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Summary 

 Available sap flow methods are still far from being simple, cheap and reliable 

enough to be used beyond very specific research purposes. This study presents and 

tests a new heat pulse method (SPHP) for monitoring sap velocity in trees using a 

single probe sensor, rather than the multi-probe arrangements used up to now.  

 Based on the fundamental conduction-convection principles of heat transport in 

sapwood, convective velocity (Vh) is estimated from the temperature increase in the 

heater after the application of a heat pulse (ΔT). The method was validated against 

measurements performed with the Compensation Heat Pulse (CHP) technique in 

field trees of six different species. To do so, a dedicated three-probe sensor capable 

of simultaneously applying both methods was produced and used.  

 Experimental measurements in the six species showed an excellent agreement 

between SPHP and CHP outputs for moderate to high flow rates, confirming the 

applicability of the method.  

 In relation to other sap flow methods, SPHP presents several significant 

advantages: it requires low power inputs, it uses technically simpler and potentially 

cheaper instrumentation, the physical damage to the tree is minimal and artefacts 

due to incorrect probe spacing and alignment are removed. 
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Introduction 

The use of sap flow techniques to study water relations of woody species has increased 

incessantly for the last decades. The interest of the scientific community has fostered the 

development of a wide variety of sap flow methods (Smith & Allen, 1996; Vandegehuchte 

& Steppe, 2013), each with their own merits and limitations. Due to their robustness and 

suitability for automation, it has long been suggested that sap flow systems may be used 

for the development of smart irrigation controllers in the future (Fernández et al., 2001). 

However, the available methods are still far from being simple, inexpensive and reliable 

enough to become an everyday tool by growers. Indeed, such characteristics already 

explain why the relatively simple thermal dissipation technique of Granier (1985) is the 

most widespread for research purposes so far (Poyatos et al., 2016), despite its accuracy 

being challenged by a large number of issues (Vandegehuchte & Steppe, 2013; Hölttä et 

al., 2015). In light of the foregoing, there is a call for the development of more reliable 

low-cost sap flow systems.  

Most sap flow techniques are invasive, since the sensors are located within the sapwood. 

Depending on the method, the sensors usually consist of two to four thin needles which 

measure the temperature variations in one or several points after or during the application 

of heat (one of the needles is always a heater), with sap velocity being subsequently 

estimated from the temperature changes in response to heating. Compared to traditional 

systems, a sap flow method based on single probe sensors would present some desirable 

advantages. For example, the physical damage they might cause when inserted would be 

smaller due to the simplicity and smaller size of the sensors. Furthermore, as the 

temperature would be measured in the same needle where heat is applied, the necessary 

temperature elevation might be lower, which might be useful to reduce both thermal 

trauma and the power requirements of the system. Last but not least, there would not be 

measurement errors associated with incorrect probe spacing and mutual aligning. 

The idea of monitoring sap flow using single probe sensors is not entirely new. In the last 

decade, two research teams developed separately single probe methods based on the 

transient thermal dissipation technique (TTD) (Do & Rocheteau, 2002), which is a variant 

of the method of Granier (1985). Mahjoub et al. (2009) used a single heater probe to 

explore relationships between sap flux density and thermal indices from a cyclic heating 

scheme. Their best relationships were found under the cooling phase and presented two 
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coefficients that are implicitly species-specific (Vandegehuchte & Steppe 2012a). Do et al. 

(2011) and Masmoudi et al. (2012) re-examined the issue and both provided approaches 

that apparently removed the species-specificity of the method at the cost of requiring zero-

flow conditions. However, as recent evidence indicates, no continuous method based on 

Granier (1985)’s principles exists that is completely independent of the species 

(Wullschleger et al. 2011; Vandegehuchte & Steppe 2012a). 

Long before the precedent studies were performed, Arkin (1989) suggested the possibility 

of using single-probe heat pulse sensors for estimating sap velocity. Albeit merely 

theoretical, his work suggests that such a method may benefit from a more mechanistic 

groundwork, and so, overcome many of the limitations of the aforementioned approaches. 

The aims of this study are to present, test and assess the potential of a new single probe 

heat pulse method (hereafter termed ‘SPHP’) for monitoring sap velocity in trees.  

 

Materials and methods 

Theory 

All heat-pulse methods are based on the fundamental heat conduction-convection 

equation presented by Marshall (1958) and corrected by Vandegehuchte & Steppe 

(2012b) for an instantaneous ideal heater. According to that equation, the temperature 

elevation (∆T, K) in the heater probe following a heat pulse declines over time as: 

∆𝑇 =
𝐻

4𝜋√𝐷x𝐷y  ρ𝑐

1

𝑡
𝑒𝑥𝑝 (

−𝑉h
2𝑡

4𝐷x
)  (1) 

Where H is heat input from the heat pulse (J m
-1

), Dx and Dy are axial and tangential 

thermal diffusivities of sapwood (m
2
 s

-1
), ρc is volumetric specific heat of sapwood (J 

m
-3

 K
-1

), t is time since heat pulse emission (s) and Vh is convective velocity (m s
-1

). In 

the absence of flow, the equation can be simplified to: 

∆𝑇0 =
𝐻

4𝜋√𝐷x𝐷y  ρ𝑐

1

𝑡
  (2) 

Applying the ratio of the precedent equations and rearranging we can reach the working 

equation of SPHP: 
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𝑉ℎ = √4𝐷x 𝑙𝑛 (
∆𝑇0

∆𝑇⁄ ) 𝑡⁄   (3) 

where Vh is calculated from the ratio of ∆T0 and ∆T at a given time t since heat-pulse 

emission, provided that the value of Dx is known. The latter could be estimated by 

applying the model of Vandegehuchte & Steppe (2012c) using the wood basic density 

and water content as inputs (which, in turn, can be measured by sampling a wood core), 

while ∆T0 is to be determined during periods of negligible sap flow.  Note that Eq. 3 

predicts that, at a fixed time t and provided that sapwood thermal properties remain 

constant, the higher the Vh, the lower the ΔT. This is exemplified in Figure 1 by plotting 

the time courses of ΔT following a heat pulse at two contrasting situations: before 

sunrise (when Vh is expected to be null or very low) and at noon (when Vh is expected to 

be high).   

Experimental set up 

The SPHP method was tested during the summer of 2016 in six field trees of different 

species including olive (Olea europaea L.), almond (Prunus dulcis (Mill) D.A. Webb), 

orange (Citrus sinensis L.), walnut (Juglans regia L.), pear (Pyrus communis L.) and 

holm oak (Quercus ilex L. subsp. ballota). One tree per species was selected for the 

measurements. Trees were growing in experimental orchards in Córdoba (37.8 ºN, 4.8 

ºW, 110 m altitude) and Espiel (38.2 ºN, 5.0 ºW, 500 m altitude), both located in the 

Andalusia region, Spain. An automated weather station in each location recorded 

meteorological variables throughout the measurement periods. Irrigation was supplied 

to all the experimental trees by drippers in order to ensure a good water status.  

Table 1 presents a summary with the species, location, period of measurement and other 

characteristics of the experimental trees, including trunk diameter, tree height and 

crown volume. The latter was estimated from photographs taken 4 m away from the 

trunk of the trees from two perpendicular directions, including a reference bar of 2 m 

length. The crown was treated as a spheroid and the program ImageJ (Rasband, 2002) 

was used to estimate the average vertical and horizontal crown radius required to 

deduce the volume from the two photographs. 

Instrumentation and sap velocity measurements 



6 
 

In order to compare SPHP outputs against a reliable reference, the Compensation Heat 

Pulse technique (CHP) was used. Spatial variability in sap velocities prevents the 

simultaneous comparison of sensors located at different positions (Fernández et al., 

2001; Nadezhdina et al., 2002; Ford et al., 2004; Lopez-Bernal et al., 2010), so a 

dedicated sensor capable of simultaneously applying both methods was designed and 

produced in the IAS-CSIC laboratory in Cordoba (Spain).  

The sensor consists of a 4.8 W stainless steel heater of 2 mm diameter and 25 mm 

length and two temperature probes (with stainless steel cover) of the same dimensions. 

The temperature probes were spaced 10 and 5 mm down- and up-stream of the heater, 

respectively. Both the heater and the temperature probes have embedded Type E 

(chromel constantan) thermocouple junction located at 15 mm in relation to the tip, 

measuring the temperature of the heater and the gradient of temperature between the 

temperature probes with an error slightly lower than 0.01 K.  

Only one sensor was produced and subsequently used in the experiments. It was 

installed at a height of 30 cm above ground for all the experimental trees. Bark width 

was always within 2-6 mm interval, so the thermocouple junction always laid within 8-4 

mm depth below the cambium. Correct needle spacing and alignment was ensured using 

a steel drill-bit guide. Following the installation of sensors, they were protected from 

direct solar radiation by covering the tree trunk with a car sun visor. The system was 

controlled by a CR1000 datalogger (Campbell Scientific Inc., Logan, UT, USA) that, at 

5 min intervals, executed a measurement cycle. In each cycle, the thermocouple 

junctions performed readings every second during 10 s, applied a heat pulse of 2 s and 

recorded again the readings every second in the subsequent 170 s. 

Analysis 

Direct measurements of Dx were not performed and the values used for applying Eq. 3 

came from different sources. In the case of oak, pear and walnut, both sapwood water 

content and basic density were estimated from core sampling. Then, the equations of 

Vandegehuchte & Steppe (2012c) were applied to deduce Dx. For the remaining species, 

the values reported by Lopez-Bernal et al. (2014) were adopted. The latter were 

determined in the same locations and period of the season (summer) of the present 

experiment, albeit involving different trees and years.  
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Initially, values of ΔT0 were updated for every day of measurement from records taken 

30 min prior sunrise. In general, day-to-day variations in ΔT0 were negligible, but in 

some cases (particularly in the almond dataset) decreasing patterns were observed. The 

phenomenon led to both artificially high values at the end of each day and to a sharp 

discontinuity at midnight, when the reference ΔT0 was updated (Fig. S1). This artefact 

was easily corrected by interpolating the values of ΔT0 along the day, considering the 

values recorded before dawn between consecutive days. In other words, it was assumed 

that ΔT0 varied linearly along the day between the reference values estimated before 

sunrise. Anyway, the magnitude of the errors arising from the assumptions and 

procedures adopted while setting the values of Dx and ΔT0 should be of limited 

importance, as addressed in the discussion section. 

In theory, Eq. 3 could be applied at any time after the heat pulse. In practice, however, 

using records close to the heat pulse could lead to artefacts due to violation of 

assumptions implicit in Eq. 3 (e.g. instantaneous heating, heater of infinitesimal 

diameter and infinite length). In addition, using temperature records taken much longer 

after the heat pulse are also undesirable because of the signal noise generated by limited 

measuring resolution and the higher exposure to natural temperature gradients. In this 

study, we applied Eq. 3 using t = 30 s, which was assumed to reach a satisfactory 

balance. In any case, the impacts of natural temperature gradients were minimised by 

considering the differences in the heater temperature prior to heat pulse emission 

between consecutive cycles to correct the baseline of ΔT of each cycle. 

Like any invasive heat pulse sap flow method, convection of the heat pulse is disturbed 

by the presence of the sensor needles and by the disruption of xylem tissue associated 

with their placement. These perturbations produce a systematic underestimation in the 

measured convective velocity, which is typically dealt with the use of polynomial 

wounding correction algorithms (Swanson & Whitfield, 1981; Green et al., 2003). For 

the correction of heat pulse velocities obtained from CHP we used the set of wounding 

coefficients derived by Green et al. (2003) for our probe configuration, considering a 

wound width of 2.6 mm. In the case of SPHP, wounding coefficients were derived from 

simulations with a two-dimensional model of heat flow in sapwood with our sensor 

spacing configuration. The model is based on a finite difference form of the general heat 

transport equation in two dimensions (Vandegehuchte & Steppe, 2012b) that is solved 

using the explicit Euler method. For the simulations, the grid had 400 x 800 square cells 
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of 0.1 mm width and the time step was 0.005 s. Thermal properties of the heater and 

temperature sensors were taken from Carslaw & Jaeger (1959) and those of sapwood 

from Lopez-Bernal et al. (2014). The dimensions and characteristics of the virtual 

sensor were the same as the one used in this study. The same wound width applied for 

CHP calculations (i.e. 2.6 mm) was adopted for the derivation of the wounding 

coefficients. Simulations were carried out for a range of actual convective velocities 

between 0 and 275 cm h
-1

 at ten regular intervals. The resulting fit between the actual 

and the measurable Vh is presented in Figure S2.  

Finally, in order to improve the resolution of the CHP method for low sap velocities, the 

Calibrated Average Gradient (CAG, Testi & Villalobos, 2009) was applied.  

 

Results 

Meteorological conditions during the experiment were the typical of summer in the 

study area. Most of the days within the measurement periods were sunny (Figs. 2a-7a), 

with daily solar radiation around 30 MJ m
-2

. No rainfall events occurred while 

measuring. High temperature and low air humidity leading to high evaporative demand 

conditions were recorded, particularly towards midsummer. Thus, vapour pressure 

values were lower for the earlier measurement periods (Figs. 2a-3a) and higher for the 

later (Figs. 4a-7a).  

On a daily basis, the estimates of Vh peaked around noon and showed the lowest values 

before sunrise, irrespective of the method (Figs. 2b-7b). There were substantial 

differences in daytime Vh between species. Olive and walnut exhibited the highest Vh 

values (> 150 cm h
-1

 around noon) and oak and pear, the lowest (< 100 cm h
-1

). With 

regard to the night-time CHP estimates, Vh values were generally lower than 5 cm h
-1

 

prior to sunrise. The highest predawn Vh (up to 8 cm h
-1

) were determined for almond 

and walnut and only for some of the days when such trees were instrumented.  

SPHP outputs mimicked the patterns of Vh estimated by CHP, as evidenced by the high 

degree of overlap shown in Figures 2b-7b. During the daytime, considerable 

discrepancies were only occasionally observed. For instance, SPHP slightly 

overestimated Vh around midday for the olive tree (Fig. 5b) and a similar behaviour was 

observed for the last day of measurements in walnut. In addition, SPHP showed an 
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anomaly during the first day of measurement for the pear tree, when Vh started to 

increase some minutes before sunrise and yielded higher values than CHP throughout 

the morning (Fig. 3b). Finally, SPHP presented, in general, rather noisy or erratic trends 

during the night in relation to CHP patterns (Figs. 2b-7b). 

Regressing the SPHP daytime outputs to those estimated by CHP led to a slope of 0.97, 

an intercept of 10.5 cm h
-1

 and r
2
 of 0.97 (Fig. 8). When the regression analysis was 

performed for each species separately, the worst fits were found for oak and pear (Table 

2), the species with the lowest noon Vh. Assuming the Vh estimates of CHP as the 

reference values, the root mean square error (RMSE) of SPHP was also calculated. 

Considering all the datasets together, RMSE yielded 12.1 cm h
-1

. Separate values for 

each species are given in Table 2. Regardless of the dataset, statistical tests revealed that 

neither the slope nor the intercept of the linear regressions were significantly different 

from 1.0 and 0.0, respectively (at a significance level of 0.05).   

 

Discussion 

Validation and range of applicability 

The field measurements reported in this study suggest that the SPHP method could be 

successfully used to monitor Vh in standing woody species, both in relative and absolute 

terms, and for a wide range of heat-pulse velocities (at least up to 190 cm h
-1

, Fig. 8). 

The high degree of overlap between SPHP and CHP outputs was rather mismatched 

during the night-time periods, with SPHP estimates being more erratic than those of 

CHP (Figs. 2b-7b).  This fact was not totally unexpected as Eq. 3 predicts that ΔT 

changes are negligible when the values of Vh are low. Figure 9 sheds light on this issue 

by plotting the theoretical relationship between ΔT (after 30 s since heat pulse emission) 

and Vh for the three-needle sensor used in this study. According to that relationship, the 

difference in ΔT between 0 and 20 cm h
-1

 is only 0.011 K, which is close to the 

resolution of the measurements. The problem might also be exacerbated by the 

occurrence of natural temperature gradients and/or random electronic noise. The former 

was already minimised in the present study by linearly correcting the ΔT baseline using 

the temperature records preceding consecutive heat pulses, but still may cause slight 

disturbances that, at such low Vh could be of some impact. The latter might be 
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minimized by using curve smoothing procedures (not applied in this study) to the ΔT 

curves in order to provide more robust estimates of ΔT at t=30 s. In any case, in light of 

all the foregoing, it can be concluded that SPHP presents a poor reliability to determine 

low Vh. Hence, it is advisable to avoid its use under conditions for which sap flow rates 

are low, such as night-time periods or winter days with low evaporative demand. Such a 

limitation is not exclusive of SPHP: other heat-pulse sap flow techniques such as Tmax 

and CHP (when not combined with CAG) also fail to measure Vh during periods of low 

sap flow (Testi & Villalobos, 2009; Vandegehuchte & Steppe, 2013). 

Although the results of our validation experiment are encouraging, further research 

assessing the validity of the SPHP method seem highly desirable before the method is 

routinely applied in sap flow studies. In this regard, direct comparisons of SPHP outputs 

with gravimetric flow measurements seem appealing, but all the dedicated experimental 

approaches used to date (i.e. mainly using potted trees over a weighing scale and forcing 

water flows through excised stem segments or artificial media) face many technical and 

theoretical shortcomings, such as the radial and azimuthal variability in flow within 

sapwood, uncertainties in the determination of water content and thermal properties and 

the limited range of velocities that can be tested (Vandegehuchte & Steppe, 2012d). 

Notwithstanding that, the Supporting Information of this article includes a preliminary 

laboratory experiment in which the SPHP method was tested in a sand-filled column 

(Methods S1, Fig. S3, Notes S1), providing further evidence on its validity. Finally, it 

should be noted that the sapwood of all the trees used in our study present semi-ring or 

diffuse porosity. The performance of SPHP in species differing in wood characteristics 

(e.g. conifers or angiosperms with markedly ring porosity) is yet to be assessed. 

Sensitivity to natural temperature gradients 

Natural temperature gradients originate from heat fluxes that are not caused by the 

intentional heating from the sap flow measuring devices (Vandegehchte & Steppe, 

2013). Diurnal variations in sapwood temperature are more acute during the morning 

and around sunset and, thus, it is within these periods when natural temperature 

gradients are more likely to affect measurements. To avoid undesired artefacts, in this 

study we corrected the baseline for the calculation of ΔT from the temperature 

differences between consecutive cycles. Applying such a procedure might be a must if 

reliable Vh estimates are to be determined when using SPHP. It is noteworthy that the 
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goodness of the correction is, to some extent, dependent on the frequency of 

measurement: the lower the frequency, the higher the susceptibility of the method to 

artefacts arising from natural temperature gradients. In any case, the results from the 

validation experiment (Fig. 2b-7b) suggest that, under the conditions of this study (5-

min measurement frequency and baseline correction), natural temperature gradients 

seem to have little impact on the SPHP outputs (at least during the daytime). 

Susceptibility to natural temperature gradients is also an issue for other sap flow 

methods different to SPHP. For instance, the latest heat pulse Sapflow+ method 

(Vandegehuchte & Steppe, 2012d) is also exposed to independent changes in sapwood 

temperature and applies the same procedure as in this study to minimise the associated 

artefacts. Also, the accuracy of the thermal dissipation technique (Granier, 1985) is 

widely known to be compromised by natural temperature gradients (Vandegehuchte & 

Steppe, 2013). In fact, such hindrance sparked the development of TTD methods (Do & 

Rocheteau, 2002), including those based on single probe sensors (Mahjoub et al., 2009; 

Do et al., 2011; Masmoudi et al., 2012). At their best, heating-cooling cycles of 20 min 

duration have been recommended for TTD, but no further correction of the temperature 

baseline has been used in previous reports, to our knowledge. 

Sensitivity to thermal diffusivity 

The required values of Dx for the computation of Vh could be obtained by the 

combination of core sampling with the model of Vandegehuchte & Steppe (2012c). 

When not possible, literature values reported for the species to be instrumented under 

similar environmental and watering conditions might be adopted. Irrespective of the 

procedure, deviations from the actual Dx are very likely. Mathematically, the relative 

sensitivity of Vh to Dx can be deduced from Eq. 3 and yields: 

𝜕𝑉h 𝑉h⁄

𝜕𝐷x 𝐷x⁄
=

1

2
 (4) 

This implies that the relative error in Vh will be 50% of that of Dx. Therefore, only large 

deviations from the actual value of Dx will have a significant impact on the SPHP 

outputs. Moreover, the sensitivity of Vh to Dx is lower than for the Heat Ratio method 

(Burgess et al., 2001), where Vh is directly proportional to Dx. 

Sensitivity to errors in ΔT0 
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Zero flow conditions required for setting the value of ΔT0 are not often reached because 

of night-time water uptake, which appears due to either non-perfect nocturnal stomatal 

closure or stem refilling (Forster, 2014). Under these circumstances, ΔT0 is 

underestimated, leading also to underestimations in the subsequent Vh determinations. 

In practice, the magnitude of the so-introduced errors is very small because, as 

evidenced by Eq. 3 and Figure 9, variations of ΔT are minimal at low Vh. In this case, 

the theoretical relative sensitivity of Vh to ΔT0 is: 

𝜕𝑉h 𝑉h⁄

𝜕∆𝑇0 ∆𝑇0⁄
=

2𝐷x

𝑉h
2𝑡

 (5) 

Eq. 5 indicates that the lower the Vh, the higher the relative error. In any case, even 

considering a low apparent Vh (20 cm h
-1

), t = 30 s (as in this study) and the Dx of olive 

(0.252 mm
2
 s

-1
, from Lopez-Bernal et al., 2014), the relative sensitivity yields a 

negligible value of 0.008. It can be concluded that, even if moderate night-time flow 

rates are present by the time at which ΔT0 is recorded, the impact on daytime SPHP 

outputs is to be negligible. Zero flow conditions are also required for all sap flow 

methods based on Granier (1985)’s framework, with the single probe approach 

developed by Masmoudi et al. (2009) being the only exception. 

On the other hand, ΔT0 largely depends on thermal properties of the medium (Eq. 2), 

which in turn are known to vary with changes in the sapwood water content 

(Vandegehuchte & Steppe, 2012c) and may also be influenced by wounding reactions 

(e.g. by the deposition of resin). In our experiments, significant day-to-day variations in 

ΔT0 were found for both the whole almond dataset and occasionally in some of the 

others, despite the fact that considerable changes in the Vh estimated by CHP were not 

observed. Such ΔT0 variations were high enough to produce clear artefacts in the time-

courses estimated by SPHP, particularly at low flows (Fig. S1). To cope with this issue, 

our advice is to proceed with the same simple approach used in this study: interpolating 

ΔT0 along the day between reference values determined every day before sunrise. Even 

if ensuring null pre-dawn Vh is impossible, this procedure should not be seen as 

undesirable because, as discussed above, the sensitivity of ΔT to the usual low flows 

taking place at that time of the day is negligible. 

Correction for wounding 
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As any other invasive heat pulse technique, SPHP requires the application of 

polynomial correction algorithms to avoid the underestimation of Vh due to wounding 

effects. The correction coefficients applied in this study were deduced specifically for 

the three needle sensor that was used in the experiment and might not be valid for a new 

dedicated single needle sensor. In addition, the power applied by the heater is likely to 

have a significant impact on the correction coefficients for SPHP in relation to other 

heat pulse methods, so it must be considered when deducing the corrections. Last but 

not least, wounding corrections should be derived for the appropriate wound widths 

(which vary with the species and probe diameter), as for all the existing heat pulse 

methods. 

Comparative strengths of SPHP over other sap flow methods 

The main strength of SPHP in relation to any other heat pulse sap flow method is the 

use of simpler sensors including only one needle. Getting the correct needle spacing is 

crucial for multi-needle methods because it is incorporated in their working equations 

(Vandegehuchte & Steppe, 2013) and might significantly affect the wounding 

correction coefficients (Swanson & Whitfield, 1981; Green et al., 2003). However, 

ensuring perfect axial and tangential parallel placement of the needles is often difficult, 

especially at large sapwood depths, even if drill bite guides are used in their installation. 

Furthermore, the application of methods based on multi-probe arrangements (i.e CHP or 

Heat Ratio) in species with convolute xylem vessels (e.g. vines or any climbing plant) is 

hindered even if the installation observes perfect parallelism between the needles plane 

and the trunk axis. Assessing and correcting probe misplacement and alignment effects 

remains a challenging (and sometimes impossible) task, which explains why the 

resulting errors are generally disregarded. SPHP enables one to remove this source of 

artefacts with the only requirement of placing the probe in a plane perpendicular to flow 

direction (note that this condition is always a must, irrespective of the sap flow method).  

Apart from that, the use of single probe sensors might decrease the costs and should 

reduce the physical damage to the tree.  

SPHP also shows some advantages versus the TTD single probe methods developed so 

far (Mahjoub et al., 2009; Do et al., 2011; Masmoudi et al., 2012). Unlike in SPHP, the 

heat is applied continuously for periods of several minutes in the TTD approaches. As a 

direct consequence, TTD presents higher power requirements. In addition, these 



14 
 

methods are expected to perform at a lower time resolution, given that thermal 

equilibrium must be reached in each measurement cycle. Thus, long cooling phases are 

required if thermal interferences due to heat storage are to be avoided. Apart from the 

heating scheme, there is another essential difference between heat pulse and TTD 

techniques: whereas SPHP is based on the fundamental heat conduction-convection 

equation (Eq. 1), the groundwork of TTD remains empirical. Regardless of the method, 

thermal properties of sapwood are implicitly (TTD) or explicitly (Dx in Eq. 3) present in 

the working equations (Vandegehuchte & Steppe, 2012a). The empirical relationships used 

by TTD are, therefore, species-specific and would require challenging ad hoc calibration 

procedures to provide reliable outputs (Wullscheleger et al., 2011). One might argue, at 

least, that the need for wounding corrections is avoided in the TTD methods.   

Conclusions: 

SPHP provided accurate determinations of Vh in the sapwood of several standing trees 

that were comparable with those conducted with CHP over moderate to high flow rates 

(Figs. 2b-7b). On the contrary, SPHP was not capable of providing reliable estimates 

during the night, so its use is discouraged for conditions in which low flow rates are 

predominant.  

Among its drawbacks, SPHP is potentially affected by natural temperature gradients 

and requires zero flow conditions to set a reference (ΔT0). In practice, however, both 

issues have a minimal impact on the accuracy of SPHP because both the effect of 

sapwood temperature variations can be dealt with and low instead of zero flow rates can 

be used. A further inconvenience is the need for an independent estimate of Dx. At least, 

in this regard, the reliability of the method is not significantly affected unless large 

deviations occur between the estimate and the actual value of Dx. 

Albeit the results of the validation experiment were promising, other heat pulse sap flow 

methods (e.g. CHP) are likely to yield more reliable estimates of Vh than SPHP and for 

a wider range of flow rates. Nevertheless, the latter is technically simpler and 

potentially cheaper as compared to the former, since only one needle is needed. In 

addition, the physical damage caused when inserted the probe is minimal. The low 

power requirements and simplicity of SPHP must be considered a major advantage in 

the field. Hence, the method shows some of the desired characteristics for the 

development of smart irrigation controllers. 
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Supporting Information 

Fig. S1 Time course of convective velocity (Vh) estimated with the SPHP method, either 

considering or not correction for the day-to-day variations in ΔT0 observed for the 

experimental almond tree. 

Fig. S2 Modelled relationship between actual convective velocity (Vh) and the smaller 

value that would be measured by SPHP due to wounding for our dedicated sensor. 

Fig. S3 Convective velocity (Vh) in an artificial column filled with sand calculated by 

the SPHP method in comparison with the gravimetric convective velocity estimated 

from measurements of flow rate through the column.  

Methods S1 Description of the preliminary laboratory test. 

Notes S1 Results and discussion of the preliminary laboratory test.  
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Tables 

Table 1. Species, location, period of measurement (dd/mm of 2016), trunk diameter at 

30 cm, tree height and estimated crown volume for the used experimental trees.  

Species Location Period of 

measurement 

Trunk 

diameter  (cm) 

Tree 

height (m) 

Canopy 

volume (m
3
) 

Oak Espiel 16/05 to 30/05 10.8 3.4 8.2 

Pear Espiel 14/06 to 20/06 14.3 2.5 10.4 

Walnut Espiel 06/07 to 11/07 6.8 2.4 5.5 

Olive Córdoba 20/07 to 28/07 9.0 3.4 10.3 

Orange Córdoba 29/07 to 08/08 9.4 2.3 5.4 

Almond Córdoba 09/08 to 17/08 11.8 4.3 16.6 
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Table 2. Performances of the SPHP method in estimating daytime convective velocity 

in the six field trees in relation to CHP. Shown are the slope, intercept and coefficient of 

determination (r
2
) resulting from the linear regression of SPHP versus CHP outputs of 

convective velocity and the root mean square error considering CHP values as the actual 

convective velocities. 

Species Slope Intercept (cm h
-1

) r
2
 RMSE (cm h

-1
) 

Oak 0.866 11.81 0.933 7.63 

Pear 0.710 27.06 0.936 12.43 

Walnut 0.936 14.97 0.968 19.96 

Olive 0.969 13.47 0.961 12.92 

Orange 0.930 16.49 0.982 11.15 

Almond 0.941 11.53 0.971 8.40 
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Figures 

 

Fig. 1 Examples of two curves of ΔT in the heater taken during the experimental 

measurements in an olive tree trunk for a typical summer day (23/07/2016, DOY 205). 

The dotted line corresponds to the ΔT curve recorded at 4:30 GMT, whereas the solid 

line corresponds to the one recorded at 15:00 GMT. The higher sap velocity at 15:00 

GMT leads to a faster heat dissipation than at 4:30 GMT, when sap velocity is 

negligible.
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Fig. 2 Time course of solar radiation (Rs, purple line in (a)), vapour pressure deficit 

(VPD, green line in (a)) and convective velocity (Vh) estimated either by the 

compensation heat pulse (CHP, red line in (b)) or the single probe (SPHP, blue line in 

(b)) methods for the experimental oak tree. 
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Fig. 3 Time course of solar radiation (Rs, purple line in (a)), vapour pressure deficit 

(VPD, green line in (a)) and convective velocity (Vh) estimated either by the 

compensation heat pulse (CHP, red line in (b)) or the single probe (SPHP, blue line in 

(b)) methods for the experimental pear tree. 
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Fig. 4 Time course of solar radiation (Rs, purple line in (a)), vapour pressure deficit 

(VPD, green line in (a)) and convective velocity (Vh) estimated either by the 

compensation heat pulse (CHP, red line in (b)) or the single probe (SPHP, blue line in 

(b)) methods for the experimental walnut tree.  
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Fig. 5 Time course of solar radiation (Rs, purple line in (a)), vapour pressure deficit 

(VPD, green line in (a)) and convective velocity (Vh) estimated either by the 

compensation heat pulse (CHP, red line in (b)) or the single probe (SPHP, blue line in 

(b)) methods for the experimental olive tree.   
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Fig. 6 Time course of solar radiation (Rs, purple line in (a)), vapour pressure deficit 

(VPD, green line in (a)) and convective velocity (Vh) estimated either by the 

compensation heat pulse (CHP, red line in (b)) or the single probe (SPHP, blue line in 

(b)) methods for the experimental orange tree. 
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Fig. 7 Time course of solar radiation (Rs, purple line in (a)), vapour pressure deficit 

(VPD, green line in (a)) and convective velocity (Vh) estimated either by the 

compensation heat pulse (CHP, red line in (b)) or the single probe (SPHP, blue line in 

(b)) methods for the experimental almond tree. 
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Fig. 8 Plots of daytime convective velocities (Vh) estimated with the single probe 

method (SPHP) versus those obtained from the conventional compensation heat pulse 

technique (CHP). Data pairs correspond to the six species together. The grey dashed 

line represents the 1:1 line.   
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Fig. 9 Temperature increase after 30 s since pulse emission (ΔT, K) that can be 

expected in the heater of the sensor used in this study as a function of convective 

velocities (Vh, cm h
-1

). Values of ΔT were deduced by inverting the wounding 

correction algorithm and Eq. 3 from given values of Vh in the 0 to 100 cm h
-1

 range. 
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