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A B S T R A C T   

Despite the importance of forests in the water and carbon cycles, accurately measuring their contribution re-
mains challenging, especially at night. During clear-sky nights current models and theories fail, as non-turbulent 
flows and spatial heterogeneity become more important. One of the standing issues is the ‘decoupling’ of the air 
masses in and above the canopy, where little turbulent exchange takes place, thus preventing proper measure-
ment of atmospheric fluxes. Temperature inversions, where lower air is colder and thus more dense, can be both 
the cause and result of this decoupling. 

With Distributed Temperature Sensing (DTS) it is now possible to detect these temperature inversions, and 
increase our understanding of the decoupling mechanism. With DTS we detected strong inversions within the 
canopy of a tall Douglas Fir stand. The inversions formed in on clear-sky nights with low turbulence, and 
preferentially formed in the open understory. A second inversion regularly occurred above the canopy. Oscil-
lations in this upper inversion transferred vertically through the canopy and induced oscillations in the lower 
inversion. 

We hypothesize that the inversions could form due to a local suppression of turbulent motions along the height 
of the canopy. This was supported by a 1-D conceptual model, which showed that a local inversion layer would 
always form within the canopy if the bulk inversion (over the full canopy) was strong enough. 

Due to the near-continuous vertical motion and specific height the inversions occur at, a very high mea-
surement density (better than ~2 m) and measurement frequency (>0.1 Hz) are required to detect them. 
Consequently, it could be possible that the observed inversions are a regular feature in similarly structured 
forests, but are generally not directly observed. With DTS it is possible to detect and describe these types of 
features, which will aid in improving our understanding of atmospheric flows over complex terrain such as 
forests.   

1. Introduction 

Forests cover a large area of the earth’s land surface and form 
important components of both the water and the carbon cycle. However, 
due to their intrinsic height scale and complexity, measuring their 
contribution to these cycles has remained very challenging (Wilson, 
2002; Barr et al., 1994). In particular during nighttime, when fluxes are 
modest in magnitude, measuring exchange of carbon dioxide, water 
vapor, and heat between the forest canopy and atmosphere is difficult. 

During the day, strong convection will ensure strong mixing of air 
which enables frequent exchange of air masses between the forest and 
the atmosphere above. Likewise, high wind conditions favor such 

exchange. In contrast, during low wind and clear-sky nights current 
models and theories fail, as non-turbulent flows and spatial heteroge-
neity becomes more dominant (Katul et al., 1995). An issue affecting 
nighttime measurements specifically in forests is decoupling; a lack of 
turbulent exchange between the canopy and the atmosphere (Aubinet 
et al., 2012). This lack of turbulent exchange makes experimental 
quantification of water, carbon, and energy fluxes above forests difficult, 
as measurements above the canopy are not representative for what is 
happening inside the canopy (Jocher et al., 2017). Decoupling is caused 
by the lack of generation of turbulence due to the absence of sufficient 
wind shear, and also due to the suppression of turbulence by stable 
stratification; when the canopy, or parts of it, are colder than the 
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atmosphere above (Baldocchi and Meyers, 1988; Thomas et al., 2017; 
Schilperoort et al., 2020). If not taken into account, decoupling will 
affect the interpretation of forest fluxes such as water and CO2 (Fitz-
jarrald and Moore, 1990; Alekseychik et al., 2013). 

There are different (proxy) methods to assess whether the canopy is 
in a decoupled state or not. So-called u* (friction velocity) filtering is 
often used to filter flux data for periods with low wind shear (Goulden 
et al., 1996; Papale et al., 2006; Barr et al., 2013). Other methods use the 
relationship between the standard deviation of vertical wind speed (σw), 
both above and below the canopy (Thomas et al., 2013), or look at 
(cross-)correlation between the measurements of vertical wind speeds 
(Cava and Katul, 2009; Jocher et al., 2020). However, the above 
methods are only proxies for the momentum exchange, and do not 
actually detect the density stratification over the full 
canopy-atmosphere continuum. By detecting such stratification one 
could assess whether indeed temperatures vary smoothly with height or 
that ‘separated’ or ‘decoupled’ layers are being formed. 

Besides it has to be realized that decoupling is not a binary state. A 
range of different exchange regimes can occur, from a fully coupled 
canopy, to a decoupled subcanopy, to lastly a fully decoupled canopy 
(Göckede et al., 2007). Strong temperature inversions, where air lower 
down is colder and thus denser than air above, within or over the can-
opy, can both affect as well as be the result of the decoupling. By 

knowing if such an inversion exists, and at which height it is, the degree 
of coupling of a canopy can be studied in much more detail. In this study 
therefore, we present high-resolution (~0.3 m) observations of 
in-canopy temperature using the so-called DTS technique. 

Distributed Temperature Sensing (DTS) is a measurement technique 
that has found increasing use in atmospheric measurements, for 
measuring air temperature (Thomas et al., 2012; Zeeman et al., 2015; 
Izett et al., 2019; Peltola et al., 2020) as well as wind speed profiles (van 
Ramshorst et al., 2019; Lapo et al., 2020). DTS measurements are made 
by shining a laser down a fiber optic (FO) cable, and analyzing the 
Raman backscatter signal. As this Raman backscatter is only sensitive to 
temperature, the temperature along the entire FO cable can be moni-
tored continuous in space (Smolen and van der Spek, 2003; Hartog, 
2017). This is akin to having a long string of standard temperature 
sensors. In a previous study by Schilperoort et al. (2020) decoupling was 
investigated in a Douglas fir canopy with the use of a DTS measured 
vertical temperature profile. It was hypothesized that a ‘blocking layer’ 
existed within the understory, which reduces the turbulent exchange 
between the forest floor and the rest of the canopy. A drawback in their 
data analysis was that the data had high spatial resolution (30 cm) but 
that it was limited in its temporal resolution. This was due to the type of 
FO cables used: thick cables which respond slowly to changes in air 
temperature. To expand on this study, an adjusted measurement setup 

Fig. 1. Photos illustrating the bare forest floor (a), and the canopy structure (b) at the Speulderbos study site. (Schilperoort et al., 2020).  

Fig. 2. Forest type distribution around the tower site at the Speulderbos forest, the Netherlands (Schilperoort et al., 2018).  
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was placed on the site, which is capable to detect air temperature var-
iations at a high frequency (~0.5 Hz). This enables us to make more 
definitive conclusions about the nature of the blocking layer and to 
detect dynamical features such as internal gravity waves. 

Using these high frequency air temperature profiles, we will look at 
the presence of temperature inversions within the Douglas Fir canopy. 
We will study their formation and distribution within the canopy, and 
look at inversion dynamics at different scales. Next we will discuss the 
reasons why these inversions within the canopy can often elude detec-
tion, i.e., why they are not observed more often using more traditional 
point sensors. Finally, to explain why and under which conditions the 
inversions form, we present a simple 1-D conceptual model to support 
our hypothesis on the mechanism behind the layer formation within the 
canopy. 

2. Materials and Methods 

2.1. Study Site 

The measurements were performed at the Speulderbos study site in 
the Netherlands (52◦15’N, 5◦41’E, Fig. 2). The forest surrounding the 
field site consists of patches of different tree types, both planted and 
native trees in different succession stages, intersected by access roads. 
The patch in which the flux tower is located consists of Douglas Fir trees 
(Pseudotsuga menziesii), planted in 1962, with a mean canopy height of 
around 34 m (Cisneros Vaca et al., 2018). The Douglas Fir trees form a 
very dense canopy from 20 – 30 meters, while the bottom 20 m of the 
stand is completely bare, apart from the trunks (Fig. 1). This can also be 
seen in the vertical distribution of the Plant Area Index (PAI, 
Appendix C). The forest floor is mostly covered in a layer of needles, 
with only limited undergrowth present (e.g., ferns, mosses). A more 
detailed description of the canopy structure can be found in Schilper-
oort et al. (2020). The site is located on a hillslope, with a local grade of 
~2.5%. The surrounding area varies in slope (Appendix B). 

2.2. Setup 

To measure a vertical profile of air temperature, a thin fiber optic 
(FO) cable was placed vertically from the forest floor up to 32 meters 
(Fig. 3) along a 48 m tall measurement tower. The ‘j-BendAble Robust’ 
OM3 fiber (j-fiber GmbH, Jena, Germany) had a translucent acrylic 
coating, and a diameter of 500µm. The FO cable was not extended 
beyond 32 meters due to the fragility of the thin cable. To hold it in 
place, it was connected to horizontal wooden beams which were 
extended from the measurement tower. The beams were placed every 4 
meters, starting at the surface, increasing to every 2 meters from 26 m 
upward. The thin fiber was spliced to two different FO cables on both 
ends, which were routed down the tower, through the calibration baths 
and connected in a double-ended configuration to the DTS machine 
(van de Giesen et al., 2012). The thin-fiber temperature profile was 
measured from 21 August 2019 until 17 October 2019, when the FO 
cable broke. 

The DTS machine used was a 2km range Ultima-S device (Silixa Ltd., 
UK). The measurement period was configured to 1 second per channel. 
This results in a double-ended calibrated temperature with an increased 
measurement period of ~2.3 s due to processing overhead. The raw data 
was calibrated using the python package ‘dtscalibration’ (des Tombe 
and Schilperoort, 2019). 

The data was calibrated in a double-ended configuration, using a 
well-mixed bath at ambient temperature and a different bath maintained 
at 30 degrees Celsius. As the calibration was performed over splices, this 
could result in an offset and bias in the final temperatures (des Tombe 
et al., 2020). However, to detect strong temperature inversions we are 
mostly interested in the variations over air temperature over time and 
height, so a possible small bias in the absolute temperature is acceptable. 
DTS measurements suffer from inherent uncertainty in the measure-
ments. With our Ultima-S device the expected measurement noise at the 
highest resolution has a standard deviation of σDTS ≈ 0.24 K. By aver-
aging in space and time this uncertainty can be reduced. 

Fig. 3. Schematic overview of the measurement setup at the tower.  

B. Schilperoort et al.                                                                                                                                                                                                                           
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At the top of the measurement tower, at 48 m, an eddy covariance 
setup was placed consisting of a CSAT3 sonic anemometer (Campbell 
Sci., USA) and a LI7500 gas analyzer (LI-COR Biosciences, USA), both 
logged at 20 Hz. At 44 m a CNR4 Net Radiometer (Kipp & Zonen, the 
Netherlands) was placed, logging at 1 minute averages. On the forest 
floor, at ~0.8 m, a Young-81000 sonic anemometer (R.M. Young, USA) 
was placed, which was logged at 32 Hz. As this sonic anemometer did 
not have active heating, condensation on the transducers caused mea-
surement disturbances on some nights. At 2 m another CNR4 Net 
Radiometer was set up, logging at 1 minute averages. All dates and times 
are in UTC. 

2.3. Method 

To be able to properly detect inversions within the DTS-measured 
temperature profiles we corrected all temperature values with the dry 
adiabatic lapse rate (i.e., g cp

− 1 ≈ 9.68 × 10− 3 K m− 1 (Stull, 2015)), so as 
to get the potential temperature θ (K, in reference to the ground level), 
hereafter just referred to as temperature. 

Preliminary inspection of temperatures learned that sharp inversion 
commonly occurred within the canopy. These inversions are charac-
terized by a temperature jump of 1 - 2 K over a very small distance (< 0.3 
m). For a general analysis we need a method to automatically detect the 
presence and features of these sharp inversions, such as the height at 
which the inversion is centered on (zinv, m), and the strength (i.e., 
temperature jump) of the inversion (Δθinv, K). 

However, DTS measurements with high-frequency result in rather 
high measurement uncertainty, because statistical convergence de-
creases with decreasing averaging time. Uncertainty in the temperature 
will lead to difficulties in detecting inversions, when the signal (Δθinv) to 
noise ratio is too small. To solve this, we used cross-correlation to detect 
step changes in the temperature profile. The cross-correlation between 
the temperature profile at a single measurement in time, and a sign 
function, is computed. The resulting data will show a local maximum 
value where a jump in temperature occurs. A detailed description and 
test of the method on synthetic data can be found in Appendix A. 

For further data processing we chose a filter window size of 32 
datapoints (corresponding to a physical filter window of 4 m), and a 
desired height detection accuracy of σ(zinv) < 1 m. With this we could in 
theory detect sharp inversion layers down to a minimum strength of 
Δθmin ≈ 0.34 K (see Appendix A). 

After the height of a possible inversion is detected using the cross- 
correlation method, the temperature difference over the inversion can 
be determined. To do this, we calculate the difference between the 
temperature above (θabove) and below (θbelow) the inversion height. To 
reduce the measurement uncertainty, we take the mean temperature in a 

range from 0.5 to 1.5 meters distance from the detected inversion 
height. The specific range is a compromise between reducing the un-
certainty and how representative the data points are of the inversion 
strength. 

θabove =

∫ zinv+1.5

zinv+0.5

θ(z)
Δz

dz, θbelow =

∫ zinv − 0.5

zinv − 1.5

θ(z)
Δz

dz, (1)  

where Δz = 1 m. The temperature difference over the inversion can then 
be calculated with; 

Δθinv = θabove − θbelow. (2) 

Lastly, we performed a data screening. As the dataset is limited in 
time, a visual analysis of the temperature data can be performed to find 
events where, e.g., a sudden breakup of a strong inversion occurs, these 
events can then be studied in detail. In a preliminary look at the data, 
wave-like motions were clearly visible in the inversion height. These 
motions were visible in both the micro scale, as well as the submeso 
scale. We will analyze these events to describe their properties and 
discern their source. 

3. Results and Discussion 

3.1. Example inversion 

As an illustration, Fig. 4 shows the potential temperature over height 
and time, as measured with DTS. The inversion height that was detected 
using the cross-correlation method is displayed over the temperature 
plot with a red line. During the night, the temperature along the entire 
profile falls gradually by about 2 K, both above and below the inversion 
layer. The local inversion has a strength of ~2 K, and varies a in height 
from 5 to 20 meters. Besides the larger changes in height, the inversion 
shows regular smaller oscillations of about 2 m at timescale of 1 – 2 
minutes. 

3.2. Inversion statistics 

To correlate the presence of inversions with other variables, we 
define a persistent night as a night where more than 50% of the time an 
inversion with temperature strength greater than 0.5 K is present. An 
intermittent night is a night where 15 – 50% of the time such an 
inversion is present. ‘Inversionless’ nights are the remaining nights. 
Using these definitions, out of a total of 56 observed nights, persistent 
inversions (present for more than half of the night) were observed in 12 
nights (21%). Twenty nights (36%) had some intermittent inversions, 
and the remaining 24 nights (43%) had no inversions within the canopy. 

Fig. 4. Example of DTS measured potential temperature profile in time, along with the detected inversion height (where Δθinv > 1K). Data of 14 September 2019. 
The 2D temperature plot has been smoothed using a Gaussian filter in time and space. 
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These statistics indicate that the formation of inversion layers is a reg-
ular phenomenon, rather than an occasional event. The inversions were 
mostly present from 21 August 2019 to 23 September 2019, a period 
characterized by clear nights and low friction velocities (Fig. 5). During 
the last three weeks of the measurement period wind above the canopy 
was more turbulent and the sky was cloudy. Consequently, no inversions 
were detected during this period. 

As the inversions seem to mostly occur during low-wind clear nights, 
it is likely that the atmospheric stability has a large influence on the 
formation of the inversions. To this end we compare the distribution of 
the stability parameter z∕L of the three classes of nights (Fig. 6). This 
shows that inversionless nights have a mostly neutral value for z∕L, 
intermittent nights can be neutral or stable, and nights with persistent 
inversions mostly have stable values for z∕L. 

Due to the mechanics of its formation and evolution, the inversion 
layer will be constrained by canopy morphology (PAI). Fig. 7 shows the 
distribution of the inversion layer over height, for two different inver-
sion strengths. The stronger inversions are most likely to occur between 
10 – 20 meters. Inversions were also regularly detected just above the 
forest floor (0 – 5 m) and near the canopy top (28 – 30 m). Within the 
overstory inversions are rare. It is likely that the dense branches reduce 
turbulent mixing, and thus, if there would be an inversion present within 

the dense branches, the lack of mixing combined with the loss of heat 
due to radiative cooling would cause this layer to grow in height until it 
rises to the top of the canopy. 

A reason for the preferential height could be that shear-driven mix-
ing is enhanced both near the forest floor and just above and below the 
dense part of the canopy (at 20 – 26 m height). In forests with an open 
understory, a second wind speed maximum is often observed (Oliver, 
1971; Shaw, 1977), which is accompanied by increased turbulence in-
tensity and shear near the branches and forest floor (Baldocchi and 
Meyers, 1988). This enhanced shear results from the interaction 

Fig. 5. Nighttime conditions during the measurement period of the wind speed at 48 meters (a), average friction velocity at 48 meters (b), and net radiation (c). The 
round markers denote the mean nighttime values, and the error bars the 25th and 75th percentiles. Nights with persistent inversions are shaded with dark gray, 
nights with intermittent inversions are shaded light gray. 

Fig. 6. Probability distribution functions of the stability parameter z∕L for the 
three classes of nights. 

Fig. 7. Height at which inversions were detected, with two thresholds of 
minimum temperature differences; 1.0 K (red), and 1.5 K (blue). The gray 
shaded area shows the most dense part of the canopy. 
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between the wind and rigid (no-slip) surfaces such as the ground and the 
tree biomass at the top. This could result in a local minimum of the 
diffusivity between the forest floor and canopy. With the right condi-
tions (i.e., the strength of the overall bulk inversion) this local minimum 
can exhibit a self-reinforcing effect, where the low diffusivity allows for 
a local sharpening of the temperature gradient, which in turn lowers the 
local turbulent diffusion. We analyzed the essence of this positive 
feedback, by a simple 1-D conceptual model in Section 4. 

3.2.1. Formation of inversions 
To study what could drive the formation of the inversions, the 

strength of the inversion is compared to the friction velocity and the net 
radiation, both above and below the canopy (Fig. 8). It is likely that 
these play a role, as a low friction velocity would allow the formation of 

a stable stratification due to a lack of mixing, and a strong net radiative 
cooling would allow for large temperature differences. 

As expected, the friction velocity above the canopy has to be low for 
a strong inversion to form or persist (Fig. 8a). The friction velocity below 
the canopy (Fig. 8c) shows an even stronger relationship, but causality 
cannot be derived from this as the presence of a strong inversion would 
cause a very low u* value at 1 m height as well. The net radiation above 
the canopy also needs to be highly negative (Fig. 8b); meaning clear sky 
conditions with strong radiative cooling. However, interestingly, the net 
radiation below the canopy shows no clear relationship with the 
strength of the inversion (Fig. 8d). This could be due to the net radiation 
values being low, or that the radiometer near the forest floor is not a 
good indicator of the radiative cooling of the understory air. However, 
the placement of the radiometers do not allow us to descern between 

Fig. 8. Scatter plots of the nighttime friction velocity (a, c) or net radiation (b, d), and the inversion strength. Both above (a, b) and below the canopy (c, d).  

Fig. 9. Data from an occurrence of a double inversion on 10 September 2019. Figure a shows the DTS temperature measurements from one point in time (2:14:30) in 
blue, with a 1 meter mean in red. The wide distribution of the blue data points is largely due to measurement noise. Figure b shows a color plot of the potential 
temperature in space and time. 
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cooling of the tree biomass and the understory air. 
This lack of correlation between the inversion strength and the net 

radiation in the understory could mean that the source of the cold air 
under the inversion is not convective heat exchange with the cold forest 
floor. The cold air has to be supplied somehow however, either in the 
form of cold air plumes falling down from the top of the canopy (Dupont 
and Patton, 2012), by direct radiative cooling of the air, or a non-local 

source of cold air (i.e. advection). It could also be that the net radiom-
eter in the understory is located in a warm spot with less exposure to the 
open sky, and is therefore not fully representative of the whole 
understory. 

3.2.2. Double inversions 
On some occasions a double inversion was visible in the measured 

Fig. 10. Friction velocity above the canopy (a), 1 second mean vertical wind speed (b, in yellow), 5 second mean vertical wind speed (b, in red) above the canopy, 
sonic temperature above the canopy (c), and the DTS-measured temperature profile (d) during a wave-like event on 27 August 2019. 

Fig. 11. Wind speed (a), wind direction (b) and temperature data (c) from the wave-like event on the night of 22 – 23 August 2019. Note that the wind speed (a) has 
two different scales for the two measurement heights. After an inversion at around 18 meters lasting until 23:00, a clear wavelike feature can be seen starting at 
23:20, and lasting until 00:15. 
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temperature profiles. An example of this is shown in Fig. 9. There are 
two clear temperature jumps visible in Fig. 9a, first at 14 m, and a second 
at 26 m. Both temperature jumps are ~1 K in magnitude. As can be seen 
in Fig. 9b, the inversions are not static in height, but oscillate with a 
period of about 80 seconds and an amplitude of 3 m. The two inversions 
seem to move in-phase, although small phase differences are small 
difficult to detect with the limited measurement frequency and the high 
measurement uncertainty. Due to the oscillations the top inversion dips 
in and out of view periodically; only when the inversion is below 32 
meters it is measured. Even so, through manual inspection of the data 
double inversions were detected 16 of the nights, i.e., half of the nights 
where inversions were present. This is a minimum though, and it could 
even be that an upper inversion was present on all nights but remained 
out of the detection range. Therefore the inversion at the top of the 
canopy could be very common, but remains mostly undetected by the 
current DTS setup. 

3.3. Wave-like motions of the inversion 

On multiple days strong wave-like motions are visible in the inver-
sion within the canopy. The motions have amplitudes between 2 and 10 
meters, and a well-defined period of 50 – 100 seconds. These motions 
are already visible in Fig. 9, both in the inversion at 15 meters, as well as 
the second inversion when it dips down to 30 meters. While the DTS 

measurement noise makes it difficult to study the wave-like motions in 
detail, the motions are very clearly visible in the sonic anemometer data 
from the top of the measurement tower. 

Wave-like motions with similar amplitudes and periods are 
frequently observed in atmospheric stably stratified layers of all kind. 
Recently, fascinating Kelvin-Helmholtz billows have been reported by e. 
g. echo sodargrams at Dome C in Antarctica (Petenko et al., 2019), 
where the homogeneous terrain and steady meteorological conditions 
allows detailed studies of the mechanics of the stable boundary layer. 
During the ‘CHATS’ experiment in a walnut orchard (Dupont and Pat-
ton, 2012) wave-like motions were visible during stable conditions as 
well, and were described as Kelvin-Helmholtz type structures. More 
specifically for forests, the observed motions could have their origin in 
‘linear canopy waves’ (Cava et al., 2004), which form due to wind shear 
at the inflection point of the wind velocity profile above the canopy 
(Raupach et al., 1996; Finnigan, 2000; Hu et al., 2002). Flows with such 
inflection points are known to be hydrodynamically unstable (van der 
Linden et al., 2020; Kundu et al., 2016; Banta et al., 2007). 
Kelvin-Helmholtz structures are formed due to shear stress between two 
layers of different densities and these instabilities can dominate flow 
over uniform forest under very stable atmospheric conditions (Cava 
et al., 2004). Shear instabilities may quickly amplify and growing waves 
may become unstable and break (mixing events). 

Fig. 10 shows a wave-like event on 22 August, where the absolute 
value of vertical wind speed at 48 m (Fig. 10b) was initially both small 
and steady, until an oscillating motion began. The amplification of this 
oscillation is clearly visible in the sonic temperature (Fig. 10c). How-
ever, after a few oscillations the vertical wind speed becomes more 
noisy, and the friction velocity increases (Fig. 10a). During this period of 
increased turbulence the air temperature in the overstory (20 – 30 m 
height) increases by over 1 K in less than 10 minutes (Fig. 10d). Seeing as 
this wave is likely generated above the canopy, has a monochromatic 
waveform with a period appropriate for canopy waves, and eventually 
breaks and generates a mixing event in the canopy (Finnigan, 2000; Hu 
et al., 2002), it is likely that the observed event results from canopy 
waves. The wave-like motions are visible in the inversion inside the 
canopy as well, as the vertical motion above the canopy is transferred 
into the canopy. Due to the low frequency of the motion, the canopy 
does not dampen the oscillations. 

3.4. A wave-like submeso-scale motion 

Besides the small scale wave motions, larger scale motions also 
occurred during the measurement campaign. Such submeso-scale mo-
tions can dominate the canopy flow dynamics and as such the correct 

Fig. 12. The formation of an inversion layer based on the 1-D model. a shows the initial conditions, b shows the onset of the collapse, and c shows the resulting 
inversion layer. The dashed orange line shows a profile with the maximum sustainable temperature gradient (see text). If the actual gradient is sharper than this 
theoretical limit a local inversion jump is formed. 

Fig. 13. The heat flux H (scaled by Kc), shown against the temperature 
gradient. With an increasing gradient, the heat flux will increase up to ∂θ

∂z≈

~1.67 K m− 1, after which the heat flux decreases with increasing gradient. The 
maximum sustainable heat flux is illustrated by the dashed line, which is at ∂θ

∂z=

α− 1 K m− 1 
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estimation of energy and mass fluxes during very stable conditions 
(Stefanello et al., 2020), especially in the lower part of the canopy 
(Santos et al., 2016; Oliveira et al., 2018). These motions have diverse 
origins such as horizontal meandering (Mahrt, 2007; Mortarini et al., 
2019) or orthographicaly induced gravity waves (Corrêa et al., 2021), 
wave-like motions, and microfronts (Mahrt, 2010; Hoover et al., 2015) 

On the night of 22 – 23 August 2019 a single wave like motion of 
significant amplitude was visible in the inversion height (Fig. 11). The 
event consisted of three sinusoidal disturbances in the height of a pre-
sent inversion layer, with a time scale of ~20 minutes. During the dis-
turbances the inversion changed height by 5 – 15 meters. The event was 
only detectable in the 1 m wind speed and the DTS temperature profile. 
The 3D wind speed measurements (u, w, v) at 48 m did not show any 
sign of the event. This might indicate that the disturbance is of advective 
origin rather than transported from above. Some signal of the event was 
visible in the sonic temperature at 48 m. Before and during the event the 
wind direction both above the canopy and at 1 m was ~200◦(south- 
southwest). 

The temperature decrease of the air under the inversion layer cor-
responds to a cooling rate of approximately 6 W m− 2, assuming no 
advection or mixing takes place. During the event there is no radiative 
cooling of the forest floor (~0 W m− 2), a negligible sensible heat flux at 
1 m (3 W m− 2), and barely any ground heat flux (-2 W m− 2). While there 
is strong radiative cooling at the canopy top (-70 W m− 2), a top-down 
convective transport is somewhat unlikely due to the presence of the 
inversion. Thus it is likely that the source of the cold air is not local. 

However, the slope at the site is approximately southeast 
(Appendix B), and the wind direction below the canopy is south- 
southwest. This would make it seem less likely that the origin of the 
event would be pulsating cold air drainage or density flows (Mahrt, 
2007), as those would likely follow the direction of the slope. 

3.5. Why could inversions within the canopy often elude detection? 

While inversions within the canopy occurred frequently during this 
measurement campaign, it had not been clearly detected before at this 
site, both in studies without (Bosveld et al., 1999) as well as with DTS 
measurements (Schilperoort et al., 2018, 2020). In Schilperoort et al. 
(2020) it was inferred that some ‘blocking layer’ was present, but as 
armored DTS cables were used, the time response of the cable was 
insufficient to see a sharp inversion. The inversion often moves around 
and oscillates with a period of around 1 – 2 minutes. This makes 
detecting the presence of a sharp inversion difficult if the time response 
of the used sensors is longer than 15 – 30 seconds (1/4 of the period of 
the oscillations, to avoid aliasing). 

Besides only time response, the vertical spatial resolution is also 
important in detecting the inversions. If DTS is used this is generally not 
a problem because these devices typically have a spatial resolution be-
tween 0.25 and 1 m. However, when using classical discrete sensors, the 
density of sensors can become an issue. A large amount of fast response 
sensors (e.g., fast-response thermocouples or sonic anemometers) would 
be required, one every ~2 m. For a subcanopy with a height of 20 meters 
this will quickly become a practical and financial issue. 

Because detection of local inversions requires a very high measure-
ment resolution, they are difficult to see with classic point sensors. This 
could mean this type of inversion is very common, but that they have 
thus far eluded detection. 

4. Conceptual model for temperature-gradient sharpening 

To test the hypothesis that layer formation is due to increased (tur-
bulent) mixing near the canopy and forest floor, we created a conceptual 
model with the minimum ingredients to form a sharp inversion in the 
middle of the canopy. The 1-D numerical model describes the evolution 
of the (vertical) temperature profile with an effective turbulent diffu-
sivity K; 

∂θ
∂t

=
∂
∂z

K
∂θ
∂z
, (3)  

where K is modeled by considering the effects of a constant background 
diffusivity (Kb), a stability correction, and a height-dependent correction 
in a dimensionless setting; 

Kc = Kb

(

1+ 4
Ck

z2
c
(z(z − zc))

)

, (4)  

which will create a parabolic profile, where zc represents the height of 
the canopy, and Ck determines the minimal value (namely (1 - Ck)Kb) in 
the center of the profile. The parabolic profile is chosen to represent 
increased mixing at the ground surface and canopy crown compared to 
the trunk region, as wind shear is highest near the ground surface and 
canopy. Note that the surface flux is computed as H = K ∂θ

∂z. A stability 
correction is applied to Kc, to account for the suppression of mixing by 
stable stratification; 

K = Kce− α∂θ
∂z , (5)  

with α as an inverse temperature-gradient scale, which controls the 
stability correction. For the numerical implementation a minimal 
diffusivity (Kmin) is needed to prevent the diffusivity to approach 0. As 
the exact source of the cold air is unknown, and to simplify the model, a 
constant temperature difference of Δθ is maintained between the top (z 
= zc) and bottom (z = 0) of the profile. 

Eq. (3) is solved using the freely available Basilisk toolbox (Popinet, 
2015), which contains a second-order accurate implicit-in-time finite--
volume solver for the diffusion equation. Details of the setup can be 
found online (van Hooft and Schilperoort, 2021). 

Fig. 12 shows how the inversion layer forms in the 1-D model. The 
temperature gradient in the center of the profile will become sharper, 
until the gradient matches the maximum sustainable value. After 
reaching this the system quickly collapses forming a discrete tempera-
ture change in the center of the profile. Values of Ck and α were tuned to 
generate layer formation. 

In order to better understand the details of the presented conceptual 
system, we analyze the existence of steady-state solutions. A steady state 
solution is characterized by a heat flux which is constant over height. For 
a system that is not collapsed; 

H = K
∂θ
∂z

= Kce− α∂θ
∂z ⋅

∂θ
∂z
, (6)  

which has a maximum gradient for ∂θ
∂z (z = 0.5 zc) = α− 1. With stronger 

temperature gradients the heat flux will decrease and the system will 
collapse, following the theory of maximum sustainable heat flux (Van de 
Wiel et al., 2012a,b). This concept is illustrated by Fig. 13, which shows 
the heat flux as a function of the temperature gradient. With an 
increasing gradient the heat flux reaches a maximum at ∂θ∕∂z = α− 1 =

~1.67 K m− 1, after which it decreases. At the left hand side of the 
maximum a negative feedback occurs: a larger temperature inversion 
result in a larger flux, which decreases the temperature contrast over the 
inversion. On the right hand side however, a positive feedback occurs: a 
stronger inversion decreases the heat flux, which results in a stronger 
inversion. The positive feedback is enabled by the non-linear de-
pendency of K with respect to ∂θ

∂z. 
As the height-average of ∂θ∕∂z is equal to 〈∂θ∕∂z〉 = Δθ∕zc, and the 

fact that the temperature gradient is strongest in the middle of the 
profile (z = 0.5zc), we can derive that the system is always (mathe-
matically) unstable when for the overall or bulk inversion; 

Δθ >
zc

α , (7)  

and will collapse for any value of Ck. Higher values of α will cause the 
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system to collapse at a lower bulk Δθ. Note that higher values of Ck can 
allow the collapse to occur before the bulk condition (Eq. (7)) is met. 
This is because a higher value of Ck allows Kc to become small locally. 
The local ∂θ∕∂z can then already reach the critical value of α− 1 while the 
overall (bulk) gradient is modest and smaller than in Eq. (7). This is 
illustrated in Fig. 12b. 

These results agree with our hypothesis and findings, and thus the 
simple model ingredients could hint at a potential mechanism for the 
formation of sharp inversions. However, this cannot be conclusively 
stated from this simplified model and with the available measurement 
data. 

5. Conclusions and recommendations 

This study demonstrated the presence of a previously not directly 
observed phenomenon; a spatially localized and highly dynamic inver-
sion in the understory of a tall forest canopy. The presence of an 
inversion below the canopy will have a large effect on vertical transport 
of gasses such as carbon dioxide. The forest floor and soil are large 
sources of carbon dioxide, and any gas released at night during an 
inversion will not be transported vertically to the sensors above the 
canopy. The strong inversion was mostly present five to ten meters 
below the dense overstory, and formed during nights with strong radi-
ative cooling and low friction velocities. The inversions did not build up 
from the forest floor. Instead, the source of the cold air was either cold 
air falling down from the canopy top or supplied through advection. 
However, in the locally measured temperature profile the air near the 
forest floor was generally 1 – 2 K colder than the air in the canopy top, 
leaving advection as the most likely candidate. 

A possible mechanic that could explain the formation of sharp in-
versions within the canopy could be a local minimum in the diffusivity. 
There is top-down mixing near the canopy top, and shear near the forest 
floor, while the middle of the understory is very bare. This mechanic was 
studied using a conceptual model with minimal ingredients, which gave 
results in line with the hypothesis. We found that a sharp inversion layer 
would always form within the canopy if the temperature difference 
between the forest floor and canopy top was large enough. 

The inversion within the canopy was not the only one present. Above 
the canopy a second inversion regularly occurred, as would be expected 
under nocturnal conditions. Wave-like motions of this second inversion, 
likely linear canopy waves, induced waves in the inversion inside the 
canopy. These wave-like motions had a period of 50 – 100 seconds, with 
an amplitude of at least 20 – 30 meters above the canopy, and a reduced 
amplitude of 5 – 10 meters within the canopy. Wave-like motions at 
larger scales were also detected. These submeso-scale motions were 

more transient and their source could not be conclusively determined. 
While persistent temperature inversions within the canopy could be 

a feature specific to this study site, it is possible that this is a more 
regular feature in similarly structured canopies. Due to the vertical os-
cillations of the sharp inversion, sensors with a fast time response (better 
than 15 – 30 seconds) have to be vertically distributed over the height of 
the canopy. Traditional temperature sensors do not respond fast enough, 
and sensors that do, like ultrasonic anemometers, are too costly to place 
at the required density. Due to these practical issues, features such as a 
sharp inversion within the canopy can often elude detection. 

The fiber support structures did influence the data analysis, either 
when leaving them in (the fiber temperature will be affected by them), 
or when leaving gaps in the data. In follow up research a straddled 
support structure could be used to overcome this issue, where two 
stretches of optical fiber are placed in close proximity to each other 
without sharing the same support structure at the same heights. This 
would allow for a continuous temperature profile to be measured 
without gaps or artifacts. An increase in the number of fibers would also 
allow averaging them, thus lowering the measurement noise, allowing 
more subtle features to be detected. 

By additionally using actively heated fiber optics, a continuous wind 
speed profile could be measured in addition to just the air temperature. 
The wind speed profile would aid in describing the interaction between 
the atmosphere and the canopy, as it would allow studying the wind 
shear, which is the driver of the turbulent mixing. To be able to study the 
wave-like features of the inversions in more detail, and to be able to 
conclusively determine their source, spatially distributed measure-
ments, e.g., upstream and downstream of the tower, would additionally 
be required. With such a setup, it would be possible in the near future to 
finally explain the observed inversions and wave-like motions. 
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Appendix A: Inversion detection method 

Block-difference method 
The block-difference method uses a sliding window, where the difference in temperature between the top and the bottom of the window is 

computed. As the block-difference method does not make use of any data points between the top and bottom of the window, it is susceptible to white 
noise in the data. First smoothing the temperature profile with a Gaussian filter will significantly improve the method’s accuracy, at the cost of losing 
data points on the edges of the profile. 

Cross-correlation method 
In the cross-correlation method (Rabiner and Gold, 1975), a sliding dot product is calculated between the vertical temperature profile and a step 

function (i.e., the sign/signum function): 

sgn(n) =

⎧
⎨

⎩

− 1, if n < 0,
0, if n = 0,
1, if n > 0.

for n =

[

−
N
2
,
N
2

]

(A.1)  

where N is the window size (ℝ) of the step function. The inversion height is determined to be at the height of the maximum value of the cross- 
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correlation (Fig. A.1). 
Test on synthetic data 
As a way to test the performance of the different detection methods, a synthetic profile was generated. The profile has a 1 K temperature step 

halfway up the profile. White noise was added to this synthetic profile, with different scales to assess the performance of the different methods over a 
range of signal-to-noise ratios. The profile was chosen to have 200 data points, corresponding to a ~25 m profile with the vertical resolution of the 
Ultima-S DTS. Performance of all detection algorithms will degrade with an increased profile size, as random noise becomes more likely to resemble a 
step change. 

To compare the effect the window size has, we show the results of a window size of 12 and 24 points, corresponding to a physical window size of 
~1.5 and 3 meters respectively (for the Ultima-S DTS). Larger window sizes will not be able to detect a step change in the bottom or top N∕2 data 
points of the profile (without padding the data), as the convolution requires a minimum amount of data points equal to the window size N. 

Noise removal with a Gaussian filter can improve the detection methods, therefore the detection methods were also applied to the profile data 
filtered with a Gaussian filter with σ =1. 

Fig. A.2 shows the performance of the inversion detection methods in the form of the standard deviation of detected height (σh) compared to the 
relative standard deviation (RSD) of the noise. The RSD is defined as ratio of the standard deviation of the noise compared to the signal size (i.e., the 
temperature jump). By running a large number of simulations any random variation is removed. The bias is near-zero in all methods. 

The cross-correlation method seems to outperform the block-difference in all cases, except when the window size is very small, and the noise level 
is very high. While the performance of the cross-correlation method improves dramatically as the window size improves, the block-difference method 
works best at more modest window sizes. First applying a Gaussian filter will see most improvement in the block-difference method, while the cross- 
correlation method is barely affected by it. 

Appendix B: Height map Speulderbos 

Fig. B.1 

Fig. A.1. Example of the convolution of a synthetic temperature profile (T(z), with white noise) and the sign 
function, and the resulting cross-correlation. The detected height of the inversion is at the maximum value of 
the cross-correlation. 

Fig. A.2. Uncertainty in the height detection of different inversion detection methods, compared to the relative standard deviation (RSD) of the noise. The block- 
difference method is compared to the cross-correlation method, and both methods are compared after using a Gaussian filter (σ = 1) to smooth out the measure-
ment noise. 
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Appendix C: Speulderbos plant area index profile 

The vertical profile of the plant area index (PAI) at the research site was previously determined using 10 images distributed over the height of the 
canopy, for 3 sides of the tower (Schilperoort et al., 2020). The images were processed using Gap Light Analyser (Frazer et al., 1999). The bottom 20 m 
of the forest is completely bare, except from the tree stems. The bulk of the branches are located around 22 to 28 m height (Fig. C.1). 

Fig. B.1. Height map of the area surrounding the measurement site. Based on the open data of ‘Actueel Hoogtebestand Nederland 3’ (AHN3). The red marker shows 
the location of the measurement tower. 

Fig. C.1. Profile of the plant area index (PAI) at the Speulderbos site (Schilperoort et al., 2020).  
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