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Abstract Whether grazed semi-arid grassland can be

regarded as a net-sink or net-source of aeolian dust is

difficult to detect since deposition and emission processes

are in gradual transition. In grassland, dust arrives from

sources far away or is directly emitted and immediately

part of the suspension load. The processes of dust emission

or deposition can be mainly identified by vertical concen-

tration measurements close to the ground and close to the

sources. Often the concentration differences at the used

measuring heights are too small to derive the direction of

vertical fluxes precisely, especially at dust storms of light-

to-medium intensities. For this reason, particle mass (PM10,

PM1) and particle number concentrations were measured

simultaneously at ground level and at heights of up to 80 m

using a dust monitoring system lifted by a kite. The mea-

sured data of dust concentration gradients are used to cal-

culate the vertical fluxes with the necessary certainty to

derive the direction of the dust fluxes. Additionally, dust

arriving from different directions and crossing different

land use/land cover patterns was used to interpret the

interaction of source/sink relationships along the transport

direction upstream of the measuring point. Results show

that dust measurements above grassland have to span

greater height differences to derive vertical fluxes cer-

tainly, i.e., concentration gradients (Dc/Dz) of PM10 and

PM1 provide an indication of the direction of the dust flux.

Furthermore, the results indicate a close relationship

between the particle size compositions of the dust and land

use/cover patterns. Arable land in the surroundings causes

an emission flux (vertical upward), especially of the coarser

fractions [8 lm, whereas grassland causes deposition

fluxes of size classes [2 lm during a dust storm of low

intensity. Sources from far away are reflected by higher

concentrations of finer particles, measured during a super-

regional dust storm. Both, dust concentration gradients and

particle size composition reflect the potential source areas

and deposition processes adequately with regard to differ-

ent land use/cover patterns up to 50 km away.

Keywords Particulate matter � Vertical dust flux � Kite �
Kite-borne investigation � PM mass-size composition

Introduction

Wind-induced dust emissions from arid and semi-arid soils

represent the largest primary dust sources (Herman et al.

1997; Prospero et al. 2002), accounting for more than 50 %

of the total aerosol amount in the global atmosphere (An-

dreae 1995; Zender et al. 2004). Emitted particles with

diameters less than 20 lm can remain in the atmo-

sphere for a long period of time (Alfaro 2008) and can be

transported over thousands of kilometers from the source

(Lee et al. 2003; Zhao et al. 2006). Fine dust particles, for

example sizes a fraction of PM2.5, influence atmospheric

processes such as radiation balance or cloud formation and
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are relevant in climate change impact processes and air

quality problems (IPCC 2013).

Besides the major dust source regions of northern Africa

(Sahara) or Asia (Taklimakan, Gobi), vast regions of semi-

arid grasslands are affected by wind erosion and have

become more relevant in the global dust cycle (Tanaka and

Chiba 2006; Shinoda et al. 2010; 2011). In the semi-arid

grasslands of Inner Mongolia, which have been a natural

sink for dust from sources far away for centuries, a reduc-

tion in the grass cover has taken place, caused mainly by a

strong increase of grazing intensity (Li et al. 2000). Live-

stock numbers increased excessively during the last half

century from about 8.4 million to more than 71 million in

2003 (Angerer et al. 2008). Livestock grazing reduces soil

organic carbon and nitrogen in the top soils (Wen et al.

2013) and make the affected sites more susceptible to wind

erosion. In the last decade, the grazing intensity remained

constantly at a high level of about 4–5 sheep units per

hectare (one sheep unit: refers to one ewe with one lamb)

(Butterbach-Bahl et al. 2011), but was compensated by an

increased precipitation rate which improved the vegetation

cover in this region. Hoffmann et al. (2008a, b) and Funk

et al. (2012) derived dust deposition rates depending on the

current status of vegetation conditions. They characterized

the Xilingol steppe mainly as a dust deposition area due to

its moderate grazing intensity.

Desert regions are obvious dust sources, but data is scare

on which regions alternately act as dust sources or sinks,

such as temperate grasslands. Field measurements are

necessary for a better understanding of wind erosion, dust

release and deposition processes in these regions. Methods

to measure wind erosion processes in steppe regions do not

differ from those for agricultural land (Funk et al. 2013),

but there are differences which need to be considered if

much larger areas are affected, the longer time scales of

erosion and/or deposition (Lawrence and Neff 2009), the

topography (Goossens 2006; Hoffmann et al. 2008a) and

the heterogeneity of vegetation (Tegen et al. 2002; Hoff-

mann et al. 2008a). Wind erosion and dust emission are

mainly measured near ground by towers B10 m (Zobeck

et al. 2003) because 80–95 % of the material is transported

in saltation mode below 1 m height. Dust traps are installed

directly at or close to the emission site (Sterk and Raats

1996; Goossens and Offer 2000; Sterk et al. 2004). If the

eroded material is transported over long distances and

contains a large proportion of dust, the particles are mixed

up to greater heights. In order to measure differences in the

transported quantities of dust which allow a derivation of

vertical fluxes, measuring heights have to be higher. Dong

et al. (2010) used a 50 m tower in the Minqin area of China

for monitoring PM size concentration and dust flux with

modified Big Spring Number Eight (BSNE, Fryrear 1986)

samplers.

Recent technical developments in dust measurement

devices resulted in small and lightweight dust monitors,

which can be lifted up by kite at sufficient wind velocities

(Reiche et al. 2012a). Also, new technologies and forms of

kites allow its application at a wide range of wind veloci-

ties and in a multitude of scientific fields (Balsley et al.

1998; Reiche et al. 2012a). However, in wind erosion

studies the use of kites is rare. One study by McTanish

et al. (2005) used a kite during a regional dust storm event

in Australia to carry a device for PM10 measurements. The

result of the vertical dust profile was used to calibrate a

corresponding satellite image by quantifying a dust cloud

(McGowan and Clark 2008).

Vertical dust profiles in semi-arid grassland and the

distinction between upward- and downward fluxes are

more difficult to determine since the dust concentration is

quite uniform near ground level (Hoffmann et al. 2008a).

To identify a region as sink or source for aeolian dust, and

to separate local from supra-regional dust sources, a clear

determination of upward- and downward dust fluxes is

necessary. Dust concentration measurements with a com-

pact environmental dust monitor (EDM) lifted by a kite

were described by Reiche et al. (2012a). In the study, the

applicability of the kite-borne method was proven and

uncertainties were discussed. Since dust storms are mainly

associated with high wind velocities, kites are advanta-

geous tools compared to balloons or light aircrafts.

The objectives of this study are:

1. To measure horizontal fluxes of particle mass and

particle number concentrations at different height

levels of several decametres over grassland;

2. To compare particle mass and particle number con-

centrations at different height levels with the ground

station;

3. To determine the vertical dust fluxes;

4. To identify dust deposition or emission processes

(source/sink patterns) in grasslands in relation to the

land use/cover patterns.

Materials and methods

Study area

The measurements were carried out in the semi-arid

grassland of the Xilingol steppe north of the Dalai Nur

Lake (43�240N, 116�380E) located 90 km southeast of the

city of Xilinhot (Fig. 1). The grassland represents a typical

steppe ecosystem and is dominated by species of Leymus

chinensis and Stipa grandis (Chen et al. 2005). The climate

is characterized by semi-arid conditions with cold and dry

winters and warm summers. The annual average
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temperature is 0.7 �C and the precipitation rate is 335 mm

[representative for the period from 1982 to 2005 at IM-

GERS (Inner Mongolian Grassland Research Ecosystem

Station) managed by the Institute of Botany of the Chinese

Academy of Sciences] (Schaffrath et al. 2011). More than

70 % of the precipitation falls between May and August.

Wind erosion occurs from mid-March to mid-May (Shi-

noda et al. 2010) caused primarily by westerly winds. A

monthly maximum wind velocity occurs in April and May

with averages of 11.5 and 10.4 km h-1 (annual aver-

age = 8.6 km h-1) (FAO 2001). The low vegetation cover

in spring, which mainly consists of the dead vegetation

from the previous year, a low precipitation rate and high

wind velocities from directions between northwest to

southwest cause numerous dust storms.

In recent years, large areas of the Xilingol steppe were

seriously degraded by overgrazing, which led to noticeable

changes in topsoil properties (Krümmelbein et al. 2009;

Kölbl et al. 2011). Degraded soils are more vulnerable to

wind erosion. This results in huge amounts of soil loss and

triggers desertification processes (Hoffmann et al. 2011).

Reiche et al. (2012b) estimated that about 75 % of the

region is covered by typical grassland subdivided into three

classes with regard to its degree of degradation. Grassland

classified as highly degraded accounts for 26 %, while the

largest part with moderately and less degraded grassland

covers an area of 41 and 8 %, respectively. Arable land and

open surfaces (dunes, bare soil and salt pans, coverage by

gravel only at the very top of volcanoes) account for about

6 and 4 %, respectively. Although small in area, arable

land contributes extraordinarily to the dust emissions of the

region. Estimates in the Xilingol steppe in 2006 resulted in

75 % of the total dust emissions originating from the arable

land (5 % of the area) and only 25 % of the dust emissions

from the grassland (95 % of the area). This quantification is

based on Hoffmann et al. (2011).

The predominant soil types in the Xilingol steppe are

classified as Phaeozem, Chernosem and Arenosol (Bart-

hold et al. 2013) above acid volcanic rocks (WRB 2006).

More than 50 % of the soil consists of fine sand and

coarse silt, a strong indication of aeolian contribution at

these soil formations (Hoffmann et al. 2008a). The loamy

to sandy soil texture varies in the sand fraction between

45 and 64 %, in silt between 18 and 29 % and in clay

between 18 and 27 % (Kölbl et al. 2011). The highest

sand and lowest clay content of about 68 and 12 % is

recognized in heavily grazed areas (Krümmelbein et al.

2009).

Dust fluxes regarded at landscape scale

The soil cover up to 25–35 km in front of the measuring

point was taken from a former analysis of source/sink

patterns of dust in the area to explain the measured dust

concentration gradients and dust size distribution in the

context of the windward landscape structure (Reiche et al.

2012b). This distance seems to be far enough to compen-

sate for changes in the internal boundary layer caused by

surface roughness changes in that region and to include

both local (0–10 km) and regional dust sources

(10–1,000 km) (Lawrence and Neff 2009). At landscape

scale the study addresses a wide range of natural features

Fig. 1 False-composite image

(ASTER bands, Reiche et al.

2012b) of the investigation site

in Inner Mongolia, China
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(dunes, lakes) and human-induced changes in land use/

cover decisions. Generally, wind erosion/deposition pro-

cesses are highly variable and heterogenous and not limited

to one ecosystem or river catchment.

The basic assumption is that the dust concentration

profile will reflect the properties of the crossed landscape

structures acting as source or sink areas. The transported

finer fractions of dust in suspension mode are less

affected by landscape structure changes. Coarser fractions

emitted from the immediate surroundings and transported

in saltation or short-term suspension mode are more

affected with regard to the emission/deposition processes.

Therefore, sectors in windward direction of the mea-

surement point were analyzed regarding their landscape

structure (Fig. 2). An opening angle of 10� takes wind

direction changes into account during the kite ascent.

Topography and grass height are the main factors for

deposition or emission processes in grassland (Hoffmann

et al. 2008a). The landscape in all windward directions

from the measurement point was mainly flat to undu-

lating and thus, the separation in sink and/or source areas

along the transport path was determined by differences in

vegetation height (using the critical grazing intensity

following Hoffmann et al. 2008a). In each sector the land

use/cover was classified, e.g., ungrazed, moderately and

heavily grazed areas, arable land, bare soil, water/ice and

bushes by an remote sensing/GIS approach (ArcView3.2,

ESRI) (Reiche et al. 2012b).

Measurement of dust fluxes and flux calculations

Dust concentrations were measured at a grassland site

north of the Dalai Nur Lake from the end of April to the

beginning of May in 2011 using a kite to carry dust mea-

surement equipment up to heights of several decameters.

Six dust events were investigated with the kite-borne sys-

tem. The utilised method is explained in detail by Reiche

et al. (2012a). Key advantages of the system are its com-

pact size, robustness and mobility and its easy handling

with minimum manpower. Further, the system requires no

time-consuming assembly and disassembly and can there-

fore be used at a much wider range of sites compared to

monitoring towers.

Fig. 2 Analysed sectors in windward directions of the measurement

point by dust event. Length of sectors is determined by ASTER data

used from Reiche et al. (2012b) (dark green ungrazed, light green

moderate grazed, grey–green heavily grazed, yellow arable land, dark

yellow bare soil/dunes, brown bushes, blue water)

Fig. 3 Kite-based dust profiling

system (a) and ground station

(b) for simultaneous

measurement
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Particle mass and particle number concentrations were

measured simultaneously by two environmental dust

monitors (EDM, GRIMM Aerosol Technique, Germany),

one carried by a kite-borne system to different heights

(Fig. 3a, self-adjusting measurement platform) and the

other installed at 2 m height as surface reference (Fig. 3b).

The EDM sucks in the air continuously through an omni-

directional introduction pipe with a rate of 1.2 l min-1.

Particles in the air sample passed a laser light and were

counted and classified in 30 size classes between 0.25 and

32 lm. Then the particle counts were grouped in classes and

converted to PM1, PM2.5 and PM10 as mass concentration

(lg m-3) and the data saved at a time interval of 6 s. The

capture-efficiency of the EDM was calibrated in wind tunnel

runs comparing isokinetic inlets with omnidirectional inlets

to correct the measured data even above wind velocities

which were not considered by the producer. PM mass con-

centrations had to be corrected by 16 % for wind velocities

between B12 and B17 ms-1 and by 21 % above 17 ms-1. Up

to 12 ms-1 the loss of PM is less than 10 % and therefore

negligible (producer’s declaration). The measured particle

numbers (n per liter) were used to calculate the mass of each

particle class using Eq. (1):

M ¼ 4

3
pr3q; ð1Þ

where q is the particle density (2.65 Mg m-3) and r is the

radius.

Three measuring heights with z1 = 20–30 m,

z2 = 40–50 m and z3 = 70–80 m were chosen for the kite

system according to one-third, two-thirds and full-length of

the kite line. The kite position was recorded by a GPS with

tracking function (GPS 60TM, GARMIN Ltd., USA). The

wind velocity was measured at kite height by a self-

adjusting propeller anemometer (Bräuniger Ltd., Germany)

and at ground level with a set of cup anemometers at 0.15,

0.5, 1 and 2 m (Thies Climate GmbH, Germany). Wind

data were sampled simultaneously to the particle counts

every 6 s in the EDM at kite level, and additionally by four

micro data loggers at ground level (irDAN�pulse, ESYS

Company, Germany). The latter were used to calculate the

friction velocity u* and the surface roughness length z0.

The vertical dust flux, FV (lg m-2 s-1) of PM1 and

PM10 were calculated according to Gillette (1977) with:

FV ¼
u � k � ðc1 � c2Þ

ln z2

z1

� � ; ð2Þ

where u is the wind velocity at height (ms-1), k is the von

Kàrmàn constant of 0.41, c1 and c2 are the PM concen-

trations (lg m-3) at height z1 (on ground at 2 m height)

and height z2 of the EDM lifted by kite in (m).

The measured dust concentrations used in the study

cover a spectrum between dusty air to strong dust storm

following the ‘dust storm classification’ of the Central

Weather Bureau of China modified by Hoffmann et al.

(2008a) (Table 1).

Results

Characterization of the gradient measurements

Dust gradients were measured between the reference in

2 m height and the flight altitude of the kite in about 25, 45

Table 1 Dust storm classification (modified after Hoffmann et al.

2008a)

Category Classification

Visibility

(m)

PM10 (hourly

average) (lg m-3)

Wind velocitya

(ms-1)

Dusty air

DA [2,000 50–200 –

Light dust storm

DS 1 \2,000 200–500 –

Dust storm

DS 2 \1,000 500–2,000 [17

Strong dust storm

DS 3 \200 2,000–5,000 [20

Serious dust storm

DS 4 \50 [5,000 [25

a Following Central Weather Bureau (CWB, China)

Table 2 Changes of dust concentration with height (Dc/Dz) of PM10 and PM1 of each dust event

Dza Dcb (PM10, lg m) Dc (PM1, lg m)

DS 1c DAc DS 2c DS 1 DA DS 2

75 0.5 (0.4/0.6) 0.07 (0.05/0.08)

45 2.6 (0.2/0.5) -3.6 (-3.0/-4.2) 8.4 (5.9/10.8) 0.12 (0.12/0.12) -0.05 (-0.02/-0.07) -0.13 (0.05/-0.31)

25 9.7 (0.2/19.3) -5.5 (-4.5/-6.5) 20.0 (19.6/20.5) 0.33 (0.27/0.38) -0.12 (-0.04/-0.20) -0.92 (0.83/1.01)

a Approximate height difference
b Changes in dust concentration with height
c Dust storm category, see Table 1

Environ Earth Sci (2015) 73:163–174 167

123



and 75 m. These height differences were sufficient to

measure dust concentration differences outside the mea-

surement error and to derive the direction of the vertical

fluxes with certainty (Table 2). A detailed description of

dust event characterizations, measured dust concentrations

and ratios of specific size classes are presented in Tables 3,

4 and 5.

Light dust storm event

A ‘light dust storm’ (DS 1) crossed the observation site in

the morning of May 8th arriving from northwest. The

average wind velocity at 2 m height was 7.4 ms-1 with

friction velocities ranging from 0.44 to 0.48 ms-1

(Table 3). The wind velocity remained below the threshold

to initiate wind erosion in moderately grazed grassland, but

was close above the threshold for arable land of 7.2 ms-1

(Zhang et al. 2012). Dust measurements with the kite-borne

system were made at all three heights (Table 4). PM10

concentrations at the reference height of 2 m decreased

from 264 to 125 lg m-3 correlating with decreasing wind

velocity. The concentrations at each height of the kite-

borne system remained constant at 85–89 lg m-3. The

measured PM10 concentrations clearly show an emission

process which can be attributed to arable land, while the

PM1 concentrations with about 30 lg m-3 show no sig-

nificant differences with changing measuring height and

dust concentrations (Table 5).

Dusty air event

In the course of the day the measured concentration showed a

gradual decrease from ‘light dust storm’ (DS 1) in the

morning to ‘dusty air’ (DA) in the early afternoon in com-

bination with an increase of the average wind velocity at

the reference station to 9.3 ms-1 in the wind direction. The

corresponding friction velocity shows significantly higher

values of 0.56 and 0.65 ms-1 (Table 3). The wind direction

changed from northwest (DS 1) to southwest resulting in a

new catchment area with different landscape structure con-

cerning characteristics for emission or deposition of dust

(Fig. 2). Additionally, peaks in wind velocity exceeded the

threshold for wind erosion at grassland, so that these areas can

be regarded as an occasional source (Zhang et al. 2012). The

PM10 concentration at ground remains constant at about

100 lg m-3 while the dust concentration at both measure-

ment heights z1, 20–30 m and z2, 40–50 m increased to about

250 lg m-3 (Table 5). That is a first clear indication of dust

from remote source areas settling down during the passage of

the grassland. Similar to DS 1, the PM1 concentration showed

no significant variability with increasing measuring height

(Table 5).

Strong dust storm event

A supra-regional ‘dust storm’ (DS 2), with origin in the

Gobi desert, crossed the observation site from west to

Table 3 Weather data at ground station during observation period at the catchment site

Date/dust eventa Timeb (local) Average/maximum

wind velocityc
Wind

direction

Stable roughness

lengthd
Friction

velocityd

(h:mm) uav/max (ms-1) z0av (m) u*av (ms-1)

May 8th/dust storm 1 (DS 1) 9:30–11:30 AM 7.4 ± 0.9/9.7 NW 0.0029/0.0032/0.0031 0.47/0.48/0.44

May 8th/dusty air (DA) 1:45–3:45 PM 9.3 ± 1.2/12.9 SW 0.0047/0.0027 0.65/0.56

May 11th/dust storm 2 (DS 2) 7:15–9:15 AM 11.0 ± 1.5/15.1 W–SW 0.0059/0.0075 0.73/0.83

a Dust storm category, see Table 1
b Time including assembly and dismantling
c Average and maximum wind velocity at time at 6 s interval
d Wind velocity as average at 0.15, 0.5, 1 and 2 m height are used in Eq. (2)

Table 4 Variations during recording period, average and maximum wind velocity using the kite-borne system

Date/dust eventa Kite profiling (min) at height z (m)b Total time (min) Average/maximum wind velocity (ms-1) at height z (m)b

z (1) 20–30 z (2) 40–50 z (3) 70–80 umax z (1) umax z (2) umax z (3)

May 8th/DS 1 10 20 10 40 12.0 ± 1.8/17.3 12.9 ± 2.1/18.6 14.4 ± 1.8/18.5

May 8th/DA 20 15 – 35 15.4 ± 2.0/19.2 16.9 ± 2.6/21.6 –

May 11th/DS 2 10 15 – 25 16.7 ± 2.0/21.4 18.4 ± 2.3/24.6 –

Total time 135

a Dust storm category, see Table 1
b Range of realized kite heights
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south-western direction on May 11th. This event was

documented by satellite images (http://earthobservatory.

nasa.gov/NaturalHazards/event.php?id=50565). Measure-

ments began immediately in the morning as the dust

storm began. The average wind velocity of 11 ms-1 and

wind peaks [15 ms-1 near ground corresponded with

high friction velocities of 0.73 and 0.83 ms-1 (Table 3).

The average wind velocity was well above the threshold

for bare soil or dunes located further away, and just

below the threshold for wind erosion on moderately

grazed grassland in the surroundings (12.8 ms-1), whi-

le the maximum peaks exceeded this threshold. Rela-

tively constant discharge of material from the dust storm

and additional fluctuating emissions of local wind erosion

was expected. The PM10 concentration profiles of

932–1,075 lg m-3 at ground and 476–747 lg m-3

(Table 5) at kite heights already indicated upward-direc-

ted fluxes (dust emission), while PM1 concentrations

slightly increased with height within the measurement

error (Table 5).

Dust composition

The particle number and particle mass concentrations

(calculated by Eq. 1) of the 30 particle size classes are

shown in Fig. 4. Both, particle number and mass distribu-

tion, significantly differ between the dust storm intensities.

The mass concentration at both measuring heights of DS 1

has a bimodal distribution with a maximum in coarser

particle diameters of 20–25 lm and a second maximum at

5–6.5 lm (Fig. 4a). The mass of particles [20 lm

accounts for about 45 % of the total mass. The DA event

has a maximum at diameters of 3–3.5 lm with a general

higher concentration at the kite heights than at ground. The

size composition of the DA dust generally consists of finer

fractions (Fig. 4b). Despite higher wind velocities, wind

erosion in the surrounding areas can be excluded and the

measured profiles are similar to the dust advection situation

as described by Park et al. (2013). The particle mass

[20 lm is about 20 %, showing a distinct reduction of the

short-term suspension load by deposition processes along

the grassland.

DS 2 as a supra-regional dust storm (Gobi as source

region) with local effects has different distributions of the

transported particle sizes depending on the measuring

height. At ground, a unimodal distribution with its maxi-

mum at 4–5 lm was observed, which represents the

decrease in the relative abundance in frequency of coarser

particles with greater distance to the dust source area

(Lawrence and Neff 2009). Contrary to this, the particle-

size distribution at the kite levels was bimodal with a

second maximum of the coarser particles between 17 and

20 lm (Fig. 4c).T
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Derivation of vertical fluxes

The average concentrations of PM10 and PM1 measured

near ground at 2 m height and corresponding heights by the

kite-borne system were used to estimate the vertical fluxes

between both points with Eq. (2) (Table 5). In contrast to

PM10, concentrations of PM1 show no significant changes at

the measured heights. Positive values represent upward

fluxes of the corresponding PM class, negative values

downward fluxes (Table 6). Dust concentrations at ground

and kite heights clearly indicate emission processes at DS 1

and DS 2, compared to DA where deposition processes can

be derived (Table 6). Further, the calculated gradients (Dc/

Dz, Table 2) of dust concentration with a related variability

(measurement error) for each category finally, provide an

initial indication of the direction in dust fluxes.

Influence of land use/cover on dust fluxes

The sector analysis provides the proportion of source/sink

areas within the sector in front of the measurement point

(Figs. 2, 5). For the DS 1 event from northwest direction,

Fig. 4 Particle-number and particle-size distribution of parallel measurements. Grey curves and bars are results of the ground station and black

curves and bars belong to the kite-borne system. Particle size classes on x axis are depicted for every second class
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25 km in front of the measuring point were analyzed.

About 31 % of the area can be considered as source for

dust, including arable land (17 %), heavily grazed grass-

land (13.5 %) and dunes (0.5 %). Sinks are mainly mod-

erately grazed areas (66 %) located further away from the

measurement point, while the source areas are closer

(5–10 km) to the measurement point. The sector of DA

(from southwest direction, 35 km in length) can be divided

in two parts, a large dune belt about 30 km away (120 km

in width, which can be regarded as considerable dust

source, outside the analyzed image) and grassland repre-

senting changing source/sink patterns (Fig. 2). Here, source

areas dominate with about 57 %, mainly arable land and

tracks. The sector of the DS 2 event (from west to south-

west direction, 25 km in length) has the highest proportion

of sink areas (80 %) represented by moderately grazed

grassland. Source areas are arable land (12 %, placed in the

middle of the sector) and small overgrazed areas (6 %). A

correlation between the percentage of dust source areas in

each sector and the calculated vertical dust fluxes of

PM10 showed good matches (Fig. 6).

Discussion

The study aimed to be a first approach to relate measured

dust concentration gradients to land use/land cover in a

wider scale and to continue measurements by Hoffmann

et al. (2008a) that examined the vertical distribution of fine

dust concentration above grassland close to the ground.

The measured gradients (Dc/Dz) close to the ground were

too small to detect upward or downward fluxes with cer-

tainty, i.e., whether the area can be regarded as sink or

source for dust remained uncertain. One possibility to

overcome these limitations is to measure horizontal fluxes

in greater height differences. The use of a kite-borne sys-

tem (Reiche et al. 2012a) enables measurements with

sufficient height differences of dust concentrations to

derive vertical fluxes with the required degree of certainty.

Three different dust events from a number of directions

were measured and classified according to the dust storm

classification by Hoffmann et al. (2008a). The three dust

events represented dust storm categories between ‘dusty

air’ to ‘strong dust storm’. Structures of land use/cover in

windward direction of the measuring point were analyzed.

This resulted in different source/sink patterns and had to be

taken into account for the interpretations of height

depending on PM concentration and particle size

composition.

The relatively high PM10 concentration and coarser

particle sizes of the DS 1 event were caused by local wind

erosion in windward direction, since the dust most

likely originated from arable land 5–10 km away (Reiche

et al. 2012b) (Fig. 2). The dust from local sources mainly

consists of fine silt (2–20 lm) and coarse silt ([20–50 lm)

Table 6 Vertical dust flux (FV) of PM10 and PM1 fraction between

ground and measured kite height

Date/dust eventa Number of

kite profile

PM10, FV
b

(lg m-2 s-1)

PM1, FV
b

(lg m-2 s-1)

May 8th/DS 1 1 14.97 0.48

2 7.06 0.30

3 1.83 0.23

May 8th/DA 1 -14.17 -0.24

2 -11.31 -0.20

May 11th/DS 2 1 54.26 2.64

2 37.69 -0.53

a Dust storm category, see Table 1
b F calculated between 2 m and z1–3 of kite height

Fig. 5 Proportion of dust source/sink areas within the sectors (BU

bushes, UG ungrazed, MG moderate grazed, WA water, HG heavily

grazed, AL arable land, BS bare soil)

Fig. 6 Correlation between vertical dust fluxes (average over the

height) and dust source in each sector
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fractions. The predominant transport mode of these frac-

tions can be regarded as short-term suspension (Shao

2000). This is confirmed by the measured dust composition

and the derived flux direction (emission). Coarser particles

([20 lm) tend to deposit closer to the source (Rea and

Hovan 1995; Lawrence and Neff 2009). In the case of DS

1, the distance from the source area was not sufficient for

deposition of the complete coarse dust load since particle

mass dominated even at the kite height of 75 m.

On the same day the wind direction changed at about

90� from northwest to southwest resulting in a new dust

storm category (DA) with regard to wind velocity and dust

concentration. Source or sink areas in front of the mea-

suring point changed considerably since the wind crossed a

large dune belt with an extent of about 120 km before

entering moderate grazed grassland of about 30 km length.

The dune belt (Hundhandake sandy land, Fig. 2) is severely

disturbed by overgrazing with large parts of bare soil

highly susceptible to wind erosion (Reiche et al. 2012b).

Dunes mainly contain sand particles and the dust is pro-

duced by collisions of these grains (Okin 2005). The pro-

duced dust is much finer than dust from the arable land as

estimated in DS 1. Larger particles of the silt-size fractions

which are emitted in the dune field settle down during the

much longer passage over the grassland. The relationship

between the potential deposition rate and the distance to

the dust source area described by Lawrence and Neff

(2009) is reflected by the particle composition. The com-

parison of particle-size distributions of both dust events,

DS 1 and DA, indicates that DS 1 can be classified as a

local dust event, whereas DA reflects the characteristics of

regional dust events. These results could additionally be

confirmed by the transport distance between the source

areas and the measurement point. Further, a similar parti-

cle-size distribution had been observed in the Horqin des-

ert, where the same emission processes occur and the dust

composition was very similar (Park and Park 2014).

The DS 2 event originated in the Gobi desert and carried

a huge amount of fine sand and dust as long-range trans-

port. Wind erosion occurred due to the high wind velocity

in the dunes and adjacent grassland, which acts as

an additional source. The particle size composition at the

DS 2 event significantly differs on ground and at the kite

heights. At ground, the concentration of finer particles is

higher. The particle sizes show a normal distribution near

ground with maximum particle sizes of 2–3 lm, and can be

regarded as background dust which is transported over

thousands of kilometers (Grousset et al. 2003, Zhao et al.

2006). According to a study by Tsoar and Pye (1987)

particle size decreases with increasing distance to the

source during supra-regional dust storm events. Thus, it can

be assumed that the PM particles measured in this study

originated from far away. In contrast, the particle-size

distribution at kite heights shows a clear bimodal distri-

bution in particle size composition. In addition to the

background dust with a maximum of particles in fractions

between 2 and 4 lm, local and/or regionally emitted par-

ticles are reflected by greater particle sizes of [10 lm.

Although the grassland is in good condition, the strong

wind velocities caused additional dust emissions. A further

hint is the high standard deviation of PM10, which is a

result of the discontinuous contribution of wind erosion by

the fluctuating wind velocities around the threshold value

of about 13 ms-1.

The measured particle mass and size concentrations

reflect different dust sources from supra-regional, regional

and local sources. The interactions of wind erosion, dust

emission and dust deposition could be explained by the

particle size compositions. Because of the interaction/

mixture of all wind erosion processes, a separate consid-

eration of the particle size classes (smaller and greater than

PM10) is useful. For the single particle size classes, DS 2

shows two opposite directions of the fluxes, emission flux

for size classes \10 lm and deposition for all particles

[10 lm. The ratios of PM10/PM1 (Table 5) are typical for

dust storms as could be also found in other regions

(Shahsavani et al. 2012; Park et al. 2013).

Generally, dust emission/deposition processes are highly

variable and not restricted to an ecosystem or catchment.

This is reflected by the extent of local (0–10 km) and

regional (10–1,000 km) scales of the contributing pro-

cesses (Lawrence and Neff 2009). The length of about

30 km chosen for the land use classification of this study

covers the local scale, whereas the complete regional scale

could be regarded in a study like this. But, the main

characteristics of possible source areas, as arable land or

sand dunes, could be detected and differentiated by the

measurements. The grassland is mainly a deposition area,

even in early spring when most of the vegetation canopy is

dead.

Conclusion

Grassland ecosystems like the semi-arid Inner Mongolian

grasslands developed under the impact of regular dust

depositions from large dust source regions hundreds of

kilometers away.

To understand whether grazing has changed the basic

characteristics of grassland as a sink to a source area of

aeolian dust, it is necessary to detect differences in hori-

zontal dust fluxes to precisely derive the direction of ver-

tical fluxes. For this purpose, measurements in greater

height differences are needed. In the present study, these

measurements were realized in three height differences by

a kite-borne system.
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The measured particle mass and number concentrations

at ground and additionally in 25, 50 and 75 m aimed to

support the determination of vertical dust fluxes. The

extension of the measurements at ground enabled a more

precise identification of the flux direction, which is usually

carried out in the first few meters and from which a precise

determination of the vertical dust flux direction was diffi-

cult (Hoffmann et al. 2008a).

While the flux direction indicated whether the grassland

functions as source or sink, the particle size made it pos-

sible to determine the distance of the potential source from

the measurement location. Particle sizes differ according to

the origin and the process of dust release. Greater particle

size classes ([10 lm) mainly indicate dust sources in the

surroundings (local erosion, \10 km), whereas small size

classes usually originate from sources far away. Therefore,

the particle-size distribution is one means to separate dust

emitted from local and regional sources.

The study constitutes a first approach using dust mea-

surements and land use patterns on a larger scale to classify

dust emission or deposition processes in semi-arid grass-

lands. Although the results confirmed the applicability of

this approach, additional measurements are needed to

improve and elaborate the methodology.
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Kögel-Knabner I (2011) Grazing changes topography-controlled

topsoil properties and their interaction on different spatial scales

in a semi-arid grassland of Inner Mongolia, P.R. China. Plant

Soil 340:35–58
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