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ABSTRACT 

This paper reports on the use of a kite-based system for measuring low-altitude particulate matter (PM) concentrations 
over grassland in Inner Mongolia. The motivation came from PM-concentration measurements at heights below 3 m 
over non-erodible surfaces which showed constant concentrations and made flux calculations relatively uncertain. One 
aim was the quantification of wind-driven matter fluxes across ecosystem boundaries, where the relevant layer can be 
assumed at heights below 100 m. Compared to other measurement techniques (e.g. LIDAR, towers and airborne sys-
tems) kite-based systems represent an inexpensive, highly flexible research tool which is well-suited for application in 
remote sites. The basis of the introduced system is a 4 m2 Parafoil kite which has enough lifting capacity to carry 
equipment of about 6 kg at wind velocities between 3 ms–1 to nearly 20 ms–1. A self-adjusting platform was constructed 
to balance moves and to carry a portable Environmental Dust Monitor (EDM), anemometer and a GPS receiver. So, all 
parameters necessary for a vertical profile of dust fluxes could be measured. In the first flights the applied kite-based 
dust profiling system (KIDS) was examined according to general technical application problems. Firstly, the influence 
of diverse surface characteristics, the flying condition and height-stability was tested. The result suggests that surface 
characteristics in general have a higher influence than the optimal wind velocity, which ranged from 9 ms–1 to 17 ms–1. 
Secondly, uncertainties in the measured data were quantified and assessed. The uncertainties in wind velocity meas-
urements due to motion in horizontal and vertical direction were not higher than 0.45% - 0.65% and 1.8% - 2.2% during 
the kite ascent. The outcome of the study illustrates the suitable application of KIDS for low-altitude measurements in 
remote sites. 
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1. Introduction 

Wind erosion is the main process of dust emission in arid 
and semi-arid environments [1]. Major source regions 
which are significant for the global dust budged are lo-
cated in northern Africa (Sahara desert) [2] and around 
the Arabian Sea [3]. In Central and East Asia, the Takli-
makan desert and the Gobi desert are major sources 
which gradually expanded during the last decades be-
cause of increasing desertification [4,5]. In the recent 
past, large regions of temperate grasslands were also af-
fected by wind erosion. China’s Inner Mongolia grass-
land steppe has been a natural sink for dust from far 
away from sources for centuries [6], but the use of the 
grassland steppe and the increasing human population led 
to effects of land degradation and severe reduction of the 
grassland coverage [7,8] and consequently, an increase of 

desertification processes. As a result, parts of the tem-
perate steppe grassland changed from a sink to a source 
area for dust [9]. 

The high atmospheric dust load transported out of 
source regions is linked to climate and environmental 
influences and potential health risks [10]. These impacts 
are not limited to the dust source and its surroundings, 
but spread out over large distances. Dust storms and 
strong winds over Central and East Asia carry huge 
masses of particulate matter eastward to southern parts of 
China and Taiwan [11,12], to Korea [13,14], Japan [15] 
or overseas, e.g. to Canada [16]. Bearing in mind the 
considerable impact of current global dust mobilization 
influencing vast inhabited regions, it becomes increas-
ingly important to investigate dust composition and tran- 
sport at different heights (mixing zone).  

So far, particulate matter emissions caused by wind 
erosion were primarily observed near ground by flux or *Corresponding author. 
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deposition measurements. Methods of aeolian sediment 
measurements include wind aspirated dust samplers like 
Modified Wilson and Cook (MWAC) [9] and Big Spring 
Number Eight (BSNE) [17]. Furthermore, capyr (capteur 
pyramidia) samplers [18], pans filled by glass marbles [9] 
and the Frisbee method [19] are additional techniques for 
wind erosion measurements. But these measurements ob- 
served near ground are not always able to distinguish local 
from regional or supra-regional dust transport, since chan- 
ging topographical conditions may cause a fall out of 
particles before they reach higher altitudes, leading to 
deposition. Therefore, measurements near the ground can 
(significantly) vary compared to measurements in the 
higher atmosphere. It is important to determine which 
particles are actually transported over large distances or 
even remain in the atmosphere due to their specific mass 
size to settle velocity relation. 

In recent years, new measurement techniques or estab-
lished dust measurement devices combined with new 
tools allowed the quantification of particulate matter fl- 
uxes in the higher atmosphere. The light detection and 
ranging technology (Lidar) [20,21] is quite expensive to 
purchase and rather inflexible due to design, construction 
and size. Lidar is also limited by high dust concentrations 
since these can prevent that the laser beam goes through 
the whole filled dust atmospheric layer. This difficulty is 
compounded by the fact that even with newer Lidar de-
vices the functional range begins at about 100 m. The 
previously-used masts or towers can reach some deca-
meters of height, but are even more inflexible [22]. Be-
sides these measurement techniques and tools the use of 
kites represents an excellent research tool for kite-based 
dust profiling due to a variety of benefits compared to the 
above-mentioned techniques. 

Kite-based experiments have a long history in atmos-
pheric research [23-25]. Initially, the application of kites 
focused on vertical profiling of meteorological variables 
like temperature, pressure or humidity. By its depend-
ence on (sufficient) wind and the development of new 
technologies (zeppelins, aircrafts, balloons) the impor-
tance of kite-based measurements decreased from the 
early 1930s onwards. But the practical application of 
kites has recently regained importance by the invention 
of new kite-types [26]. These kites (e.g. sled kites) have 
decisive advantages over other measurement techniques. 
Kite design and material have constantly been improved 
making the kites extremely sophisticated, light and resis-
tant. Furthermore, the use of kites as carrier for meas-
urement devices is comparatively cost efficient, as kites 
are highly mobile, easy to handle, and flexible with re-
gard to the research assignment. Reference [27] also pro-
vides a detailed comparison of atmospheric sampling 
techniques (kites, balloons, aircrafts and towers)—their 
advantages and disadvantages in terms of sampling height, 

system costs, weather dependency, payload, vertical pro-
filing, and required wind conditions. 

Due to these beneficial characteristics kites are in-
creasingly used in various research fields. As a new re-
search tool kite-based aerial photography [28,29] was 
applied in geomorphology and archaeology [30,31]. In 
biology, kites were used for trapping insects [32] or to 
investigate the transport of fungal spores over long dis-
tances in large plumes of smokes from biomass fires [33]. 
New applications in meteorology can be found in [27, 
34,35], who used kites to construct vertical profiles of 
temperature, humidity and atmospheric ozone abundance 
from the lower atmospheric boundary layer (LABL) up 
to several kilometers in the free atmosphere or to inves-
tigate the thermodynamic characteristics and their tem-
poral variation of alpine lake breezes [36].  

In the last decade, kites became also relevant in ae-
olian research. The use of kites in wind erosion research 
seems appropriate, because there is always sufficient 
wind and problems may arise rather by to high wind ve-
locities. One of the first studies was published by [37,38] 
who has taken vertical dust profiles to determine dust 
concentration. The results were used to calibrate satellite 
products. Altogether, kite studies concerned with dust com- 
position measurements in the lower atmospheric bound-
ary layer (LABL) are still rare, but due to the beneficial 
characteristics of kites and ongoing technical develop-
ments of dust measuring devices (lightweight and portable 
Environmental Dust Monitor) the application of kites as 
research tool becomes even more attractive.  

The main objective of this study was testing the appli-
cation of a Parafoil kite as carrier of an investigation sys-
tem (KIDS = kite-based investigation dust profiling sys-
tem) for dust measurements and characteristics, to inves-
tigate vertical dust profiles at landscape level. This in-
cludes 1) optimizing the flight of KIDS, 2) testing the 
height-stability of the kite influenced by turbulence over 
different surface conditions (topography), 3) quantifying 
uncertainties resulting from horizontal and vertical mo- 
vements of the kite system and 4) comparing the benefits 
of kite usage in aeolian research to other advanced 
measurement tools. Finally, 5) a first measurement result 
of a low-altitude dust profile will be presented to demon-
strate the applicability of KIDS to determine particulate 
matter concentration and composition at different aver-
age heights up to 50 m. 

2. Method and Material 

2.1. Experimental Site 

The study was carried out as part of the Sino-German 
project Matter fluxes in Grassland of Inner Mongolia as 
influenced by stocking rate (MAGIM). The experimental 
sites are located 50 km around the Inner Mongolia Grass-
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land Ecosystem Research Station (IMGERS, 43˚33'N, 
116˚40'E) in the Xilingol steppe grassland, 450 km north 
of Beijing and 70 km south of Xilinhot, the autonomous 
province of Inner Mongolia. The semi-arid steppe grass-
land is a transition zone and predominantly a sink for 
huge amounts of dust transported by strong winds from 
sources several hundred kilometers wind-ward of the 
grassland (e.g. Gobi desert). The grassland increasingly 
becomes a source region for atmospheric dust through 
high grazing intensity and the ongoing transformation 
into arable land. Advantages of the location which make 
the region well-suited for KIDS are the steady wind ve-
locities ranging from 5 ms–1 up to 20 ms–1 and the occur-
rence of strong winds and dust storms (<20 ms–1) during 
the months of March to May. In the area for the kite 
flights, there are no shrubs and trees and it ranges from 
hilly (test site) to open and mostly flat landscape without 
significant topographical interruptions which experience 
a relatively undisturbed wind field on ground (profile 
data capture). Also, the experimental site has a poor in-
frastructure and thus the anthropogenic influence (dust 
emission by car traffic) is relatively low. 

eight contiguous cells provides steady flight conditions. 
The kite-sail material is standard rip stop spinnaker nylon, 
the tension line material is polyester (braided) with a line 
diameter of 3 mm. The breaking strain is denoted with 
330 kg (maximum safety of tension line). Fundamentals 
of kite performances and dynamics, i.e. the major forces 
which act on the flying kite, are described by [39-41]. 

The measuring platform was constructed to keep and 
protect the technical equipment (Figure 1(b)). It com-
bines minimum weight and high stability and is made of 
an aluminum box (25 cm × 13 cm × 8 cm) to cover the 
Environmental Dust Monitor (EDM). The box has four 
short curved legs for shock prevention and double-sided 
arms where micro-anemometers with loggers are mou- 
nted. On the top of the box a metal cross of 50 cm × 50 
cm is attached to connect the box with the tension line 
over a flexibility suspension system. The kite platform is 
fixed by an ingenious flexible suspension system to the 
tension line to ensure a stable horizontal position for ac- 
curate dust and wind measurements at any time regard- 
less of gusts, small deviation of the main wind direction 
or changes in the angle of inclination of the tension line. 
The total KIDS weight in use is 5.7 kg including the kite 
(0.48 kg), tension line (100 m = 1 kg), lightweight alu-
minum platform with legs and arms (1.2 kg), EDM in-
cluding battery and sensor (2.57 kg), GPS (0.21 kg) and 
two anemometers with data logger (each 0.14 kg). 

2.2. Specification of KIDS and Experimental 
Design 

Parafoil kites are available in different sizes with a suffi-
cient spectrum between lifting capacity and safe and easy 
handling. The kite type used in this study is a sled kite, 
named Flow S (“Kite n Art” Company, Rastede, Ger-
many). It is 160 cm × 120 cm in size and has an effective 
kite-surface of about 4 m2 (Figure 1(a)). A system of  

The tension force of the kite makes safety instructions for 
successful operation necessary. From wind speeds above 5 
ms–1 it is nearly impossible to pull the line, but pressing 
down the line for landing the kite is comparatively easy. 

 

   
(a)                                                      (b) 

Figure 1. Parafoil kite (a) in starting position and (b) platform connected by a self-adjusting suspension system to the tension line. 
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A sketch of the experimental setup is illustrated in Fig-
ure 2. Along the main wind direction four anchors of 50 
cm in length are fixed in the ground. The kite line (ten-
sion line) is fastened at the upwind anchor, laid out with 
its maximum length and fixed at all other anchors by 
snap-hooks. The distances between the anchors determine 
the later average height steps. The kite system is launched 
by unlocking the tension line from the snap- hooks. 

2.3. Data Acquisition and Quantification of 
Uncertainties 

To determine the influence of the topographic effects on 
the height-stability of the kite, wind velocity and height 
were measured during the kite flight. Two ultra-light cup 
anemometers (Thies Climate Company, Göttingen, Ger-
many), each with a micro data logger (ESYS Company— 
irDAN®pulse, Berlin, Germany), recorded the wind ve-
locity at a time-interval of 10 seconds. Both anemome-
ters were installed at a distance of 40 cm from the centre 
of the platform (Figure 1(b)) to prevent disturbance of 
the wind velocity measurements by the aluminum house. 
At the same interval of 10 seconds, kite height and 
moves were measured by the global position system re-
ceiver (GPS, GPS 60TM, GARMIN Ltd., USA) and stored 
in a track-file. 

Dust was measured with a portable Environmental 
Dust Monitor (EDM 107, GRIMM Aerosol Company, 
Ainring, Germany). The system allows simultaneous 
monitoring of three particulate matter classes. Its compact 
size (23 cm × 11 cm × 6 cm), low weight and shock resis-
tance make it suitable for kite experiments. The EDM 
continuously analyses air samples at a rate of 1.2 liters 
per minute with a flow controlled pump. An induction 
pipe arranged that the sampled air is concentrically 
sucked in. Particles in the sampled air pass a laser light in 
front of a high resolution optical cell where they are clas-
sified into 31 different size classes ranging from 0.25 µm 
to 32 µm. The particle counts are grouped into three 

 

 

Figure 2. Sketch of experimental setup for KIDS. 

particulate matter classes: PM1, PM2.5, and PM10 as mass 
per volume (µg·m–3) at different time intervals which are 
predefined by the manufacture (6 seconds, 1 minute or 5 
minutes). During the application of KIDS, the time in-
terval of 6 seconds was selected for each measurement 
series (0.3 m) and both, height level 1 (~25 m) and level 
2 (~50 m). The data are used to calculate the horizontal 
particulate matter flux FPMx (µg·m–2·s–1) with: 

xzPM xz zF PM *u

 

                (1) 

where PMxz (µg·m–3) is the average particulate matter 
concentration of elements sized <1 µm (PM1), 2.5 µm 
 (PM2.5) and 10 µm (PM10) and uz (ms–1) refers to the 
average wind velocity at each measurement height. 

Additionally, the efficiency of the EDM was tested 
under field conditions at high wind velocities up to 23 
ms–1. It was installed on a car and tested at different 
driving speeds, with samples at 6 second intervals. Ac-
cording to the producer’s declaration, the loss of particu-
late matter is smaller than 10% at wind velocities up to 
12 ms–1. Due to the weather conditions in the catchment 
area with wind velocities of more than 20 ms–1 there are 
disagreements in the measured particulate matter con-
centration which are considered in the final data analysis. 
In practice at wind velocities up to 12 ms–1, the sampling 
efficiency of particulate matter has no significant vari-
ance (producer’s declaration). As can be seen from tests 
before the measurement device was used, the wind ve-
locities between 12 to 17 ms–1 show an underestimation 
of 16% (0.9) and velocities up to 23 ms–1 a value of 
21% (3.8).  

A crucial point of this study was to quantify the abso-
lute uncertainties of measured wind data in the wind ve-
locity and height position measurements. During the 
measurements with KIDS, the system is permanently in 
motion. These motions are ups and downs resulting from 
turbulences caused by surface characteristics (e.g. flat to 
hilly terrain) or smooth changes in the wind direction. 
Uncertainties by motion of applied KIDS can be divided 
in vertical and horizontal uncertainty of wind velocity 
(uver and uhor). Position changes were recorded by the 
GPS receiver. Firstly, the absolute uncertainty of the 
wind velocity was calculated by neglecting the kite-sys- 
tem motion. It is assumed that the system position is sta-
ble. The standard deviation of horizontal and vertical 
moves based on the use of the square root of weighted 
sample variance which is calculated as follows: 

iw

Δt
σ  


               (2) 

where t (s) is the time interval recorded by the GPS re-
ceiver and data logger and wi describes both, the 
weighted standard deviation of wind velocity (wuSD) and 
height (wzSD). In this case wuSD is calculated by: 
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  2
xy Δt

*Δt
Δu

 
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 

 2

avz *Δt 

uSD

Δ
w              (3) 

and wzSD is: 

zSDw z              (4) 

where xy (m) is the square root of added differences in 
Gauss Krueger Coordinates (GKR² and GKH²), t (s) is the 
time interval, u (ms–1), z (m) the wind velocity and flying 
height in each interval and zav (m) is the average height of 
KIDS in level 1 and level 2 (~25 m and 50 m). 

Secondly, at the same time up- and downward motions 
also have to be taken into consideration. This leads to 
absolute uncertainties in wind velocity (uver) due to fluc-
tuations in the altitude. The wind velocity and flying 
height of the kite-system were measured and can be de-
scribed as uz by an average logarithmic wind profile, 
which is defined as: 

*
2

1

zu
ln

k z

 
   

 
2 1u uz z               (5) 

where u (ms–1) is the wind velocity at height (z in m) ac-
cording to GPS and k is the von Kármán constant of 0.41. 
In addition, the equation also allowed the calculation of 
the friction velocity u star (ms–1) and the roughness length 
(z0 in m). The average absolute error of wind velocity 
uncertainty (SDu in ms–1) due to fluctuations in the verti-
cal (uver) at measurement level 1 and 2 were calculated 
by the undisturbed logarithmic wind profile each sub-
tracted by logarithmic wind profile (z – σWzSD) and loga-
rithmic wind profile (z + σWzSD), added and divided by 2. 

Thirdly, assuming that σ in Equation (1) is the absolute 
uncertainty in wind velocity by neglecting the moves of 
the kite system, the magnitude of horizontal wind (uhor) 
scaled with the uncertainty. So, the relative uncertainty in 
%-values for uhor is the result of Equation 2 divided by 
the average wind velocity (uav). Contemporaneously, the 
relative uncertainty for uver arises from the result of 
Equation 5 divided by the average wind velocity (uav) for 
both measured levels in ~25 m and ~50 m height. 

3. Results 

3.1. Optimization of the Kite System 

First test flights were undertaken with a dummy load 
with the same weight as the platform, in order to test the 
flight characteristics of the Parafoil kite. The main focus 
was set on the interaction between wind velocity, height 
stability of the kite and arrangement of the load. The 
dummy load was later replaced by the KIDS construction. 
It was essential to test the flight characteristics for a suc-
cessful operation of KIDS. 

The test results revealed that fast reactions of the kite 

corpus on fluctuations in wind velocity and direction and 
the inertia effect of the load influence each other in in-
creasing horizontal movements. In order to stabilize the 
platform and decrease vibrations, the platform was con-
structed in a way that the system always remains in hori- 
zontal position relative to the ground. This was achieved 
by a self-adjusted suspension system fixed on four points 
on each end of the metal cross (Figure 1(b)). The suspen-
sion system joins the tension line at two fixation points. As 
a result, the platform is held constantly in horizontal posi-
tion (no rotation, swing or twisting) regardless of ups and 
downs, changing direction or the angle of the tension line. 

Reference [42] simultaneously determined both, the 
sensitivity and the inclined flow of a cup anemometer. It 
shows that an angle of attack up to 10 degrees and eme- 
rging turbulence caused measuring errors of up to 10%. 
This 10 degree threshold was not exceeded due to the use 
of a self-adjusting suspension system. 

Furthermore, the testing and calibration showed that 
the distance between the bridle point of the kite and the 
fixation point of the load (Figure 3) influences the verti-
cal movements at a relatively steady wind velocity. The 
inclination of the kite (angle α) decreased if the distance 
was too short. This influenced the relationship of the 
aerodynamic forces in that the kite surface area flattens 
and higher wind pressure is necessary for upward lifting. 
Test flights further confirmed that an insufficient fixation 
of the payload restrains a trigger for possible horizontal  
 

 

Figure 3. Simplified sketch of main forces acting on the kite 
including payload. 
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movements through the weight-related inertia. An opti-
mal relation between the distance and weight load re-
duces the bend in the tension line, defined as angle (γ) 
between ground and platform fixation, and from the 
platform fixation to the bridle point of the kite (Figure 3). 
In this study, the optimal distance between bridle point 
and platform fixation was between 7 m to 9 m with a 
load of approximately 6 kg. 

3.2. Topographic Situations and Their Effects on 
the Kite Lifting 

The atmospheric surface layer is dominated by mechanical 
and/or convective turbulences which are responsible for 
stable or unstable layer properties. Figure 4 shows the 
turbulence intensity (ti) as the quotient of the standard 
deviation of the wind velocity (σu) and the mean wind 
velocity of height (uz). 

The turbulence intensity decreased with increasing 
height in smooth hilly terrain (profile 2, Table 1) by 
similar average wind conditions (uav = 11.6 ms–1 (~32 m), 
9.9 ms–1 (~45 m) to 10 ms–1 (~65 m)) in selected height 
levels. In flat terrain (test site = profile 1 as well as were 
KIDS was applied = profile 3, Table 1) the turbulence 
intensity was less widely scattered and remained almost 
constant over the height in comparison to profile 2 over 
hilly terrain. With regard to height stability turbulence 
intensity had a significant influence on vertical move-
ments of the kite system. Differences in σz showed that 
the height stability is also influenced by varying terrain 
roughness (Table 1). High σz between 5.6 m (level 1) up to 
11.8 m (level 3) for the smooth hilly terrain test site and 
lower σz between 1.8 m to 4.4 m in flat terrain was ob-
tained for a flight height of about 50 m. Beyond (<80 m 
in profile 1) σz has also increased up to 10.1 m. In con-
trast, σuav almost always decreased with increasing flying 
height above all surface properties. 

3.3. KIDS—First Data Presentation and  
Accuracy Assessment 

The KIDS is always in motion. This has an effect on the 
data uncertainty (wind velocity) compared to fixed 
ground measurements. A comparison of the wind veloc-
ity data by the two used anemometers has been carried 
out. It was shown that the overall standard deviation in 
wind velocity (σu) was low with 0.4 ms–1 ranging from 2 
ms–1 to 17 ms–1. Also, the absolute mean difference be-
tween both anemometers was higher at lower wind ve-
locities (<10 ms–1) and vice versa (>10 ms–1). The uncer-
tainties during the KIDS meassurements are shown in 
Table 2. By neglecting the kite movement, an absolute 
uncertainty of 1 sigma = 0.06 ms–1 in both measurement 
cycles at a flying height of ~25 m and 1 sigma = 0.09 
ms–1 in ~50 m height was observed. With regard to this 

 

Figure 4. Profiles of turbulence intensity above flat and hilly 
terrain. 
 
Table 1. Wind velocity with stability as standard deviation of 
height. 

Surface 
Layer 

Time 
[min]

Height [m] Wind Velocity [ms−1] 

  zav σz umin uav umax σuav 

20 19.1 ±1.8 7.9 11.8 16.7 ±1.07

20 48.0 ±4.4 6.8 12.4 15.7 ±1.03
Flata 

(Profile 1)

20 86.7 ±10.1 9.0 12.3 15.9 ±0.86

20 32.2 ±5.9 3.6 8.4 11.6 ±1.03

20 45.1 ±6.4 2.7 7.0 9.9 ±1.07
Hillya 

(Profile 2)

20 64.3 ±11.8 3.6 8.3 10.0 ±0.64

10 25.3 ±2.1 11.3 14.0 16.9 ±0.62

10 50.9 ±3.8 10.0 14.5 17.3 ±0.77
Flatb 

(Profile 3)

10 26.6 ±2.0 9.3 13.1 16.9 ±0.88
aTest flight with dummy load and meteorological sensors. bKite-based in-
vestigation dust profiling system (KIDS). 

 
Table 2. Quantification of uncertainties of wind velocity at 
flying height. 

Absolute Uncertainty in  
u (ms−1) 

Relative Uncertainty in u 
(%) Average 

Height 
zav in [m] KIDSa SDu

b uhor uver 

25 0.06 0.29 0.45 2.22 

50 0.09 0.26 0.65 1.83 

25 0.06 0.26 0.45 1.98 

aUncertainty by neglecting the kite movement; bUncertainty in u due to flu- 
ctuations in altitude. 

 
absolute uncertainty the anemometer reacts to both hori-
zontal (uhor) and vertical (uver) kite movements. The rela-
tive uncertainty in the wind velocity due to horizontal 
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movements (uhor) shows values less than 1% and is quite 
similar in both selected flying heights. Contemporane-
ously, fluctuations in the wind velocity caused by vertical 
movements (uver) calculated over SDu showed generally 
higher values. However, these uncertainties around 2% 
are usually relatively small by a sigma in vertical move-
ment of 4.02 m and 3.58 m at ~25 m and 7.26 m at ~50 
m height (Table 2). 

3.4. Measurement of Particle Size Composition 

The investigation of particulate matter (concentration and 
composition) in different heights is important to deter-
mine upward- or downward-orientated dust fluxes and 
examine whether the emitted particles are transported in 
suspension or are on the way to deposition. The PM1, 
PM2.5 and PM10 concentrations and PM-ratio illustrated 
in Figure 5 are a first result of the application of KIDS. 
The temporal order of the results is equal to the chronol-
ogy of the measuring cycles consisting of three meas-
urements at ground level (starting position, 0.3 m)—two 
measurements at about 25 m (level 1) and one at about 
50 m (level 2) height. During the monitoring period the 
particulate matter increased and the wind velocity de-
creased. This was observed in all three average meas-
urement heights. The ratio between PM1 to PM10 (PM1:PM10) 
increased at measurement level 1 and 2. According to the 
data, the PM1 to PM10-ratio with an average of 0.12 at 
ground level, which are constant over the time at all three 
measurement cycles, increased to 0.29 in measurement 
level 1, and further relatively constant to level 2. The 
same applies for the PM2.5 to PM10-ratio. 

The horizontal particulate matter flux of height (Fz), a 
function of dust concentration (µg·m−3) and wind velocity 
of height (uz), was calculated for each measurement cycle. 
During the operation of KIDS the concentration of PM10 

varied (Figure 5). PM10 increased at ground level by 
18%, whereas the wind velocity decreased from about ~8 
ms–1 to ~5 ms–1. This is important to understand the big 
 

 

Figure 5. Dust concentration and trends in PM-ratios at 
low-altitude profiling. 

differences in Fz at ground level from 720 (±55) µg·m–2·s–1, 
583 (±43) µg·m–2·s–1 to 316 (±28) µg·m–2·s–1 from the 
beginning to the end of the kite ascent. However, higher 
above ground (level 1 and 2) Fz remained nearly constant 
with about 500 µg·m–2·s–1 (503 (±28), 498 (±24) on ~25 
m and 512 (±28) on ~50 m) regardless of the transport 
intensity close to the ground. The standard deviation σF 
shows a decrease with increasing height. 

4. Discussion 

4.1. Advantages and Disadvantages 

Decisive advantages of the application of kites are their 
easy handling, uncomplicated and flexible use, high mo-
bility, and quick assembly and disassembly. Kites can be 
used in a wide range of wind velocities up to 20 ms−1 and 
higher, depending on the kite size and type and load to 
carry. In addition to highly sophisticated dust measure-
ment techniques and aids like towers [8,22] or LIDAR 
[20,21], kites represent an alternative in remote areas and 
for short-term measurements since they are less expen-
sive but offer similar effectiveness. The overall costs of 
the kite-based dust profiling system (KIDS) presented in 
the study were less than 200 Euros including both, kite 
and tension line as well as costs for material to construct 
the platform and anchors (measurement devices excluded). 
New kite designs (form, size and material) have en-
hanced the lifting capacity and improved the aerody-
namic characteristics. In particular, the congestion-sled 
kite (e.g. Parafoils) has an efficient lifting surface and 
can carry a considerable payload relative to its size.  

In this study, a Parafoil kite with a lifting surface of 
only 4 m–2 was used to carry a payload of about 6 kg. 
Tests of aerodynamic properties [32,35] showed that the 
Parafoil kite-type generally provides the best lifting ca-
pacity/coefficient. Despite their small size (pack size) 
they possess a large surface area which makes them 
suited for use in remote areas (e.g. large steppes and 
wasteland areas). In contrast to kites, monitoring towers 
are limited to the sampling area and in flexibility. Other 
measurement techniques like LIDAR are flexible, but 
require additional transport opportunities and supporting 
equipment. Further, they are limited to rather low dust 
concentrations. Kites are neither limited to one place, nor 
do they require further transport capacities. They enable 
quick and easy dust profile measurements at different 
locations with little effort and in a short period of time. 
This is particularly interesting for our study, since cur-
rently an increasing number of hotspots are developing 
due to the high grazing intensity. In our experiment it 
took less than 30 minutes to assemble and disassemble 
the whole kite system and carry it to another measure-
ment site. There is practically always sufficient wind. 
The last advantage of kite measurements is the uncom-
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plicated kite-navigation which requires only a small 
amount of manpower.  

Apart from the above-mentioned advantages, there are 
also some drawbacks of kite-based approaches. As refe- 
rence [27] states, kites are not all-weather systems. They 
are highly wind-dependent and require a minimum wind 
velocity to carry the payload. At the same time however, 
extreme wind conditions, e.g. strong (dust) storms or 
convective air flow hinder optimal kite flying. Another 
drawback is that the exact altitude cannot be precisely 
controlled over a relief surface that alternates in its 
structure. Tests show that the flight behavior is directly 
linked to the surface layer. The hilly area caused strong 
air turbulence which influenced the flying of the kite and 
lead to altitude fluctuations. Also, the net weight of the 
platform and the measurement devices influenced flight 
behavior and changed the operation of forces acting on 
the kite surface (Figure 3). 

Altogether, kites as a tool to carry measuring equip-
ment have been promoted. In combination with the mea- 
surement devices as presented in this study, KIDS offers 
individual and attractive opportunities for further devel-
opment and applications. Strong arguments are the low 
price of the kite as a tool as well as the flexibility of 
one-man handling. In addition, it guarantees rapid data 
sampling in different places in less time. More practice is 
necessary if the air flow pressure is too strong than is 
found during wind velocities higher than 20 ms–1. In this 
case the kite was pressed down already in starting posi-
tion and it took great effort to launch or it was not even 
possible to launch it. 

4.2. Uncertainty Assessment 

The most important factor to launch a kite is an adequate 
wind velocity of the air flow. Consequently, rotations 
and oscillations of the kite and KIDS and their influence 
on the detected wind data and dust collection cannot be 
completely excluded. The interaction between grounds 
(topography), wind field layer, and kite flying character-
istics cause measurement uncertainties. In this context, 
the cup anemometers installed on the kite platform con-
stitute an uncertainty factor. Their high sensitivity to 
even the slightest horizontal deviations in position can 
lead to measurement errors [26,43]. But the use of small 
anemometers with cup diameters of 4 cm had a positive 
effect on the mechanical inertia. They reduced over-sp- 
eeding in ascent and under-speeding in descent. Thereby, 
measurement errors were minimized.  

The results generally show that the uncertainties are 
still in this study. Turbulence and resulting eddies close 
to the ground, especially the low-altitude kite profiling, 
induce up- and downward movements during the kite 
flying. From this it follows that the kite altitude can vary 
up to one decameter and higher even above undulating 

surface, as is shown in Table 1. The sketched turbulence 
(Figure 4) shows that they have a greater influence on 
height stability than differences in the wind velocity. It 
indicates the influence of the surface characteristics and 
helps to demonstrate where KIDS can be securely ap-
plied. Optimal kite flying characteristics, including high 
stability of kite movements, were measured over flat, 
grass-covered topography up to ~50 m height at wind 
velocities between 8 ms–1 and 17 ms–1 (Table 1). Addi-
tionally, the smaller version of the kite used in this study 
(4 m2) will work better (more conveniently) in low alti-
tudes and guarantee an increased height-stability.  

The whole KIDS moves constantly in both the hori-
zontal and vertical direction. This fact, and the uncer-
tainty in the determination of the correct kite-position 
through the GPS receiver, leads to an uncertainty in wind 
velocity less than 1% in the horizontal and around 2% in 
both heights in the vertical (Table 2). 

4.3. Low-Altitude Dust Profiling—A First Result 

The study provides a first result of the quantitative as-
sessment in the lower atmospheric boundary layer (LABL) 
over grassland steppe in Inner Mongolia in windy spring 
season. The dust concentrations decrease with height, 
whereas the PM1,2.5: PM10-ratio increase (Figure 5). Un-
der the given conditions we expected to find a higher 
concentration of greater and heavier PM10 particles near 
ground (in the first few meters). Despite the decreasing 
turbulence intensity (ti, Figure 4) with height the rela-
tionship between PM1: PM10-ratio of 1:3 between meas-
urement level 1 and level 2 was nearly constant. This 
example clarifies that the particles which have reached a 
certain height remain there. Finally, it could be possible 
that the fine dust particles (PM1) are transported from far 
away. The steady state conditions (no change in surface 
characteristics and vegetation roughness length) and an 
exact determination in u, and u star at the moment of the 
measurement demonstrate that the particles stay in emis-
sion for a long period of time. This can also be obvious 
from the calculated matter flux with the flying height. 
The particulate matter flux above ~25 m and ~50 m 
shows the same average values. Underneath, the dust 
layer is well mixed (less PM1: PM10-ratio) influenced 
directly by the ground. In this case the measured matter 
fluxes near ground indicate a dry deposition at the sam-
pling site during the experiment.  

Moreover, the proportion of PM1: PM10 can be used to 
distinguish dust events from non-dust events [44]. In the 
vertical the PM1: PM10-ratio shows, that a separation of 
PM1 and PM10 takes place which is demonstrated by the 
ratio at ground level with a stronger mix of suspended 
particulate matter in both, level 1 and level 2. These 
measurements also suggest that the particle size of the 
emitted dust particles and their gravitational settling ve-
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locity in the air correspond with u star [45]. Also, it is 
possible to quantify the particulate matter flux. The cal-
culation of dust fluxes requires information about the 
dust concentration and the wind velocity for a given av-
erage height range. Starting with 1.7 ms–1 directly above 
ground (0.3 m, starting position) over measurement level 
1 (~25 m height) the wind velocity followed the loga-
rithmic increase curve up to a maximum wind velocity of 
17.3 ms–1 on measurement level 2 (~50 m height). 

5. Summary and Conclusions 

The use of kites has a long history in scientific research. 
Decisive factors for the renaissance of this tool are inno-
vations in design and kite technology. Kites possess ad-
vantages over other dust profiling techniques and devices. 
They are highly flexible, cost-effective, compact in size, 
portable and easy to handle with a minimum of man-
power. Kites do not require time-consuming assembly 
and disassembly and can therefore be used to measure 
dust profiles in different places in a short period of time 
without any extra costs for transport. Due to these bene-
fits, kites, in combination with the latest dust measure-
ment techniques (e.g. EDM 107 by Grimm techniques), 
are well-suited for dust profiling in remote areas without 
heavy air traffic.  

This paper presents the test of a small-size Parafoil 
kite. The study closes a gap of low-cost methods to per-
form low-altitude dust profiles in the lower atmospheric 
boundary layer (LABL). Apart from a large number of 
beneficial characteristics, the experiment also revealed 
possible drawbacks and uncertainties of the applied kite 
system (KIDS). A priority existed in the uncertain as-
sessment during the kite flight and its influence on the 
sampled data. Although the analysis suggests that the 
uncertainties are small, they have to be considered in the 
final data evaluation.  

Reducing uncertainties of data capture, especially in 
wind velocity is an interesting issue for further studies. 
Alternatively, the application of other wind velocity mea- 
surement devices (e.g. a speed sensor) which are used in 
paragliding can be directly connected to the Environ-
mental dust monitor. The modification of sensors offers 
the potential to reduce uncertainties in wind velocity 
measurements with anemometer usages, whereby a hori-
zontal position of the kite-based platform no longer has 
to be guaranteed. Further experimental studies are nec-
essary to find out more about the mass-size distribution 
influenced by wind velocities near ground level com- 
pared to low-altitudes and further higher layers in the 
LABL. Dry dust deposition or the possibility of the 
PM-particles to staying in the atmosphere for a long time 
has to undergo further examination. This is also of par-
ticular interest in defining the particulate matter compo-
sition, distribution or its separation from local emissions 

and emissions far away from the sampling site. 
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