at these locations as shown in 
Figure 9: 

 

 
Figure 9. The relationship between 𝝀𝝀 and 𝜽𝜽 at the locations of the 20 soil moisture stations (colors 

represent individual stations). 

The results showed that most stations exhibited a near-similar relationship between thermal conductivity 
and moisture content. However, stations 1, 10, 11, and 18 showed different trends. The different behavior 
at station 1 was expected due to possible differences in soil characteristics as the first 10 m of the 
fiber-optic cable transect showed different thermal conductivity regimes and that region was heavily 
ponded for longer periods following any excessive precipitation event. The unexpected behavior of 
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station 10 was due to an animal-made ground hole that was observed next to its location. Also, the soil 
moisture sensor at station 18 was cut by animals after only 41 days, which indicates soil disturbance there 
too. 

A hierarchal clustering was performed to further assess how each station was closely related to other 
stations with respect to 𝜆𝜆 and 𝜃𝜃 separately. The Euclidian distance was used as the similarity measure in 
this analysis. The dendrograms in Figures 6 and 7 confirmed that observed 𝜆𝜆 at stations 1, 10, and 18 
were different than the other stations. Also, soil moisture estimates at stations 1, 3, 11, and 18 were 
different than the measurements at other stations. These results illustrate that station 1 is different, but 
there is a physical reason behind this difference. On the other hand, differences observed at stations 10 
and 18 are purely due to disturbance to the soil column at these locations. Finally, stations 3 and 11 
showed differences only with respect to soil moisture, which indicates that this difference is probably due 
to errors associated with the EC5 sensors at these locations. Hence, it was decided to exclude stations 10 
and 18 from the analysis. 

 
Figure 10. Hierarchal clustering of the 20 soil moisture stations with respect to the similarity in 

estimated 𝝀𝝀. 
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Figure 11. Hierarchal clustering of the 20 soil moisture stations with respect to the similarity in 

measured 𝜽𝜽. 

3.3.4 Prediction of Soil Moisture Using Machine Learning 

A Gaussian Processes Regression (GPR) model was then constructed to estimate 𝜃𝜃 along the FO cable 
transect. The λ- 𝜃𝜃 relationships observed at the remaining EC5 soil moisture stations were used as training 
data. The used predictors included the distance (d), the observed λ, the average and maximum thermal 
conductivity observed at that location over the studies three months, 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 and 𝜆𝜆𝑚𝑚𝑚𝑚𝑚𝑚, respectively, and 
the average soil moisture observed at the EC5 stations (𝜃𝜃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚). The observed average ambient 
temperature (𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎) was also included as a predictor. Two additional predictors representing the reduction 
in λ observed on the first and second day after the severe precipitation storm observed in April (∆𝜆𝜆1 and 
 ∆𝜆𝜆2) were also included because they correlate with the possible variation in soil characteristics over the 
length of the fiber-optic transect. The rational quadratic kernel was used in the GPR model. The values of 
the hyper-parameters were optimized using the training data. 

3.3.5 Correction of Possible Error in θ 

The EC5 sensors exhibited an error of ±3% in estimating 𝜃𝜃. These errors could be partially responsible 
for the scattering observed in Figure 9. To test this hypothesis, a thermal conductivity model was fit to the 
data. Then the residuals were reduced by iteratively adding a random error within the EC5 ±3% error 
range to each soil moisture measurements. The Cote and Konrad (2005) model was used in this analysis. 
The results are presented in Figure 12. The machine-learning algorithm was run twice: Once using the 
raw data presented in Figure 9 after excluding the data from stations 10 and 18, and the other was based 
on the corrected data presented in Figure 12. 
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Figure 12. The relationship between 𝝀𝝀 and 𝜽𝜽 after correcting for the possible errors in the EC5 

measurements (colors represent individual stations). 

3.3.6 Machine-Learning Model Validation 

The constructed GPR models were validated by iteratively leaving out data from a single station from the 
training data and use the trained model to predict 𝜃𝜃 at the left-out station. The results of the GPR model 
trained using the raw 𝜃𝜃 showed a significant bias in the model results. Examples of the bias observed at 
stations 6 and 15 are presented in Figure 13. On the other hand, the model trained using the adjusted EC5 
soil moisture did not suffer from that bias even when the model-validated soil moisture was compared 
against the raw soil moisture data (see Figure 13) and the resulting error in measurements was ±5% for 
most stations, comparable to satellite measurement error. 

 
Figure 13. Bias in predicted soil moisture 𝜽𝜽𝒗𝒗𝒗𝒗𝒗𝒗 estimated at stations 6 and 15 when the raw EC5 

measurements were used to train the model. 
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Figure 14. Predicted soil moisture (𝜽𝜽𝒗𝒗𝒗𝒗𝒗𝒗) at stations 6 and 15 against the adjusted soil moisture 

�𝜽𝜽𝒐𝒐𝒐𝒐𝒐𝒐−𝒂𝒂𝒂𝒂𝒂𝒂� and raw soil moisture (𝜽𝜽𝒐𝒐𝒐𝒐𝒐𝒐) when the adjusted EC5 measurements were used to 
train the model. 
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