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 10 

Highlights 11 

• Wind erosion of biochar was assessed through wind tunnel simulations 12 

• Moisture content lower than 10 % does not prevent erosion of fine particles 13 

• Higher moisture increases adhesion of fine particles and weight of large particles 14 

• Minimum 15 % moisture is recommended for reducing wind erosion of biochar 15 

 16 

Abstract 17 

Biochar, i.e. pyrolysed biomass, as a soil conditioner is gaining increasing attention in research and industry, 18 

with guidelines and certifications being developed for biochar production, storage and handling, as well as for 19 

application to soils. Adding water to biochar aims to reduce its susceptibility to become air-borne during and 20 

after the application to soils, thereby preventing, amongst others, human health issues from inhalation. The 21 

Bagnold model has previously been modified to explain the threshold friction velocity of coal particles at 22 

different moisture contents, by adding an adhesive effect. However, it is unknown if this model also works for 23 

biochar particles. We measured the threshold friction velocities of a range of biochar particles (woody 24 

feedstock) under a range of moisture contents by using a wind tunnel, and tested the performance of the 25 

modified Bagnold model. Results showed that the threshold friction velocity can be significantly increased by 26 

keeping the gravimetric moisture content at or above 15 % or greater to promote adhesive effects between the 27 

small particles. For the specific biochar of this study, the modified Bagnold model accurately estimated 28 

threshold friction velocities of biochar particles up to moisture contents of 10 %.  29 

 30 

Keywords 31 

biochar; threshold friction velocity; wind tunnel; particle size; Bagnold model 32 
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Abbreviations 33 

ρ Density 

β Adhesive effect parameter 

A Aerodynamic constant 
a Conceptual contribution of gravity to threshold friction velocity 
B Regression coefficients of the response surface methodology 
b Conceptual contribution of adhesive forces to threshold friction velocity 
dm Mean particle size diameter 
dP Pressure differential 
k von Kármán constant 
RSM Response surface methodology 
U Free stream velocity 
U* Threshold friction (or shear) velocity 
W Gravimetric water content 
Z Height 
 34 

1. Introduction 35 

Airborne dust particles have raised concerns for both environmental (Choobari et al., 2014; IPCC, 2013) and 36 

human health reasons (De Capitani et al., 2007; Hashizume et al., 2010; Karanasiou et al., 2012; Salvi and 37 

Barnes, 2009). Known sources of dust aerosols, including black carbon, range from biomass and fossil fuel 38 

burning (Andreae and Merlet, 2001; Ito and Penner, 2005; Jacobson, 2001), wind erosion of aggregate storage 39 

piles of coal and charcoal (Toraño et al., 2007), to rail and road transport, including through re-suspension 40 

(Buchsbaum, 2007; Ferreira et al., 2003; Harrison et al., 2012) 41 

The concept of biochar, where biomass is pyrolised to create a char that can improve soil functioning 42 

(Lehmann, 2007), has received increasing scientific attention in the last years (Verheijen et al., 2014). The 43 

main research focus has been on soil carbon sequestration (Lehmann et al., 2006; Nguyen and Lehmann, 44 

2009) and crop yields (Jeffery et al., 2011), but biochar has also been observed to change many other soil 45 

processes and functions (Lehmann and Joseph, 2015). The pyrolysis process can cause carbonaceous dust 46 

emissions, although pyrolysis generally produces substantially less black carbon aerosols than biomass 47 

burning (Whitman et al., 2011). Nonetheless, biochar particles can also become air-borne after the pyrolysis 48 

process, namely: i) during post-processing, packing, storage and transport; ii) during application in the field; 49 

and iii) through soil erosion by wind during the lifetime of biochar in soil. Considering the post-production 50 

process, the European Biochar Certificate recommends that biochar should be kept “sufficiently moist to 51 

prevent dust generation or dust explosions”, but does not quantify the relevant moisture contents (Schmidt et 52 

al., 2012). At the start of writing this paper, a search of the SCOPUS database for “biochar and wind” only 53 

retrieved one relevant article, i.e. a paper about applying biochar below the soil surface to avoid the risk of 54 

erosion by wind (Blackwell et al., 2010). Verheijen et al. (2010) also stated that there is a paucity of data on 55 

interactions between biochar and wind to inform sustainable biochar development. 56 
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Relationships between moisture content and threshold friction velocities have been observed for coal dust 57 

(Duo-min and Shu-tang, 1991) and have also been modelled for a range of coal particle sizes by means of the 58 

modified Bagnold model (Zhang et al., 2012; 2013). However, biochar has different physical properties than 59 

coal and it is unknown if the model developed for coal particles is also valid for biochar particles. The 60 

objectives of this study were, therefore: i) to determine the relationships between moisture content and 61 

threshold friction velocity for the full range of particles (<50 µm to >6,000 µm) of a common, woody 62 

feedstock biochar; ii) to test if the contribution of adhesive and gravity forces can be predicted by the 63 

modified Bagnold model; and iii) to discuss the implications of our findings for biochar production and 64 

application. To this end, we conducted wind erosion experiments in the wind tunnel of the Department of 65 

Environment and Planning (University of Aveiro) to determine threshold velocities for biochar particles of 6 66 

size classes and at 6 moisture contents. 67 

 68 

2. Materials and methods 69 

2.1. Biochar source and preparation 70 

Biochar was purchased from Swiss-Biochar GmbH, where it was produced from a mixed wood sievings 71 

feedstock in a Pyreg® 500 III pyrolysis unit, 620 °C maximum temperature, 20 min duration, 80 % C content 72 

and H/C ratio 0.18. The main physico-chemical characteristics are presented in Table 1. Six particle size 73 

classes were obtained by mechanical sieving at 5000, 3150, 2000, 200 and 50 µm mesh widths. The resulting 74 

particle size classes are identified according to their mean particle size as shown in Table 2, where the largest 75 

particle size class was assumed to have a mean of 6,000 µm. Subsequently, the biochar fractions were oven-76 

dried at 75 0C for 48 h. 77 

The different biochar particle size classes were combined with six contents of gravimetric moisture to achieve 78 

a full-factorial experiment of two factors and six levels per factor, with 3 to 5 replicates for each of the 36 79 

combinations. The gravimetric water contents (1, 3, 6, 10, 15 and 20 %) were selected to cover a similar range 80 

as used in other studies on the influence of moisture content on particle transport by wind (Chen et al., 1996; 81 

Zhang et al., 2012). 82 

The moisture contents were attained by calculating the required mass of water, assuming that the density of 83 

distilled water is approximately 1 kg L-1, and verified by measuring weight loss following heating at 105 ºC 84 

for 24 h. Specific volumes of biochar were put into plastic bags and then wetted with a liquid dispenser 85 

(atomizer) producing a fine spray (Cornelis and Gabriels, 2003; Han et al., 2009). The plastic bags were then 86 

placed in a refrigerator at 4 0C for a minimum period of 24 h to achieve homogeneous wetting of the biochar. 87 

 88 

 89 
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Table 1. Bulk biochar physico-chemical characteristics. 90 

Characteristic Value (average ± standard deviation) 
Electrical conductivity of the leachate (µS cm-1) 1,496 ± 43 
pH 8.13 ± 0.04 
pH of the leachate 9.96 ± 0.07 
Ash content (%) 10.36 ± 0.97 
Density (kg m-3) 184 ± 4 

 91 

2.2. Wind tunnel experiments 92 

2.2.1. Experimental setup  93 

The experimental work was performed in the wind tunnel laboratory facilities of the Department of 94 

Environment and Planning, at the University of Aveiro, Portugal. These facilities consist of an open-circuit, 95 

suction type wind tunnel, with a test section of 7×1.5×1 m (length × width × height), as described in (Borrego 96 

et al., 2007). 97 

Biochar samples were placed over a white surface (for maximizing colour contrast) that was centred on the 98 

test section floor of the wind tunnel. A square of 36 cm2 was filled with sample material up to a height of 99 

approximately 0.5 cm (Figure 1). During the actual wind tunnel experiments, three moments were defined for 100 

visual observation and recording of the pressure differential (dP): (i) moment 1, when sample particles started 101 

to vibrate, corresponding to the threshold shear stress; (ii) moment 2, when particles from the sample edges 102 

started to be transported, representing the incipient motion; and (iii) moment 3, when particles from the 103 

sample centre started to be transported, representing the major contribution of the entrainment (Dey, 1999). 104 

More specifically, moments 2 and 3 were defined as when five particles had been eroded. As in several other 105 

wind tunnel soil erosion experiments (e.g., Alfaro et al., 1997; Dong et al., 2003; He et al., 2008; Genis et al., 106 

2013), a Pitot tube was used for the measurement of wind velocity, mainly due to its robustness when working 107 

with particle-fed flows. Free stream velocity ranged from 0.63 to 10.28 m s-1, with a rotor frequency-step 108 

between consecutive measurements of 2.5 Hz (corresponding to an average velocity-step of 0.54 m s-1).The 109 

vertical wind profile was determined by measuring dP at 12 heights (Z) from the wind tunnel floor, ranging 110 

from 0.5 to 50.0 cm (the latter corresponding to half the height of the wind tunnel). Free stream wind velocity 111 

ranged from 0.0 to 10.3 m s-1.  112 

 113 
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 114 

Figure 1. Biochar sample on wind tunnel test section floor. 115 

 116 

2.2.2. Experimental determination of threshold friction velocity  117 

The vertical wind velocity profile in the atmospheric boundary layer under neutral stability conditions can be 118 

described by the logarithmic relation: 119 

���� � ��∗
� 	 
� � �

��
	 (1) 

 120 

, where U is the free stream velocity, U* is the threshold friction velocity, k is the von Kármán constant (0.4), 121 

and Z0 is the aerodynamic roughness height. 122 

Eq. (1) may be approximated by a least-squares curve fitting method (Dong et al., 2003), which, then, enables 123 

the determination of U*, if the variation of velocity with height is known. This method was applied, using the 124 

values for the velocity determined by the Pitot tube and the respective height, and is represented by: 125 

���� �  ∙ 
���� � � (2) 

 126 

, where M and N are regression constants.  127 

The threshold friction velocity is obtained by: 128 

�∗ � � �  (3) 

 129 

2.2.3. Statistical analysis 130 

The analysis of variance (two-way ANOVA with interaction model) was applied to the U* values of moment 131 

3 (particles detaching from the centre of the sample, see Section 2.2.1), as these are the most representative of 132 

field conditions. This analysis was used to test significance of particle size and moisture content, as well as 133 

their interaction, on threshold friction velocities, and it was performed in the software package IBM SPSSTM 134 

version 20. 135 
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Furthermore, the response surface methodology (RSM) was also applied in order to better illustrate the 136 

combined influence of particle size and moisture content. This methodology was only applied to the U* values 137 

of moment 3, as these are the most representative of field conditions. The experimental results were modelled 138 

according to Eq. (4): 139 

2
222

2
111212122110 xBxBxxBxBxBB*U ,,,mod +++++=  (4) 

 140 

, where U*mod is the response variable, x1 represents the gravimetric water content (W, in %), x2 represents the 141 

mean size of each class of biochar particles (dm, in µm), B0 is the model constant, B1 and B2 are linear 142 

coefficients (main effects), B1,2 is a cross-product coefficient (interaction) and B1,1 and B2,2 are quadratic 143 

coefficients (Myers et al., 2009). Fitting was done with the software package MatlabTM version R2011b, using 144 

the least squares method. To this end, the ranges of both factors (W and dm) were codified (x1 and x2) between 145 

-1 and 1, as shown in Table 2 The goodness-of-fit was assessed by R2 as well as the significance of the 146 

regression model (F-test). 147 

 148 

Table 2. Codification of the gravimetric water content (x1) and the mean size of each class of biochar particles 149 

(x2), for application of the response surface methodology. 150 

W (%)  1 3 6 10 15 20 
x1 (codified) -1 -0.789 -0.473 -0.053 0.474 1 

dm (µµµµm) 6,000 4,075 2,575 1,100 125 40 
x2 (codified) 1 0.354 -0.149 -0.644 -0.971 -1 

 151 

2.3. Modelling of the threshold friction velocity 152 

Modelling of U*, like their statistical analysis, was done just for the experimental data of moment 3. For each 153 

particle size class, U* was modelled as a linear function of W, following Eq.(5): 154 

U* = bW + a (5) 

, where b and a represent the contributions of the adhesive forces between particles and of gravity, 155 

respectively. This linear relationship allows assessing which of these two forces are dominant in the threshold 156 

friction velocity for a given particle size class (Zhang et al., 2012). 157 

Aeolian transport of particles can furthermore be modelled as a function of the aerodynamic drag force that 158 

lifts the particles, taking into account particle size and density as well as air density. This is usually done 159 

assuming that the aerodynamic related constant (A) has a value around 0.10 (Bagnold, 1941). The original 160 

Bagnold model, however, did not explicitly consider the effect of the particles’ water content. Therefore, 161 

Zhang et al. (2012) recently proposed to introduce the effect of the water content, in particular for modelling 162 
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the Aeolian transport of coal particles transported by wind. This modified Bagnold’s model is defined as Eq. 163 

(6): 164 

 �∗ � �� �
��� ���������

����
�. !" (6) 

, where ρbiochar and ρair are the densities of biochar and air, respectively, and g is the acceleration of gravity. 165 

While the A in the modified Bagnold model needs to be determined experimentally, the model can be further 166 

extended to determine the contribution of the adhesive forces by adding a term (β) that is defined as a power 167 

law function of both gravimetric water content and mean particle diameter: 168 

 # � 	 ��
%&' (7) 

, where c and d are non-negative parameters.  169 

The extended model then becomes Eq. (8): 170 

 �∗ � �� �
��� � ��

%&' ���������
����

�. !" (8) 

 171 

3. Results 172 

Although the data set is slightly non-linearly distributed (p-value = 0.050 for Kolmogorov-Smirnov test), 173 

error’s variances are equal (p-value = 0.049 for Levene test). Therefore, two-way analysis of variance was 174 

performed, and showed that each of the studied factors (dm and W), as well as their interaction on U*, were all 175 

significant at a significance level of 0.05 (Table S1 provided as supplementary material). These results 176 

anticipated that the effect of particle size on threshold friction velocity is more pronounced than moisture or 177 

even than the interaction between both factors. Subsequent results are, therefore, presented by focusing on the 178 

effect of each separated factor on threshold friction velocity of biochar particles. 179 

 180 

3.1. Effect of particle size 181 

The observed U* values for moments 1 and 2 (when the particles started to vibrate and to be eroded from the 182 

sample edges, respectively) are given as supplementary material, in Figures S1 and S2 respectively.  183 

The U* values for moment 1 could not be measured for the two smaller particle size classes (dm of 40 and 125 184 

µm), as indicated by the zero values in Figure S1. The observed U* values for moment 1 ranged from 0.17 m 185 

s-1 (dm = 1,100 µm with W = 10%) to 0.33 m s-1 (dm = 4,075 µm with W = 20%). This wide range can be 186 

attributed primarily to the heterogeneity in the size of the biochar particles. These differences in particle size 187 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

8 

may have been associated to differences in other relevant factors such as the particles’ aerodynamic 188 

behaviour, shape sphericity, tortuosity, ratio between length and thickness (platyness sensu (Boton et al., 189 

2013)), pore size distribution, mechanical strength, orientation, and density (including packing fraction). The 190 

U* values for moment 1 revealed a clear tendency to increase with increasing particle size (at least up to 4,075 191 

µm), regardless of the particles’ moisture content. This increase in U* values was most pronounced between 192 

particle sizes 2,575 to 4,075 µm, especially for the higher moisture contents (6 – 20 %). In contrast, U* values 193 

hardly changed or even decreased between particle sizes 4,075 µm to 6,000 µm, possibly because the smaller 194 

particles were more platy than the larger ones, as observed by (Terzaghi, 1996), and, thus, experienced a 195 

stronger shear stress. 196 

The U* values for moment 2, (Figure S2), showed a similar behaviour as moment 1: generally, U* increased 197 

with increasing particle size, up to a dm of 4,075 µm. Moment 2 U* values ranged from 0.15 to 0.49 m s-1, for 198 

dm = 125 µm at W = 6 % and dm = 4,075 µm at W = 15 %, respectively. Edge erosion may not represent field-199 

scale applications of biochar in soil. All the centre particle erosion events (moment 3) presented higher U* 200 

values. In this study, centre particles eroding are seen as a more representative assessment of the field-scale 201 

reality and are analysed in more detail below. 202 

The U* values for the moment 3, (Figure 2) ranged from 0.25 m s-1 (dm = 125 µm at W = 1 %) to 0.61 m s-1 203 

(dm = 6,000 µm at W = 20 %). U* values increased with increasing particle size class (except for dm = 6,000 204 

µm at W = 3 % and W = 10 %). The most obvious pattern was that U* tended to be higher for smaller particle 205 

size classes (dm of 40 and 125 µm) when moisture contents were greater than 1 %. For dm of 40 and 125 µm 206 

particle size classes, 3 % and 10 % moisture contents resulted in U* values between 0.27 and 0.30 m s-1, very 207 

similar to those obtained for larger particles with dm = 1,100 µm (U* between 0.29 and 0.30 m s-1). Further 208 

increases in moisture content (15 % and 20 %) resulted in significant (p-value < 0.001) U* increases for the 209 

small particle size classes (0.38 – 0.39 m s-1 and 0.41 – 0.43 m s-1 for dm of 40 and 125 µm, respectively). This 210 

observation is in accordance with (Zhang et al., 2012), who found that the moisture content had considerably 211 

greater impacts on U* of smaller than larger coal particles. These authors reported that below dm = 250 µm, 212 

and above W = 6 %, U* was not particle size dependent but rather dependent on moisture content, which they 213 

attributed to the weight-moisture gain and inter-particle aggregation. 214 

 215 
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 216 

Figure 2. Threshold friction velocities (U*) regarding particle detachment from the sample centre (moment 3, 217 

particles from the sample centre starting to be transported). 218 

 219 

3.2. Effect of gravimetric water content 220 

Figure 3 presents the experimental U* values as a function of W, as well as RSM regression (contour plot) for 221 

moment 3. In order to make Figure 3a clearer, standard deviations were omitted and presented as 222 

supplementary material (Table S2). The RSM regression presented a good fit, with R2 = 0.89 (Table 3). In the 223 
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test for the significance of the regression, the rejection of the null hypothesis (p-value < 0.001) implies that at 224 

least one of the independent variables contributed significantly to the model.  225 

 226 

Figure 3. Threshold friction velocities (U*) as a function of gravimetric water content (a) and respective 227 

response surface (b). 228 

 229 

Table 3. Coefficients of the response surface methodology regression and goodness-of-fit. 230 

B0 B1 B2 B1,1 B1,2 B2,2 R2 Significance 
(p-value) 

0.4269 0.0438 0.1156 -0.019 0.022 -0.009 0.89 <0.0001 
 231 

Figure 3a shows that up to 10 % moisture content the experimental U* values did not change considerably. 232 

From 10 % to 20 % moisture content, significant increases were observed for U*, i.e. 45 % and 25 % for the 233 

smallest (dm of 40 and 125 µm, p-value <0.001) and the largest (dm = 6,000 µm, p-value <0.001) particles, 234 

respectively. This result indicates that erosion of both small and large biochar particles was affected by 235 

gravimetric water content, although possibly different mechanisms. The remaining particle size classes tended 236 

to maintain similar U* values, regardless of moisture conditions. However, the response surface applied to the 237 

experimental data (Figure 3b), clearly illustrates that the positive effect of moisture content on U* was more 238 

pronounced for small particle size, with an increase of predicted values of U* from 0.27 to 0.40 m s-1. On the 239 

contrary, for coarser particles, the influence of moisture content seemed to be almost negligible, varying 240 

between 0.54 and 0.56 m s-1. Indeed, the B2 coefficient was higher than B1 (0.12 and 0.04, respectively), which 241 

reflects a stronger effect of particle size on predicted U* rather than moisture content. Although the fitting was 242 

very accurate, the model tended to overestimate U* for particles with dm = 1,100 µm. In addition it can be 243 

argued that the model was heavily weighted towards smaller particle classes (dm = 40 and 125 µm), which are 244 

relatively close in the experimental range and, therefore, a potential source of bias (Myers et al., 2009). 245 
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These results clearly provided important implications of moisture content in biochar applied in the field. Since 246 

the smallest particles are those subjected to eventual erosion episodes, it is important to bear in mind the effect 247 

of water content to mitigate their detachment. Therefore, U* of the smallest particles can be increased by 248 

keeping W at 15 % or higher. 249 

 250 

3.3. Contributions of adhesive and gravity forces  251 

Table 4 presents, for each particle size, the contributions of adhesive (parameter b in Eq. (5) and gravity 252 

(parameter a) forces, calculated using the experimental data for moment 3. The contribution of gravity (a) 253 

increased with increasing particle size, showing that the weight gain by water absorption by the particles is 254 

more relevant to U* than adhesive forces. The contribution of adhesive forces (b) was more pronounced for 255 

small particles (dm of 40 and 125 µm) rather than larger ones, with b values for the former (about 8.5 × 10-3) 256 

substantially higher than those for the latter (in the range of 2.4 × 10-3 – 4.4 × 10-3). 257 

Table 4. Contributions of gravity (a) and adhesive forces (b) for biochar particle threshold friction velocity 258 

(U*) according to a linear regression model (Eq. (5)). 259 

dm (µm) 40 125 1,100 2,575 4,075 6,000 
a 2.46×10-1 2.32×10-1 2.86×10-1 4.05×10-1 4.55×10-1 4.94×10-1 
b 8.48×10-3 8.53×10-3 2.82×10-3 2.38×10-3 2.92×10-3 4.45×10-3 
R2 8.93×10-1 9.16×10-1 7.44×10-1 5.63×10-1 3.32×10-1 5.73×10-1 
Significance (p value) 4.40×10-3 2.70×10-3 2.70×10-2 8.57×10-2 2.30×10-1 8.12×10-2 

 260 

The relatively low R2 values for the larger particle size classes, dm=2,575 µm and above, are primarily related 261 

with the non-linear patterns observed in U* for some of the particle size classes, as can be observed in Figure 262 

3a. The goodness-of-fit of the three smaller particle size classes, with R2 values between 0.744 and 0.916, 263 

with significant and highly significant regressions, are of the same order as those reported by Zhang et al. 264 

(2012), R2 values between 0.689 and 0.810. However, the goodness-of-fit for the three larger particle size 265 

classes, R2 values between 0.573 and 0.332, with non-significant regressions, are lower than those reported by 266 

Zhang et al. (2012). A subset of data presenting reduced adhesive effect was selected by excluding the 267 

smallest particle size classes (dm = 40 and 125 µm). This subset for each of the gravimetric water content 268 

series was applied to the modified Bagnold model (Zhang et al., 2012; Eq. (6)), by using air density (ρair) 269 

value of 1.2 kg m-3 and an average biochar particle density (ρbiochar) of 450 kg m-3 (Shenbagavalli and 270 

Mahimairaja, 2012). Determined values of A ranged from 0.09 to 0.13 and, under the best fit (R2 = 0.87) it 271 

equalled 0.12. As shown in Figure 4, by taking A = 0.12, the modified Bagnold’s model accurately predicted 272 

the experimental values of U* for biochar particles that were not affected by adhesive forces. However, this 273 

model underestimated U* for the smaller particle size classes (dm of 40 and 125 µm), thereby confirming the 274 

results found by (Zhang et al., 2012) for coal particles with mean diameters smaller than 250 µm. 275 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

12 

 276 

Figure 4. Experimental and calculated U* of biochar particles using Eq. (6) 277 

 278 

The modified Bagnold’s model can be extended to include the contribution of adhesive forces (see section 279 

2.3). The resulting Eq. (8) was fitted to the complete experimental data set from this study (including the 280 

smaller particle sizes classes) in order to estimate c and d, using the previously determined parameter A = 281 

0.12. The goodness-of-fit was lower for W ≥ 15 % (Table 5), most likely caused by strong adhesive forces at 282 

those moisture contents, which increased U* for the smaller particle size classes (as can be seen in Figure 2), 283 

thereby decreasing its correlation coefficient. Nevertheless, under the best fit (R2 = 0.86), c and d were 0.87 284 

and 0.71, respectively. These values were applied to equation 7 to calculate the adhesive effect parameter (β), 285 

shown in Figure 5. The calculated β values increased exponentially with decreasing particle size, from 1.7 to 286 

12.9 for W = 1 %, and from 61.2 to 452.5 for W = 20 %. 287 

 288 

Table 5. Estimation of c and d coefficients using the modified Bagnold’s model (Eq. 8). 289 

W (%)  1 3 6 10 15 20 
c 0.87 1.10 1.36 1.80 2.60 3.00 
d 0.71 0.70 0.68 0.74 0.87 0.87 
R2 0.87 0.79 0.79 0.80 0.45 0.39 
 290 
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 291 

Figure 5. Adhesive effect parameter (β) as a function of gravimetric moisture content and mean particle size 292 

(segments between dots provide only a visual connection between calculated β values in the same W series). 293 

 294 

4. Discussion 295 

In comparison to studies examining the effect of moisture content and particle size on U* in coal samples, 296 

there are some broad similarities, but also important differences. Namely, the studies by Duo-min and Shu-297 

tang (1991) and Zhang et al. (2012) showed similar increases in U* with increase in particle size. However, 298 

the particle size range in the present biochar experiment (<50 µm to >6,000 µm) is much greater than in the 299 

referred coal experiments (<45 µm to >1,000 µm), reflecting common differences in particle size distributions 300 

of woody biochars and coal. Even at large sizes (>6 cm), biochar particles reached U* values commonly 301 

found for sand particles of 0.4 – 0.5 cm (Fécan et al., 1999). This is most likely explained by the much greater 302 

density of sand than biochar, both regarding bulk and particle density. Due to lower inter-particle porosity, 303 

sandy soils would be subjected to less air entrainment into the soil. In addition, large biochar particles present 304 

a platy morphology compared to spheroidal sand particles, possibly resulting in greater shear stress as air 305 

passed over and under the large biochar particles, compared to sand particles. This would suggest that even 306 

large biochar particles exposed at the soil surface may also become mobile (by creep or saltation mechanisms) 307 

under erosive conditions, i.e. dry bare soil on windy days. However, this study was focused exclusively on the 308 

response of biochar particles to controlled varying wind conditions, and additional research on the interaction 309 

between soil particles and biochar particles, in wind tunnel simulations and in the field, is needed to provide 310 

further quantification. 311 

The effect of moisture content also showed a similar pattern for biochar particles as for coal particles (Duo-312 

min and Shu-tang, 1991; Zhang et al., 2012). The two smaller particle sizes (dm <125 µm) exhibited increasing 313 
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adhesive forces with increasing moisture content, with particles ≥1,100 µm experiencing 2-3 times lower 314 

adhesive effects than particles ≤ 125 µm. The largest particles size class, >4,000 µm (dm=6,000), appears to 315 

show a recurring increase in adhesive effect, although still only approximately half as strong as for the two 316 

smaller particle sizes. Possibly, the shape of these largest particles (increased platiness) may have contributed 317 

to this effect by increased surface contact. However, the woody feedstock biochar used in this study only had 318 

significantly (p-value <0.001) increased U* values for fine particles at moisture contents of 15 % and 20 %, 319 

whereas for coal particles used by Zhang et al. (2012) this appeared to occur at 6 – 8 % moisture content. 320 

Possibly, this difference can be explained by the larger porosity of biochar particles, i.e. 55 – 70% (Brewer et 321 

al., 2014), compared to coal particles, i.e. 6 – 20 % (Zhang et al., 2012). Therefore, water films on biochar 322 

particle surfaces would only develop at greater moisture contents than for coal particles. The modified 323 

Bagnold model (Zhang et al., 2012) estimated U* reasonably well for particles ≤1,100 µm, but markedly 324 

worse estimates were found for particles ≥2,575 µm. This implies that, for this type of biochar, the modified 325 

Bagnold model may be used with confidence to estimate the wind velocity and biochar moisture content at 326 

which particles ≤1,100 µm are likely to become airborne. However, for larger particles the model needs to be 327 

developed further. 328 

These findings suggest to only consider moisture contents of 15 % or greater for recommendations (including 329 

certifications) regarding storage, transport, and field application of biochar for the purpose of reducing the 330 

propensity of particles becoming air-borne. If further increases in U* can be reached at moisture contents over 331 

20 % requires further research. The smallest particle size considered in this experiment was <50 µm. Many 332 

health concerns regarding inhalation of particles focus on respirable suspended particles (<10 µm) or fine 333 

particles (<2.5 µm), or even smaller fractions. Although these particle sizes were part of the smallest particle 334 

size class used in this study, it is possible that they were undetected. Follow-up experiments with techniques 335 

that can detect particles in this size range are required to provide more insight. 336 

Unlike coal, biochar is made from a wide variety of feedstocks, under a range of pyrolysis conditions, 337 

resulting in a variety of biochar physical properties. A woody feedstock biochar was used in this study as 338 

being representative of many biochars being used in experiments. However, biochar is also produced by 339 

pyrolysis of many other feedstocks, such as poultry litter, wastewater sludge, green waste, and biosolids 340 

(Jeffery et al., 2011), which are known to differ strongly in particle size distributions, particle morphology and 341 

density, (capillary) porosity, etc. (Chia et al., 2015). Therefore, this study’s results cannot be directly 342 

extrapolated to other biochars, and further studies are urgently needed to fill this knowledge gap and inform 343 

policy development. In addition, future studies should also consider effects of saltating particles on threshold 344 

friction velocities of biochars, and bench and field studies should consider how soil aggregation and 345 

downward movement of fine particles in soils affect biochar erosion by wind. 346 

 347 

5. Conclusions 348 
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In order to identify interactions between wind and biochar, we conducted a wind tunnel study to determine 349 

threshold friction velocities of a woody feedstock biochar for a range of particle sizes and gravimetric 350 

moisture contents. For W < 10 %, fine particles (dm <125 µm) started to erode at U* as low as 0.27 m s-1 351 

whereas large particles (dm >6,000 µm) eroded at 0.50 – 0.55 m s-1, showing that large biochar particles 352 

exposed at the soil surface may also become suspended at threshold friction velocities commonly found for 353 

sand particles. However, for W ≥15 %, the moisture content presented greater impacts on smaller than larger 354 

particles, by promoting their adhesion and increasing the threshold friction velocity. In turn, larger particles 355 

exhibited resistance to erodibility due to weight gain by water absorption. These results provide important 356 

implications of biochar moisture content to inform its sustainable development and application. Since smaller 357 

particles are more susceptible to detachment in field, avoidance of wind erosion can be achieved by keeping 358 

W at 15 % or more to increase safe storage, transport and field application of biochar. 359 

 360 
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• Wind erosion of biochar was assessed through wind tunnel simulations 

• Moisture content lower than 10 % does not prevent erosion of fine particles 

• Higher moisture increases adhesion of fine particles and weight of large particles 

• Minimum 15 % moisture is recommended for reducing wind erosion of biochar 


