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Abstract

T�llage �s an �mportant cause of PM em�ss�ons from so�ls. 
Measurements �n rural areas �n Germany �nd�cated many 
t�mes h�gher f�ne dust em�ss�ons by t�llage operat�ons than 
by w�nd eros�on. The ma�n controll�ng factor �s the so�l 
mo�sture, or the vert�cal d�str�but�on of mo�sture �n a so�l 
prof�le at the moment of t�llage. As the em�ss�on �s a result 
of some parameters wh�ch can not be controlled �n f�eld 
exper�ments, a stepw�se analys�s of the ma�n �nfluenc�ng 
factors was chosen. F�rst, a w�nd tunnel was used as cross-
flow grav�tat�onal separator to �nvest�gate the relat�on be-
tween so�l type, so�l mo�sture and PM em�ss�on. Twelve 
so�ls of d�fferent texture (7 sandy, 2 s�lty, 1 clayey and 2 
organ�c so�ls) were �nvest�gated w�th regard to the�r water 
content, rang�ng from 0 to 40 mass per cent. The results 
show that so�ls can em�t dust over a certa�n range of mo�s-
ture, but already a small �ncrease �n so�l mo�sture causes 
a d�st�nct reduct�on of dust em�ss�on. The threshold water 
content for f�ne dust em�ss�on of so�ls was between 2 to 5 
mass per cent for sandy so�ls, 5 to 10 mass per cent for s�lty 
so�ls, about 30 mass per cent for the clayey so�l and 25 to 
45 mass per cent for organ�c so�ls. 

The w�nd tunnel results were used to calculate the PM10 
em�ss�on potent�al of a sandy so�l �n spr�ng and late sum-
mer. In spr�ng only the upper 2.5 cm were dry enough to 
em�t PM10, whereas �n summer the so�l was des�ccated to 
the ent�re t�llage depth. The calculated PM10 em�ss�on po-
tent�al for a t�llage depth of 20 cm resulted �n 13.4 g per m² 
for the so�l mo�sture cond�t�ons �n spr�ng and 76.8 g per m² 
�n summer. 

Our results show the �mportance of the vert�cal so�l mo�s-
ture prof�le on the PM em�ss�on of so�ls dur�ng t�llage. So, 
the em�ss�on factors result�ng from f�eld operat�ons should 
preferably be related to the affected amount/volume of a 
so�l, wh�ch �s dry enough to em�t PM, than to the affected 
area. 
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Introduction

F�ne dust part�cles seldom em�t d�rectly from so�l surfaces. 
They usually need a releas�ng process as w�nd eros�on or 
t�llage operat�ons (G�llette D. 1977, Green F. H. et al. 1990, 
Clausn�tzer H. et al. 1996, Alfaro S. C. 2001, Kjelgaard et 
al. 2004). W�nd eros�on �s l�m�ted to a certa�n extent be-
cause a suscept�ble so�l surface and a g�ven eros�v�ty of 
the cl�mate have to co�nc�de. It �s temporally restr�cted to 
the spr�ng months and constra�ned spat�ally by the acreages 
of root crops, corn and summer cereals, wh�ch amount to 
about 20 per cent of the agr�cultural land area �n Northern 
Germany (Federal Stat�st�cal Off�ce Germany 2006). 

Dust em�ss�on result�ng from t�llage operat�ons affects 
all so�ls, even those wh�ch are cons�dered to be non-erod-
�ble. Th�s �s ma�nly caused by h�gher contents of s�lt and 
clay part�cles, wh�ch support the format�on of aggregates 
or crusts. On the other hand these so�ls have a h�gher po-
tent�al for dust em�ss�on when they are d�sturbed by the 
�mpact of t�llage tools. On the North European pla�ns dust 
em�ss�on �nduced by t�llage was measured as be�ng four to 
s�x t�mes h�gher than the dust em�ss�on by w�nd eros�on 
events (Goossens D. et al. 2001, Goossens D. 2004). The 
correlat�ons between so�l t�llage and dust em�ss�on have 
been �nvest�gated �n many stud�es, rang�ng from effects on 
human health to the effects of losses of f�ne mater�al on so�l 
fert�l�ty and a�r qual�ty (Louhela�nen K. et al. 1987, Claus-
n�tzer H. et al. 1996, N�euwenhu�jsen M. J. et al. 1998, 
N�euwenhu�jsen M. J. Schenker M. B. 1998, Schenker M. 
B. 2000, Holmen B. A. et al. 2001a/b, Trzepla-Nabaglo 
K. et al. 2002, Cassel T. et al. 2003, Goossens D. 2004). 
Most of these stud�es conta�n no or only general �nforma-
t�on about the so�l texture and so�l water content, so that �s 
not poss�ble to der�ve the potent�al of so�ls as a source for 
dust em�ss�on from these concentrat�on measurements. The 
ma�n controll�ng factor �s the so�l mo�sture, or more pre-
c�sely the vert�cal d�str�but�on of mo�sture �n a so�l prof�le 
at the moment of t�llage. So�l mo�sture �s one of the most 
�mportant factors wh�ch l�m�ts w�nd eros�on and therefore 
dust em�ss�on as well (Chep�l W. S. 1956, We�nan Ch. et 
al. 1996). The �nfluence of so�l mo�sture on erod�b�l�ty has 
been �nvest�gated well �n emp�r�cal or phys�cally-based 
stud�es (Chep�lW. S. 1956, B�sal F. et al. 1966, Mc Kenna- 
Neumann C. et al. 1989, Saleh A. et al. 1995, We�nan Ch. 
et al., 1996, Cornel�s W., Gabr�els D. 2003, Cornel�s W. et 
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al. 2004). In most cases �ncreas�ng water content results �n 
decreas�ng w�nd eros�on and dust em�ss�ons. Although most 
of the processes respons�ble for dust em�ss�on of so�ls are 
known �n deta�l, there are st�ll some def�c�ts �n �mplement�ng 
th�s knowledge to obta�n a more so�l-related balance of dust 
em�ss�on caused by t�llage. The object�ve of our study was 
therefore to der�ve a so�l-related em�ss�on factor, wh�ch also 
cons�ders the actual cond�t�ons �n the f�eld.

Material and Methods

W�nd tunnel �nvest�gat�ons

The exper�mental setup �n the laboratory was �ntended 
to reproduce the bas�c processes �n the f�eld dur�ng t�llage 
�n a s�mple and repeatable way. These processes can be 

descr�bed as follows: so�l part�cles w�ll be l�fted and ac-
celerated by the act�on of the t�llage tools and the tyres of 
the tractor �nto the d�rect�on of the operat�on. Then grav�ty 
and the pull of the mov�ng tractor result �n a vert�cal and 
hor�zontal component of the separat�on process depend�ng 
on s�ze and dens�ty of s�ngle part�cles or aggregates and the 
speed of the t�llage tool. 

Dust em�ss�on measurements took place �n the w�nd tun-
nel of the Inst�tute of So�l Landscape Research �n Münche-
berg (Funk R. 2000). The w�nd tunnel �s generally used 
to �nvest�gate w�nd eros�on processes, but �t can also be 
appl�ed as a cross-flow grav�tat�onal separator accord�ng 
to standard�sed part�cle s�ze analys�s by a�r class�f�cat�on 
(DIN 66118). A w�nd tunnel �s a su�table tool to carry out a 
separat�on �n th�s way because he�ght of fall, sed�mentat�on 
d�stance and w�nd speed can be adjusted to opt�m�se 

wind tunnel working section (7 m long) PM
measurement

particles < 40 µm

particles > 40 µm

wind

conveyor

F�gure 1: 
The exper�mental setup �n the w�nd tunnel for cross-flow grav�tat�onal separat�on

Table 1:
So�l texture, humus content and water contents of the �nvest�gated so�ls

S�te Code
Sand

2000-63µm
%

S�lt
63-2µm

%

Clay
< 2 µm

%

Humus

%

SWC
60 °C*

M%

SWC
a�r-dry** 

M%

Klockenhagen KLOC 91.8 7.4 0.8 1.31 0.19 0.61

S�ggelkow SIGG 89.4 8.3 2.3 1.32 0.29 0.66

Gottesgabe GOGA 87.3 6.9 5.8 1.33 0.15 0.56

Muencheberg MUEB 82.5 14.1 3.4 0.90 0.23 0.46

Sandhagen SAHA 81.2 15.7 3.1 1.13 0.21 0.75

Penkow PENK 73.8 22.4 3.8 1.35 0.25 1.41

Gross K�esow GRKI 72.8 24.7 2.5 1.28 0.28 1.04

H�ldeshe�m HILD 2.1 81.9 16.0 0.94 0.46 1.85

Bad Lauchstedt BALA 11.0 65.0 24.0 0.75 2.85

Seelow SEEL 14.3 28.6 57.1 2.18 2.63 4.15

He�nr�chswalde HEIN 74.4 15.0 10.6 23.3 3.33 6.91

Rh�nluch RHIN 40.9 9.86 21.2

* SWC 60 °C – grav�metr�c so�l water content (mass per cent) after 24 hours oven dry�ng at 60 °C

** SWC a�r-dry – grav�metr�c so�l water content after dry�ng �n the laboratory (21°C, 60% rH)
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the separat�on process for certa�n part�cle s�zes. The work-
�ng sect�on of our w�nd tunnel has a length of 7 m and a 
cross sect�on area of 0.7 x 0.7 m. The w�nd speed �n the 
centre of the tunnel was set to 3 m/s. In contrast to regular 
tests �n the w�nd tunnel we m�n�m�sed the boundary layer 
below 10 cm he�ght and adjusted a more lam�nar flow. 

The so�l mater�al was suppl�ed by a conveyor wh�ch was 
placed at the beg�nn�ng of the work�ng sect�on on top of the 
w�nd tunnel (f�gure 1). A plate, 0.5 cm th�ck and w�th a cut-
out of 10 x 20 cm, was placed at the conveyor belt. Cut-out 
and th�ckness of the plate result �n a volume of 100 cm³ 
wh�ch was f�lled w�th the so�l mater�al, smoothed and cov-
ered by a plast�c plate to m�n�m�se mo�sture losses dur�ng 
the runs. After start�ng the conveyor the so�l mater�al fell 
off through a 10 cm w�de slot �nto the work�ng sect�on at a 
constant rate �n 6 m�nutes. 

The so�ls were taken from the plough-hor�zon of seven 
sandy so�ls, two s�lt loam so�ls, two organ�c so�ls and one 
clay so�l. The so�ls were a�r-dr�ed �n an a�r-cond�t�oned lab-
oratory (temperature: 21 °C, relat�ve hum�d�ty: 60 %) and 
s�eved for the fract�on less than 2 mm. One part of each so�l 
was dr�ed at 105 °C to obta�n the amount of hygroscop�c 
water wh�ch had rema�ned �n the a�r-dr�ed so�l. Samples 
of 300 g each was mo�stened w�th d�st�lled water. So�l wa-
ter contents of the follow�ng gradat�ons were set: 105 °C 
dr�ed, 60 °C dr�ed, a�r-dr�ed and depend�ng on the texture 
�n 6 to 10 further steps of about a half mass per cent up to 
a d�st�nctly v�s�ble mo�st cond�t�on of the sample. The sam-
ples were stored �n hermet�cally sealed Erlenmeyer flasks 
for 24 hours. The next day the so�l samples were placed on 
the conveyor, covered and suppl�ed to the w�nd tunnel. 

The dust fract�on was measured w�th a dust mon�tor 
(Gr�mm #107 Spectrometer), wh�ch cont�nuously detects 
all part�cles between 0.3 to 30 µm and reg�sters these �n 
three classes as part�cle mass PM10, PM2.5 and PM1.0 �n 
µg per m³. The threshold water content for dust em�ss�on 
was appo�nted when, compared w�th the base load �n the 
w�nd tunnel, no �ncrease �n the PM10 concentrat�on could 
be measured. Mult�ple regress�on calculat�ons were per-
formed us�ng W�nStat software (R. F�tch Software).

F�eld measurements

The f�eld measurements were conducted on loamy sand 
�n Muencheberg (Brandenburg, Germany), wh�ch was 
ploughed under typ�cal mo�sture cond�t�ons, such as �n 
spr�ng and �n summer. The f�eld measured 50 m x 50 m. 
Before t�llage, the vert�cal so�l mo�sture prof�le was mea-
sured �n steps of 1 cm at several po�nts by a near Infrared-
Reflex�on-Photometer (P�er-Electron�c GmbH). 

For plough�ng we used a 100 kW tractor w�th a 3-share 
plough and a work�ng w�dth of 1.25 m and a work�ng 
depth of 0.2 m. The t�llage d�rect�on was perpend�cular to 

the w�nd d�rect�on (f�gure 2). The dust mon�tor (GRIMM 
#107) was pos�t�oned �n comb�nat�on w�th a meteorolog�-
cal stat�on two meters away from the leeward f�eld bound-
ary w�th the a�r �nlet at a he�ght of 2 meters. PM10, PM2.5 
and PM1.0 were measured every 6 seconds s�multaneously 
w�th w�nd speed (cup anemometers �n two he�ghts, 2 m and 
0.5 m), w�nd d�rect�on, temperature and relat�ve hum�d�ty. 
The a�m was to measure only that dust wh�ch leaves the 
f�eld and to get a hor�zontal �ntersect�on of the dust cloud, 
wh�ch was obta�ned by the repeated passage of the tractor 
and the �ncreas�ng d�stance w�th any passage.

A Lagrang�an d�spers�on model GRAL (Graz Lagrang-
�an Model) was used to obta�n PM area related em�ss�on 
factors from the concentrat�on measurements. GRAL �s a 
well-val�dated short range numer�cal model and appl�cable 
to a w�de range of w�nd speeds and atmospher�c stab�l�t�es 
(Oettl D. et al. 2001). Em�ss�on factors of PM were ob-
ta�ned by modell�ng the d�spers�on from the test f�eld, treat-
�ng �t as an area source. In the s�mulat�ons �t was assumed 
that the PM em�ss�ons are �n�t�ally m�xed up to 2 m above 
ground level due to the tractor-�nduced turbulence (Oettl 
D. et al. 2005).

Wind direction

Tillage direction

x,y ; 0,0

x,y ; 50,50

x,y,z ; 52,25,2

Dust monitor
and
meteorological
station

First trackLast track

F�gure 2: 
Sketch of the f�eld measurements of t�llage �nduced PM em�ss�ons

Results

W�nd tunnel �nvest�gat�ons

Our results show that so�ls can em�t part�culate mat-
ter over a certa�n range of mo�sture. Great d�fferences �n 
the PM10 em�ss�on were already measured between the 
105°C-, 60°C- and a�r-dr�ed so�l samples (f�gure 3). The 
water content of the 105°C-dr�ed samples was assumed to 
be zero, the water contents of the 60°C- and a�r-dr�ed sam-
ples are l�sted �n table 1. Sandy and s�lt so�ls had the h�gh-
est f�ne dust em�ss�on rates of both oven-dr�ed samples and 
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the lowest of the a�r-dr�ed sample. The clay so�l does not 
show such a d�fference. The PM10 em�ss�on of the oven-
dr�ed samples resulted �n: sandy > s�lty > clay, whereas the 
em�ss�on of the a�r dr�ed samples was: sandy < s�lty < clay. 
Th�s oppos�ng trend can be expla�ned by the small contact 
areas between the part�cles �n the sand and clay fract�on �n 
sandy so�ls, wh�ch result �n weak bond�ng forces mostly 
caused by the adsorpt�ve water between the contact po�nts. 
Water f�lms result�ng from molecular adsorpt�on only ap-
pear on part�cles of the clay s�ze, wh�ch are attached to the 
outs�de of the sand and s�lt gra�ns and form a large surface 
for evaporat�on (f�gure 4). 
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F�gure 3: 
Dust em�ss�on of sandy (n = 7), organ�c (n = 2), s�lty (n = 2) and clay 
(n = 1) so�ls us�ng d�fferent dry�ng �ntens�t�es (oven dr�ed at 105°C and 
60°C, a�r dr�ed at 21°C)

F�gure 4: 
Scann�ng electron m�croscopy of a m�neral dust sample 

F�gure 5 shows the relat�onsh�p between the PM10 em�s-
s�ons of all �nvest�gated so�ls to the content of part�cles of 
th�s s�ze �n the so�l. These are all part�cles �n the clay and 
f�ne s�lt fract�on (< 6.3 µm �n d�ameter) accord�ng to the 

German Standard for so�l texture class�f�cat�on, wh�ch are 
nearest to the PM10 s�ze. The PM10 em�ss�on potent�al of a 
so�l �s closely related to the content of these part�cle s�zes. 
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F�gure 5: 
Relat�onsh�p between the content of part�cles < 6.3 µm (clay and f�ne s�lt) 
and the PM10 em�ss�on of the a�r dr�ed samples (all �nvest�gated so�ls)

The relat�onsh�p between the PM10 em�ss�on and the 
�ncreas�ng grav�metr�c water content of the sandy so�ls �s 
shown �n f�gure 6, that of s�lt, clay and organ�c so�ls �n f�g-
ure 7. The results show the reduct�on of dust em�ss�on w�thThe results show the reduct�on of dust em�ss�on w�th 
�ncreas�ng so�l mo�sture. Even small d�fferences �n so�l Even small d�fferences �n so�lEven small d�fferences �n so�l d�fferences �n so�l 
mo�sture caused d�st�nct changes �n dust em�ss�on, result-
�ng �n an exponent�al curve progress�on for all so�l types. 
In an attempt to relate the PM em�ss�on to so�l mo�sture 
and parameters of the so�l texture and humus content, a 
mult�ple regress�on analys�s was performed. Table 2 sum-
mar�zes the coeff�c�ents of the regress�on equat�ons, wh�ch 
have effected the best r². Above a certa�n water content no 
dust was em�tted. Th�s can be regarded as the texture re-
lated threshold of so�l mo�sture. These threshold values of 
so�l mo�sture are between 2 to 5 % for sandy so�ls, 5 to 
10 % for s�lty so�ls, up to 20 % for the clay so�l and 25 
to 45 % for organ�c so�ls. The share of PM2.5 amounts to 
about 6 per cent, the port�on of PM1.0 to about 1 per cent 
of the PM10 mass. These relat�ons were relat�vely constant 
for all �nvest�gated so�ls and d�d not change w�th �ncreas�ng 
so�l mo�sture. 
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Table 2. 
Parameter of mult�ple l�near regress�ons of the form:
ln PM (µgm-3) = a + b SWC (M%) + c s�lt (%) + d clay (%) + e humus (%), S�gn�f�cance level p = 0.05

So�l textural class a b c d e r²

Sand ln PM10 7.07 -1.182 0.115 -1.73 0.77

ln PM2.5 5.35 -0.980 0.070 -2.35 0.54

ln PM1.0 4.24 -0.955 0.054 -2.48 0.42

S�lt + clay ln PM10 4.95 -0.248 0.068 0.56

ln PM2.5 2.10 -0.347 0.078 0.55

ln PM1.0 1.22 -0.363 0.067 0.70

Organ�c so�ls ln PM10 11.32 -0.117 -0.095 0.86

ln PM2.5 9.67 -0.159 -0.125 0.87

ln PM1.0 5.03 -0.145 -0.052 0.41
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F�gure 6: 
PM10 em�ss�on of all sandy so�ls, curves are calculated w�th mult�ple regress�on (see table 2), shown curves are examples of GRKI (72.8% sand), MUEB 
(82.5% sand) and KLOC (91.8% sand)
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F�gure 7:
PM10 em�ss�on of all s�lt, clay and organ�c so�ls, curves are calculated w�th mult�ple regress�on (see table 2), shown curves are examples of RHIN (organ�c 
so�l), SEEL (clay so�l) and BALA (s�lt so�l)
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Relevance for the der�vat�on of em�ss�on factors

The relevance of our results for the der�vat�on of em�ss�on 
factors �s demonstrated by f�eld measurements on a sandy 
so�l �n Muencheberg, wh�ch was ploughed �n spr�ng and �n 
summer. The so�l texture �s g�ven �n table 1. The so�l mo�s-
ture of the f�rst cent�metre was approx�mately the same; 
only the so�l mo�sture depth prof�le d�ffered at both t�mes 
and �s shown �n f�gure 8. 
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F�gure 8:
So�l mo�sture depth prof�les at two dates of plough�ng

The so�l spec�f�c threshold value of mo�sture for dust 
em�ss�on was est�mated as about 4 %. Under the mo�sture 
cond�t�ons �n spr�ng only the uppermost 2.5 cm of the so�l 
are dry enough to contr�bute to the em�ss�on of dust par-
t�cles. The cond�t�ons �n summer are character�sed by so�l 
mo�sture below the threshold value for the ent�re plough�ng 
depth. We der�ved a PM10 em�ss�on potent�al (EPPM10) of 
13.4 g per m² (± 0.8 g) �n spr�ng and 76.8 g per m² (± 4.6 g) 
�n summer for a plough�ng depth of 20 cm, us�ng the above 
determ�ned so�l mo�sture – dust em�ss�on relat�onsh�p �n 
steps of 1 cm. 
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w�th EPPM10 -   PM10 em�ss�on potent�al (µg per m²)
 TDE  -   total dust em�ss�on of the so�l related  
  -   to the water content (µg per g) 
 r -   bulk dens�ty of the so�l (g per cm³)
 V -   volume of the layer � per m² 
  -   (10,000 cm³ per m²) 

PM measurements and subsequent modell�ng w�th the 
d�spers�on model GRAL resulted �n an em�ss�on of 0.12 
g per m² of the mo�st so�l �n spr�ng and 1.05 g per m² of 
the dry so�l �n summer (Oettl et al. 2005). The same t�llage 
operat�on at the same so�l resulted �n about 9-t�mes h�gher 

em�ss�ons �n summer ma�nly �nduced by the lack of so�l 
mo�sture. There �s a close relat�onsh�p to the affected vol-
ume or mass of the so�l contr�but�ng to the dust em�ss�on, 
wh�ch �s 8-t�mes h�gher �n summer (20 cm �n summer, 2.5 
cm �n spr�ng). 

Conclusion

Dust em�ss�on from t�llage operat�ons are closely related 
to the so�l mo�sture cond�t�ons. Th�s aspect has not been 
cons�dered �n prev�ous stud�es so far. In th�s study we fol-
lowed a stepw�se analys�s of the ma�n �nfluenc�ng factors 
of dust em�ss�on from t�llage operat�ons. F�rstly, the ba-
s�c relat�ons between so�l texture, humus content and so�l 
water content were �nvest�gated by us�ng a w�nd tunnel as 
cross-flow grav�tat�onal separator. It was poss�ble to show 
that so�ls can em�t PM over a certa�n range of mo�sture. 
The relat�onsh�ps of so�l water content, so�l texture and hu-
mus content on PM10, PM2.5 and PM1.0 em�ss�ons could 
be der�ved. Threshold values of so�l mo�sture for PM em�s-
s�on were determ�ned wh�ch ranged between 2 to 5 % for 
sandy so�ls, 5 to 10 % for s�lty so�ls, up to 20 % for the clay 
so�l and 25 to 45 % for organ�c so�ls. 

Apply�ng these f�nd�ngs on mo�sture cond�t�ons �n spr�ng 
and �n summer resulted �n good correlat�ons between the 
der�ved PM em�ss�on potent�als of a so�l and measured 
em�ss�ons wh�le plough�ng. Our results show the necess�ty 
of cons�der�ng the so�l water content and �ts vert�cal prof�le 
for the der�vat�on of em�ss�on factors. So, the em�ss�on fac-
tors of f�eld operat�ons should be related to the affected 
amount/volume of a so�l, wh�ch �s dry enough to em�t PM, 
rather than to the affected area. 
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