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Introduction

Measurements of aeolian processes have been developed with a strong history of researcher adapted instrumentation, instrumentation borrowed from other disciplines, and a continual redevelopment of applications based on the relatively rapid change in
theoretical developments. The first document pertaining to aeolian research is dated back to the mid-17th century, while the ‘dust
counter’ and the first quantitative measurement of atmospheric dust concentration was performed two centuries later in 1881 by
John Aitken (Stout et al., 2009). Following the seminal work of Bagnold (1941) as a historic milestone for modern aeolian sediment
transport research, field observations beginning in the 1960s were increasingly accompanied by wind tunnel investigations (e.g.,
Logie, 1981; Iversen and White, 1982; Nickling, 1988), which also included planetary applications. Through the 1970s, satellite
technology became capable of identifying major dust sources and the 1980s saw the further development of fundamental concepts
for sediment emission and deposition, as well as the first numerical dust models (e.g., Westphal et al., 1988; Bergametti et al., 1989;
Joussaume, 1990). The 1990s saw a large acceleration in sediment transport research with an exponential growth in scientific
interest, accompanied by the refinement of both satellite retrievals and numerical dust models (e.g., Marticorena et al., 1997;
Washington et al., 2003). This explosion of research on aeolian sediment transport was galvanized by the innovative adaptation of
equipment to directly measure transport and the development of new purpose-built instrumentation (see review by Nickling and
Neuman, 2009). Since 2010, the portfolio of sediment transport instruments has further expanded, with an increasing emphasis on
high frequency measurements for both sand and dust flux measurements (e.g., Martin et al., 2018; Dupont et al., 2021), in addition
to extensive synchronized ground and flight campaigns for dust storm analyses focused mainly on the African continent (Ryder
et al., 2015; Di Biagio et al., 2020). This assemblage has been increasingly framed by publications underlining the statistical
framework associated with deployment of instrumentation and their representativeness of process (e.g., Webb et al., 2019).
The review presented here will introduce recent research on each mode of aeolian transport and their functional environments.
An outline of instrumentation and approaches for aeolian erosion research is provided, focusing on recent progress and limitations,
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while summarizing additional supporting variables that require consideration in establishing ideal experimental approaches.
Despite significant progress in methodologies within recent aeolian sediment transport research that has been achieved by
improvements in instrumentation (Viles, 2016), many research questions remain over several scales of inquiry, ranging from
individual grain transport mechanisms (Sherman, 2020; Huang et al., 2021) to synoptic-scale drivers of dust emission (Ryder et al.,
2015; Pope et al., 2016).

2

Background on aeolian erosion research

The transport of sediment by wind is a complex and dynamic interaction between the airflow within the inertial sublayer and
sediment at the surface, from initial particle entrainment to a fully-laden flow of transported sediment (Shao, 2008). The inertial
sublayer is the lowest layer of the surface boundary layer, which interacts with the surface roughness directly. Restricted to generally
unvegetated and aerodynamically smooth surfaces, aeolian transport is initiated on surfaces with loose sand-sized or smaller
sediment that directly interacts with the airflow as the transport mechanism (Gillette, 1978). The alternating dynamic between
transport and deposition underlying aeolian transport is further emphasized over sediment transport in other fluid flows due to the
large difference in fluid vs. particle density, creating an inefficient and highly responsive momentum transfer mechanism (Anderson
et al., 1991). This transport intermittency phenomenon is a central focus of many instrument applications and their development,
and one that will be addressed in more detail in the transport mode-specific sections However the specific mechanics of transport
can be explored in more detail within other process-based reviews (e.g., Kok et al., 2012; Pähtz et al., 2020).

2.1

Transport modes

Transport modes within aeolian research are defined subjectively based on particle size but are generally associated with transport
behavior or, specifically, particle trajectory (Fig. 1). Creep is associated with the lowest kinetic energy transfer with particles in this
mode staying close to the surface and exhibiting characteristics of rolling, sliding or slight movement in the prevailing transport
direction (Zhang et al., 2021). While considered one of the lowest rates of sediment transport in most aeolian environments on
earth, experimental difficulties in measuring creep have yielded limited analysis for this basis. One study has shown in high energy
environments the potential to transport sediment sizes beyond the inertial capacity of aeolian transport, forming ripples with large
gravel-size particles (Gillies et al., 2012). Beyond the low-speed transport mode of creep, particles are characterized by a movement
called saltation. Intermittent and continuously saltating particles generally follow a skewed parabolic trajectory that results in a
collision with the particle bed that induces a momentum transfer, with characteristics that are primarily a function of the bed
material. For hard surfaces, these collisions are elastic in nature resulting in an efficient transport process exhibiting continuous
saltation with minimal bedform development (Namikas et al., 2009). Whereas, with softer surfaces composed of erodible material,
the collisions induce a splash mechanism that, although inefficient for maintaining the transport of the individual particle,
generates an impact that propagates the entrainment of many other particles into the airflow (Gillette and Stockton, 1986).
Of these particles ejected into the airflow, reptation is the transport mode followed by grains with generally insufficient momentum
for ejecting other grains following impact with the surface. This subsequent movement of grains by the collision of saltating particles
with the bed develops a fetch dependent transport rate called the ‘Owen effect’ that increases the actual transport rate up to the
theoretical transport rate as a function of downwind distance (Owen, 1964). For aeolian transport in coastal regions, the fetch
becomes a significant transport limiting factor depending on the wind direction that can be as controlling as surface moisture
(e.g., Bauer et al., 2009).

Fig. 1 A schematic of the different modes of wind-blown sediment transport. Modified from Zhang P, Sherman DJ, and Li B (2021) Aeolian creep transport: A
review. Aeolian Research 51: 100711.
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With particles smaller than 50–100 mm, the transport mode is typically classified as suspension. Particles are no longer contained
within the inertial sublayer, but can be transported vertically beyond this flow depth, resulting in a horizontal transported distance
of 100s to 1000s of meters. Suspended aeolian sediment, normally named mineral aerosols or simply dust, is generated through
several processes depending on the soil texture and environmental history. The presence of saltating particles impacting a surface
can liberate finer sediments that are emitted into a suspension mode (Gillette, 1978; Gomes et al., 1990; Shao et al., 1993b). This
saltation bombardment or sandblasting process is the most important for producing dust emissions (Shao, 2008). Included in this
saltation bombardment process are aggregated particles that act as saltating particles until, when colliding with the surface, they
disaggregate and produce dust-sized particles that are then suspended vertically into the airflow. Contrary to this process, surfaces
with fine soil textures and limited loose erodible particles are aerodynamically smooth and therefore extremely challenging for
airflow to induce sufficient momentum transfer toexceed the transport threshold at the surface. These smooth surfaces are almost
wholly composed of dust-sized material, yet because of inter-particle forces from aggregation of clays or high salinity, they remain
generally difficult to be entrained by the wind. Emitting surfaces that exhibit these characteristics are limited in number but are
described either as dynamic due to salt chemistry providing seasonally loose erodible sediment, or as responsive to anthropogenic
activities (e.g., vehicle traffic), which allows for limited yet an important direct entrainment processes from these otherwise less
active surfaces (e.g., Reynolds et al., 2007; Baddock et al., 2011; Sweeney et al., 2011).

2.2

Scales of investigations

Despite clear, textbook-type definitions, understanding of transport modes has developed from the available methodologies and
their limits within a given time period. Contemporary understanding of aeolian transport is derived largely from wind-tunnel
investigations, which has permitted development in the understanding of transport mechanics and their relative importance for
aeolian transport (Sherman, 2020). However, these relationships cannot be applied directly to field situations where there is natural
variability in the wind field and heterogeneity in the surface properties, with further spatiotemporal variation in factors influencing
erodibility both during and between erosion events (Martin et al., 2018; Dupont et al., 2019). The application of wind-tunnel
derived empirical coefficients and theoretical limits to real-world case studies through sediment transport models have exposed
these limits, dividing results established from lab, field, and modelling studies (Sherman, 2020). In contrast, several major
campaigns were developed specifically to counter these approaches, published in the 2010s, with the aim to better develop field
site methodologies for validating dust transport models (e.g., GERBILS, FENNEC, AEROCLO-SA/CLARIFY/ORACLES, SAMMUM,
DO4 Models, ICE-D/AER-D).
In general, to investigate aeolian transport in field environments, several approaches need to be considered depending on the
goal of the research. Among these, a principal requirement of this research is commonly the collection of supporting measurements
to characterize site-specific environmental controls (Fig. 2). The scale at which these supporting variables are measured is critical and

Fig. 2 Different scales of natural and anthropogenic environmental controls on aeolian transport from erosion to deposition (Marx et al., 2018).
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will determine the applicability of the results. A primary example is the measurement of the lower atmosphere and how the
near-surface atmosphere controls surface shear velocities and hence, the initiation of sediment motion. With surface shear velocities
being measured directly or estimated from vertical profile measurements of velocity, the role of atmospheric stability and
other controlling parameters further influences the dynamics of the boundary layer (Marx et al., 2018). Over the course of a day,
week, or month these time-dependent dynamics are extremely challenging to test within a laboratory wind tunnel investigation
and can result in the limited applicability of wind tunnel study results. Likewise, ranges in the fluxes of particles across a variety of
time-dependent frequencies can result in large variabilities in transport estimates. The combination of these two capacity- and
transport-limiting factors directly impacts our ability to provide reliable estimates of sediment flux (Kok et al., 2021). Extrapolating
these basic concepts beyond theoretical discussions also challenges the role of statistical approaches in aeolian transport measurements and our current capacity to assess empirical relationships and to quantify the intensity of aeolian processes (Sherman, 2020).
Recent research into the role of statistics and specifically best practices for field studies (or the limitations of current practices) have
brought such discussions into the open with the hope that the aeolian community can collectively provide insight to solve these
challenges (e.g., Webb et al., 2015).

3

The role of field studies

From the long history of field investigations in aeolian transport research and the various capabilities of the instruments deployed,
the objectives for that research has varied considerably over time. These can be focused on localized mechanics, generating data to
explore site specific processes, assessing the current understanding of aeolian processes (e.g., BoDEx, WIND-OV), through to
standardized field deployment towards obtaining comparable observations of aeolian activity (e.g., NRCS). The application of
this range of generalized approaches is rooted in the logistics of their implementation, which is largely a function of the location
that the study is being undertaken. The conditions in which fieldwork is being performed varies greatly from one location to
another, with limits on accessibility, access to electricity, and/or other limiting meteorological conditions. Although many of the
historical field studies have been conducted in mid-latitude deserts, an increasing number of studies in the last decade have
extended the environments in which wind erosion has been investigated. The specific regions that have been targeted are
high-latitude regions, where most logistical considerations are further complicated, by the harsh environment and disturbed or
human altered landscapes, which do not increase the logistical difficulties beyond concerns for equipment security (Bullard
et al., 2016).
Specific instrumentation or stations will differ between applications, however the following series of discussed topics are
common to all deployments and should be evaluated to determine the types and number of instruments. Firstly, sediment
transport instruments can be active or passive. Active instruments require a power source, which in some cases can be logistically
constraining depending on the total amperage requirement. For some locations, the use of solar powered systems is not feasible due
to limited daylight (i.e., Antarctica in winter, Lancaster et al., 2010), while gasoline powered generators can encounter maintenance
issues in dusty environments. However, despite active instrumentation having higher demands for power they can, if properly
installed, benefit from less frequent visits when compared to passive instruments. For many passive instruments, the frequency of
visitation is the measurement frequency itself, which therefore places demands on high site accessibility to attain regular results.
Next, some instruments have a requisite degree of stability and should be installed on a tall tethered tower, while other sensors may
require below surface installations. In both of these cases, specialized equipment potentially required to facilitate installations may
prove logistically impossible in remote regions. Similarly, some precision instruments are not well adapted for outdoor environments, and their exposure to weather extremes can limit or modify their calibrations or operations (e.g., filter samplers, touchscreen
interfaces). These weather extremes can include ambient temperature fluctuations, solar radiation exposure, and absolute humidity
or absolute cold levels. Although not an exhaustive list, specific site logistics are involved in field study planning and in many ways
these impact the possible selection of instrumentation, and ultimately, constrains certain spatial and temporal resolutions of a
given study.

3.1

Steps towards standardization

Spatiotemporal variability among surface-atmosphere interactions gives rise to monitoring uncertainties related to the capabilities
of instrumentation in capturing the variability associated with aeolian transport. The goal in most applications is to ensure that
instruments can measure variables efficiently and at sufficiently high frequencies, but also that the basic principles of sample design
are not being neglected (e.g., sample sizes and equipment positioning). If the objective is to monitor aeolian processes and controls
for a given area, this sample design should permit the capturing of the effects of boundary-layer interactions across a similar scale.
Utilizing small sample sizes and the selective placement of instruments yields data which fails to capture the spatial variability of a
location, and from which robust inferences about aeolian processes are unable to be made (Webb et al., 2016).
The Wind Erosion Network (Webb et al., 2016) introduced a standardized methodology for observation networks of soil erosion
(Fig. 3). The goal of this well-documented approach was to establish a series of Pan-American wind erosion monitoring stations that
incorporate reliable instrumentation without a strong compromise in spatiotemporal frequencies. Although the focus of this review
is on instrumentation, it is worth noting that the approach taken by Webb et al. (2016) permits a network-wide direct comparison
of transport rates as a function of environmental factors; a rarity in aeolian transport research. Although not specific to the entire
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Fig. 3 Standardized suite of instruments (A–G) and area plan (H) of a National Wind Erosion Research Network site (Webb et al., 2016). See details of the
instrumentation and sampling design in Webb et al. (2016).

wind erosion processes of transport and deposition, similar networks have been established in Australia (DUSTWATCH, Leys et al.,
2008) and the United States (IMPROVE, Perry et al., 1997), but generally have a smaller array of supporting variable measurements
(e.g., meteorological variables, deposition, horizontal transport). Likewise, some site-specific campaigns have established standard
wind erosion stations, consisting of a number of predetermined instruments, which are distributed based on the objectives of the
project. An example of such a project is the DO4 Models project that established over 10 stations to help constrain modelling
simulations within southern Africa, firstly within a 10 km by 10 km area to match the model scale, and in a second deployment
along coastal Namibia (Haustein et al., 2015; Dansie et al., 2017; von Holdt et al., 2019).
In the above examples, the sampling factors were predetermined based on the project objectives. Such research needs generally
span from sediment collection for physical or chemical analyses, the detail of the temporal record required, the measurement
duration and range of magnitude, to the cost of the instrumentation. Instrumentation specific to characterizing sediment transport
is explained in detail starting in Section 5; however in almost all cases, these approaches rely heavily on supporting measurements of
meteorological and environmental variables. These supporting variables and the instruments that measure them are considered in
the following section to best provide a review of the requirements for an ideal field experiment depending on the research objectives
of the project.

4

Supporting variables to aeolian research

In this section we present the instrumentation that supports sediment transport measurements and in most situations is required to
calculate transport fluxes and transport thresholds, and for comparison of results to empirical and theoretical transport models.
These supporting measurements and measurement platforms include general meteorology, in situ erodibility measurements, and
remote sensing platforms.

4.1

General meteorology instrumentation

4.1.1 Anemometry
Wind measurements are central to measuring sediment transport fluxes and can be performed using a variety of approaches.
Anemometry provides average horizontal wind speeds that are used to calculate both horizontal and vertical sediment fluxes using
integrating and gradient approaches. The majority of cup anemometry can be sampled at 1 Hz or faster, but considerations are
needed for some instrument models due to higher time constants and stall speeds (Butterfield, 1999). In addition to considering
hysteresis and other constraints, further uncertainty may result from abrasion of the bearings for models without sealed bearings.
Additionally, averaging periods for wind speeds that are traditionally linked to assumptions of boundary layer characteristics at
10- to 30-min intervals have been directly tested to minimize these intervals in combination with transport mechanisms based on
the intermittency of transport threshold (e.g., Stout and Zobeck, 1997).
Turbulence is a key driver of aeolian sediment entrainment. Deployment of sensors capable of determining turbulence in the
surface layer allows investigation of the relationships between turbulence and transport dynamics. Instrumentation that measures
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turbulent characteristics is limited in its applicability for sediment transport research. With a long history in engineering applications and specifically laboratory wind tunnel experiments, thermal anemometry is a commonly deployed sensor for measuring
wind speed at high frequencies and for all three wind components (Butterfield, 1999). In this application a supplied current heats
the probe, which is modulated by the airflow past the sensor and the current is calibrated to the wind speed. Its application has
further considerations required for ambient atmospheric temperature, humidity and pressure variability, which if remain uncorrected can impose substantial errors in flow velocity measurements. Its first deployment for aeolian research was by Jensen et al.
(1984) and has since been widely adopted. However, only select models that are ruggedized or coated are suitable for investigation
of aeolian sediment transport due the fragility of the sensor itself. These ruggedized probes are less sensitive to turbulence than the
standard models, but are acceptable in most applications (e.g., Bauer et al., 2004). Ultrasonic anemometry is the application of the
acoustic Doppler shift principle to wind speed measurements that is available in several manufactured instruments in both
two-dimensional (2-D) and three dimensional (3-D) as well as mini and standard formats (e.g. 3-D: CSAT3, Gill R3, Gill
WindMaster). A common instrument in eddy covariance measurements, its use in aeolian sediment transport was first used for
examining dune dynamics in desert and coastal environments (see Walker, 2005). More recently, high frequency measurements of
turbulent fluctuations in the airflow have been applied to determining dust fluxes, when coupled with suitable instruments
measuring from the same sampling volume (Fig. 4). Furthermore, the extension of stability corrections from micrometeorology
approaches have been applied to aeolian investigations to improve both threshold and transport physics (Dupont et al., 2019).
Deployment of ultrasonic anemometry demands further consideration of appropriate sampling height, orientation, and frequency
to ensure turbulence spectra are representatively measured.

4.1.2 Temperature, humidity, and radiation
Standard meteorology stations should be instrumented to have a vertical array to permit for temperature gradients to be measured
and stability conditions calculated. Although in many cases, reasoning is provided to suggest that the momentum flux will
dominate the boundary layer during transport events, it has been shown that during intermittent transport events stability
conditions can modify the transport potential as mentioned above (Dupont et al., 2019). Likewise, humidity measurements enable
transport threshold conditions to be depicted accurately for large scale mechanisms such as cold front induced windstorms.
Additionally, air humidity has been shown to influence certain conditions within threshold and transport processes in both
warm (e.g., Neuman, 2003; Ravi and D’Odorico, 2005) and cold deserts (e.g., McKenna Neuman and Sanderson, 2008). Likewise,
the role of air humidity relative to soil vapor pressure can be important in hyper arid regions for modifying transport mechanics
(Shao et al., 2021).
Directly related to these variables is the impact of solar radiation on the warming and drying of the surface. Although not typical
of many aeolian transport installations, especially for sand transport studies, radiometers are a common and important piece of
equipment within dust emission studies. In addition to providing an essential approach to confirm air and soil properties, net
radiometers in particular, can also be combined with other ground-based remote sensing instrumentation to identify the impact of
dust emissions on diffusing incoming radiation, potentially trapping heat at the surface (e.g., photometers).

Fig. 4 Deployment of instrumentation for: (A) monitoring environmental and, (B) erodibility variables. (A) depicts anemometry, net radiometry, soil moisture and
temperature. Within (B) is of a PI-SWERL wind tunnel, being deployed to estimate transport threshold and dust flux, along a transect that includes co-located
measurements of crust strength, percent loose sediment, and soil moisture. Namibia, author’s photo.
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4.1.3 Precipitation and soil moisture
Although infrequent and sometimes at low intensities, precipitation in regions prone to wind erosion is recognized to drive
important processes that modify transport thresholds. Most instruments that measure precipitation can be greatly impacted by wind
speeds commonly associated with wind erosion events. In fact, rain-driven sediment transport is a common process in beach
environments and attempts to distinguish these events have been made by interpreting sand transport instrument signals as well as
designing specific traps that integrate precipitation (e.g., BEST sediment trap, Basaran et al., 2016). When not a direct driver of
sediment transport, precipitation events have been documented to be drivers of weakening or modifying surface crusts that can
ultimately lead to a surface with increased emissivity (e.g., King et al., 2011).
Surface soil moisture is a related measure that modifies transport thresholds and can limit the erodibility of an environment.
Surface soil moisture can be measured directly with gravimetric methods or indirectly through a series of options, including Time
Domain Reflectometry (TDR) methods. In most cases soil moisture instruments are designed for a full range of values up to field
capacity, rendering many of these instruments incapable, in their original calibrations, of the sensitivity needed for wind erosion
prone regions. With surface soil moisture values ranging between 3 and 20% by mass depending on soil texture suppressing
sediment transport, the accuracy and sensitivity of the instrument used in wind erosion research is important. TDR probes have
shown their capabilities, after site-specific dielectric calibrations, to perform suitably in wind erosion studies (e.g., ThetaProbe,
Oblinger and Anthony, 2008). However, temperature and electrical conductivity dependencies of TDR probes can still prove
challenging in situations where surface soils demonstrate high variability in temperature and soil salinity (e.g., Haustein et al.,
2015). More recent approaches have involved terrestrial laser scanning instrumentation to identify soil moisture changes at the soil
surface, although the logistics required for these measurements are substantially more involved (Nield et al., 2014; Smit
et al., 2018).

4.2

In situ erodibility

Soil erodibility, balanced by atmospheric driving factors, determines the wind erosion threshold and sediment transport rate of a
surface. In addition to important general variables mentioned in the previous section, some instrumentation has been developed in
the context of wind erosion research to better determine, a priori, the erodibility of a surface. The modes of sediment transport by
wind, as outlined in the introduction to this review, dictate some principal surface characteristics that can explain a large amount of
the variability in sediment transport rates and an even larger amount of the variability in the threshold for transport.

4.2.1 Soil characteristics
The soil characteristics that make one region more susceptible to wind erosion than another include the soil texture, but in general it
is the surface soil strength and the quantity of loose erodible sediment on the surface that governs wind erosion (Shao, 2008). For
these reasons, devices have been adopted, modified, or created to either measure the soil strength directly or indirectly and quantify
the amount of loose sediment on the surface (Fig. 4).
The most basic of these estimates is derived from the soil texture, carbonate content, and salinity of the surface sediments. These
indirect measurements provide a general understanding of the likelihood of erosion depending on the meteorological variables and
are largely based on previously derived empirical physical or statistical models. More direct measurements include
mini-penetrometers or shear strength instruments. These instruments are adapted in the wind erosion context to assess the ease
at which a saltating particle would be able to rupture the surface of a crusted or clay-rich soil to initiate further transport of the
surface sediments (Belnap and Gillette, 1998). Other instrumentation has been modified or developed to extend these approaches
to be best suited for wind erosion research, including measuring the impact hole size of firing an air gun into the soil (Li et al.,
2010), that when deployed in combination can explain up to 90% of the variability in the threshold shear velocity for smooth
surfaces (Li et al., 2010).
Estimations of the loose erodible surface sediments is important for providing information on the likelihood of sediment to be
easily initiated for transport by the wind. Many studies identify these sediments through a visual estimate of the total amount of
sediment loose at the surface, whereas others have devised a methodology using a modified sediment transport trap connected to a
handheld vacuum cleaner to collect the loose erodible material (Klose et al., 2017). The sandblasting or saltation bombardment
process, as indicated in the introduction, is the most common process to produce dust emission and therefore the estimate of loose
erodible sediment allows for a direct quantification of the likelihood of this occurring (Gomes et al., 1990; Shao et al., 1993b).

4.2.2 Field wind tunnels
Wind tunnels provide an experimental environment where certain variables can be constrained or controlled to improve our
understanding of wind erosion processes with direct testing. Field wind tunnels are similar to their laboratory counterparts, but will
have a portion of the working section that integrates the natural surface into the experiment. This has several advantages over
transplanting surface soils into laboratory wind tunnels including maintaining soil crust integrity, in situ soil moisture to air
humidity dynamics, in situ loose erodible sediments, and other site-specific conditions. Many field wind tunnels have been used to
identify the threshold for sediment transport (e.g., Gillette et al., 1974; Van Pelt et al., 2009), but more recent versions have
automated robotics to also simulate constant wind speeds to permit calculations of the potential horizontal and vertical sediment
fluxes. The Portable In Situ Wind Erosion Laboratory (PI-SWERL) is one of these instruments (Etyemezian et al., 2007) but unlike
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traditional tunnels, the PI-SWERL applies a circular motion of wind flow within its sampling chamber drastically minimizing the
footprint of the instrument at the same time as improving the logistics of its use (Fig. 4). In the case of all types of field wind tunnels,
the ability to quickly determine the erodibility of a surface promotes the mapping of wind erodible surfaces. In many ways, this puts
less emphasis on characterizing naturally produced sediment transport events and identifies a potential for sediment transport as a
function of atmospheric conditions. For many desert surfaces, this approach can be easily validated by their stable and
time-insensitive conditions, but for the majority of semi-arid regions that have seasonal meteorology, surface crusting, or sand
supply variability, repeated measurements or supplemented approaches are required to capture the emissivity variability of the
surfaces (Formation Environmental et al., 2018). For example, an approach by von Holdt et al. (2019) supplemented PI-SWERL
measurements with remotely sensed surface and atmospheric variables to provide an estimate of dust emission potential.

4.3

Remote sensing devices (complementary to aeolian research)

Satellite based sensors can provide unique opportunities to extract measurements of sediment transport by the wind. Although
mostly limited to the transport of dust-sized particles and meteorological or surface variables that complement aeolian studies,
the continuous increase in available applications of these products are important to consider. A small selection of methods
and instrumentation is summarized here and readers are encouraged to seek other extensive reviews already written on this subject
(e.g., Bryant, 2013; Wei et al., 2020).
Dust loading in the atmosphere can be remotely sensed by a series of techniques that compare the temperature of the presumed
aerosol plume from a combination of infrared and visible bands to the surface and any surrounding clouds. Newer satellite
generations offer better spatial resolution and sensor channels suitable to dust observations (e.g. Himawari-8 and Second
Generation Meteosat, Bullard et al., 2016), but all are not without sensor specific limitations which influence how they can be
used to explore dust activity. Large variabilities in pixel size and measurement frequencies govern the applicability of the available
products, while sensors with a longer history can also provide an added value for developing or confirming trends in patterns of
emissions. In contrast, newer platforms such as CubeSat, can provide high spatial resolutions (3 m) with the daily (to sub-daily)
images so that wind erosion events can be resolved from space (Baddock et al., 2021). An early example of satellite-derived products
includes the Aerosol Index from NASA’s Total Ozone Monitoring Spectrometer, with UV channels, which was designed to identify
global dust sources (Washington et al., 2003). The Aerosol Optical Depth from the early 2000s onwards is generated from the
sun-synchronous MODIS (Moderate Resolution Imaging Spectroradiometer) platforms providing twice daily 3 km resolution
results that have received active development to better constrain its Deep Blue and Dark Target dynamic background subtraction
updates. The SEVIRI (Spinning Enhanced Visible and Infrared Imager) on the geostationary MSG permits the forward and backward
tracking of dust events at 15-min resolution, greatly improving source emissivity mapping efforts for Africa (Ashpole and
Washington, 2012).
LIDARs (light detection and ranging) instruments can determine the vertical aerosol distribution from the ground, aircrafts, or
satellites. Meteorological applications for investigating wind speed profile through the boundary layer, identifying local flows in
complex terrain, and exploring boundary layer development from aerosol backscatter are all capable with a LIDAR instrument.
Similarly, airborne mounted LIDARs provide the opportunity to map emission regions if sampled during a wind erosion event.
In both cases, the systems are usually limited to a minimum starting distance from the sensor of 100 m that can require other
instrumentation to cover the near-to-sensor estimates. Space-borne LIDARs (e.g. CALIOP on CALIPSO) provide continual measurements in time and space that can allow time series analyses and atmospheric dynamics of dust aerosol events within repeatedly
dusty regions to be characterized. Limiting the applicability of LIDARs is the rapid attenuation of the signal is large dust storm events
that can obscure the signal.
SODARs (sound detection and ranging) instruments can also be used to investigate turbulence and winds through the return
signal of emitted acoustic waves. These instruments have a range that is generally limited to measuring the turbulence within, and
the height of, the convective boundary layer, but are widely utilized across meteorological studies due to their reduced logistics and
economy over a LIDAR.
Photometers (e.g. CIMELs) are a ground-based instrument type that when equipped with several filters can provide the total
aerosol optical thickness, particle size distributions, and other aerosol properties, through an understanding of the solar cycle and its
radiative properties. AERONET is a NASA led global photometer network that is extensively used for calibrating or justifying
regional or global sediment transport models (Holben et al., 1998). For measuring dust emissions, the photometer is not
particularly well suited and it is suggested to install these units quite far downwind from the emissions region, while current
automatic processing can confuse dust with the presence of clouds (Mukkavilli et al., 2019).
As introduced in the previous section, terrestrial laser scanning (TLS) is another ground-based form of remote sensing that can be
used for understanding the spatiotemporal variability of surface moisture, particularly within aeolian beach systems (e.g. Nield
et al., 2011, 2014). However, the TLS has also been used for measuring the aerodynamic roughness height, estimating the density
and frontal area of non-erodible elements, and sediment transport of saltating grains (Nield et al., 2013).
The direct imaging of aeolian activity with cameras (e.g., DSLR) has been developed to detect aeolian transport from local
imaging including manual/automated identification of aeolian streamers or through examining the formation of bedforms such as
sand-strips (Williams et al., 2018). Additionally, measurements of surface soil moisture from locally deployed digital cameras and
thermal imaging has also been accomplished (Darke et al., 2009; Scheidt et al., 2010).
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Integrating remote sensing into approaches that examine erodibility or provide information for modelling entrainment
thresholds with instruments measuring variables not directly monitoring transport or emissions is a primordial advance in aeolian
research. Even though this ancillary data does not directly measure sediment transport or quantify erosion rates, it is an important
tool for examining potential erodibility or even more simply as a tool for planning a field study (visual imaging/DEMs).

5

Measuring aeolian sediment transport

In this principal section of the review, the various developments in aeolian sediment transport instrumentation will be discussed
based on the transport mechanism they measure.

5.1

Measuring bedload transport

The design of many integrated saltation traps is such that these devices also assimilate bedload transport into their measurements,
however the majority of digital sensors are height specific and are not optimized for bedload transport processes. Other sensors (e.g.
recent low-cost particle counter sensors), due to their design, are unable to capture bedload transport, relying on deploying
additional sensor units to estimate this transport, when considered. Partly as a result of the difficulties of sampling bedload
transport, the contribution of bedload (or reptating) transport to the total mass transport rate is currently debated, with estimates
ranging from as little as 1% to as much as 50% of the total horizontal mass transport (see review by Zhang et al., 2021), which has
fuelled some resurgence in the number of investigations of this transport process. The majority of physical trap designs rely on a
buried trap with a slot open to the air stream that starts at the soil surface, taking advantage of the shallow trajectory to which only
the coarser particles associated with bedload transport (over saltating particles) will be retained by the trap (Table 1). The shallower
trajectory of bedload transported particles has also been identified to follow a 5/2 scaling law (i.e., Shields number) as theoretically
and experimentally determined through a recent wind tunnel study, suggesting it is a fundamentally different process than that of
saltation (Wang et al., 2020). A recent example of bedload transport trap designs is by Swann and Sherman (2013), who developed
a trap specifically to partition the bedload portion of the total horizontal mass transport. The trap features a chimney to capture the
transport, while the rest of the trap is installed under the sand surface, separating saltation from bedload by its angle of trajectory
and measuring the transport rate with a piezoelectric sensor. In this device, the sediment is collected so that gravimetric or grain size
analyses can be made afterwards. Although normally reserved for wind tunnel investigations due to logistical restraints for
installation and maintenance, the Swann and Sherman (2013) bedload trap is intended for field deployment. This poses some
limitations on its use, including restricting its deployment for only the initiation of grain motion as during fast wind speeds grain
trajectories could be altered, biasing the bedload sample. Due to the chimney design, particles in saltation could rebound off the
metal chimney, also artificially increasing the transport rate (Swann and Sherman, 2013).
Other approaches that have been undertaken are based on particle tracking velocimetry (PTV) instrumentation (explained in
more detail in the section below), which identify the proportion of particles moving as bedload based on a threshold sediment
size (Zhang et al., 2021). A series of studies carried out in East Asian deserts have applied PTV to identify bedload transport rates,
but use a different threshold size for their calculations (e.g., >0.5 mm (Zhu et al., 2014), >1.15 mm (Qian et al., 2015), 0.5–2 mm
(Liu et al., 2017). Zhang et al. (2021) conclude their review of creep transport processes by stating that the results on the
contribution of creep to horizontal sediment transport are strongly contradictory between measurement approaches and methods.
This suggests that the process itself is extremely variable, based on yet undiscovered mechanisms or that the variability in trap design
greatly biases the measurements, with a recommendation that standardized approaches and methods are needed to better constrain
this variability to best identify the driving factors of this process (Zhang et al., 2021).

5.2

Measuring saltation sediment transport

The theories on the movement and mechanics, as well as the modelling and measurement, of saltating particles are consistently
being updated as technology and logistics are improved. Investigations for determining the horizontal mass transport flux of
particles, dominated by saltating particles, are motivated by the theoretical framing that these rates determine dune migration and
dune building processes, as well as dominating the dust production (or vertical mass flux) processes through saltation bombardment (Shao, 2008). Despite this consistent attention, estimates of long-term transport patterns (e.g., years to decades) have been
relatively unsuccessful (Sherman et al., 2013; Sherman, 2020), which is arguably a result of experimental approaches and
instrument designs that have prioritized micro- (e.g., seconds to minutes) and meso-scale (e.g., hours to days) characterizations of
sediment fluxes. The instrumentation deployed for shorter scale investigations (e.g., micro and meso) are dominated by the
meteorological (e.g., intermittency) and other limiting erodibility factors (e.g., soil moisture) mentioned in the previous section,
which have limited reliability, while more robust instrument deployments at longer time scales, have reduced the spatiotemporal
resolution of the instrumentation deployed.
Approaches taken for the investigation of horizontal mass flux of saltating particles can be divided into studies that prioritize
active digital sensors with high spatiotemporal recording capabilities and studies that prioritize passive instruments that are
generally more robust and less logistically demanding (Martin et al., 2018). This review will analyse the strengths and weaknesses
of passive trap deployments before continuing to the following subsection that describes these same characteristics for active
saltation sensors (see Table 1 for a synopsis of these instruments).

Table 1

Examples of horizontal sensors and sediment traps measuring sand-sized sediment in either creep or saltation.

Horizontal Transport Samplers/Sensors
Specifications

Examples of deployment

Swann and Sherman Bedload Trap

− Bedload Passive
− option to add active measurements with
buzzer disc
− adjustable height of inlet
− buried below surface to sample bedload
only (<16 )

−
−
−
−

Swann and Sherman (2013)

¼” aluminium alloy
Opening of 20x20 mm
Height is adjustable up to 100 mm
buzzer disc option measures from 0.105 mm and up to
96 KHz

Image: Swann and Sherman (2013)

(Modified) Wilson and Cooke ((M)WAC)

− Passive saltation and suspension
− deployed as individual or as multiple
stacked on a rotating post
− efficiency of 90% to 120% for sand in high
winds

− glass jar or aluminium with perpendicular inlet and opposed
to smaller outlet
− low cost options with HDPE
− allows for event sampling and longer deployments

Wilson and Cooke (1980)
Kuntze et al. (1990)
Klose et al. (2017) Jeanneau et al. (2019)
Webb et al. (2016)

Image: Webb et al. (2016)

Big Spring Number Eight (BSNE)

− Passive saltation and suspension
− deployed as individual or as stacked and
rotating with a vane
− efficiency of 86% - 96% for sand with
dependency on wind speed

− wedge shaped folded galvanized steel design with
metal mesh
− also stainless steel used
− low cost sampler
− allows for event sampling and longer deployments

Fryrear (1986)
Goossens et al. (2000)
Goossens and Buck (2012)
Haustein et al. (2015)
Martin et al. (2018)
Mendez et al. (2016)
Salawu-Rotimi et al. (2021)

Image: Salawu-Rotimi et al. (2021)
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−
−
−
−
−

Leatherman Sampler

passive saltation
collector buried below surface
active option with integrated balance
non-rotating height integrated sampler
efficiency of 91% for sand

− cylindrical sampler made from a metal pipe with two
opposed vertical slits; the back slit is covered with a
metal mesh
− sampled sediment falls into a nylon mesh bag that can be
connect to a load cell for active measurements
− height integration can limit applications with high transport
rates

Leatherman (1978)
Maia et al. (2005)
Hansen et al. (2006)
Nordstrom et al. (2006)
Jackson et al. (2010)
Al-Awadhi (2013)
Goossens et al. (2018)

Image: Goossens et al. (2018)

SUSTRA (Suspended Sediment Trap)
(A)

(B)

800
150
wind vane

WINDEROSIONSPROJEKT

BMFT
125
out let

540
300
inlet

rebound plate

50
240

300

−
−
−
−

passive saltation
collector buried below surface
active option with integrated balance
rotating with ball-bearing ring directed
by vane
− efficiency of 80% for sand, improving for
coarser and lower wind speeds

− metal single inlet measurement mounted on surface with
outlet higher than inlet
− buried trap accumulates sediment on a balance
− allows for event sampling and longer deployments

− passive or slow response active saltation
samplers
− inlet followed by rotating and expanding
chamber
− CCST has load cell integration
− BEST can be mounted horizontally to have
a vertical array on a rotating pole with vane
− BEST efficiencies are 100% over range of
wind speeds and fine sand sizes
− CCST has good correlation with BSNE

− plastic body contained a lid, cylindrical body and a
collection section
− inlet cross-section of 12  20 mm and the 20 mm
diameter outlet
− BEST limited to event based measurements
− CCST allows for both event based and longer deployments

Janssen and Tetzlaff (1991)
Visser et al. (2004)
Funk and Engel (2015)

Image: Goossens et al. (2000)

ball bearing

235
soil surface

220
balance
460

Cyclone-type traps (BEST and CCST)
a = 12 mm

b = 20 mm

∅1 = 20 mm
20 mm

∅2 = 60 mm

22 mm

28 mm

Image: Poortinga et al. (2013)
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a
b

Basaran et al. (2011)
Poortinga et al. (2013)
Guo et al. (2020)

74 mm

∅3 = 14.5 mm
8 mm
∅4 = 50 mm

32 mm
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Table 1

(Continued)

Horizontal Transport Samplers/Sensors
Specifications

Examples of deployment

Simple Trap Designs

− passive saltation sampler
− self-orientating or fixed
− focus is on ease of installation and
fabrication
− efficiencies vary considerably, but some
tested exhibit high efficiencies

− designs varies, but consist of square or round inlets with a
nylon mesh trap mounted inline
− traps can be mounted on a pole to allow for wind
orientations with or without a vane
− lowest cost trap
− almost all are event-based deployments
− some designed to be swapped mid-event

Sherman et al. (2014)
Hesp et al. (2017)
Hilton et al. (2017)
Wang et al. (2019)
Grilliot et al. (2019)
Duarte-Campos et al. (2021)

Image: Hilton et al. (2017)

−
−
−
−

Sensit

piezo-electric crystal
omnidirectional
minimum detection size of 150 mm
manufactured by SENSIT Company,
Portland, ND, USA

− installed vertically as unidirectional or horizontally for
bi-directional
− outputs of counts and kinetic energy channel
− 20 Hz
− directionality of signal

Gillette and Stockton (1986)
Stout and Zobeck (1997)
Wiggs et al. (2004)
Ravi et al. (2006)
Van Pelt et al. (2009)
Avecilla et al. (2015)
Tan et al. (2021)

Image: Barchyn and Hugenholtz (2010)

−
−
−
−
−

Saltiphone and Miniphone
(A)

(B)

90

125

50
170

100

tube

ball bearing
microphone
wind vane

SIDE VIEW

FRONT VIEW

− installed vertically along ground or on tower
− Saltiphone minimum height is 100 mm
− outputs electrical signal that needs calibration within lab or
in field with passive sampler
− 10 Hz or 40 kHz sampling rate
− miniphone are low cost

Spaan and Van Den Abeele (1991)
Arens (1996)
Goossens et al. (2000)
Ellis et al. (2009)
Van Pelt et al. (2009)
Poortinga et al. (2013)
Rezaei et al. (2020)

Image: Goossens et al. (2018)

190

40

acoustic based
omnidirectional with vane
201 mm2 or 70 mm2 frontal area
not sensitive to fine particles
sheltered design limits recording impact
from rain

connection cable
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Safire

−
−
−
−

piezo-electric crystal
omnidirectional
minimum detection size of 150 mm
manufactured by Sabatech Inc

− installed vertically as unidirectional or horizontally for
bi-directional
− outputs of counts and kinetic energy channel
− 20 Hz
− directionality of signal

Baas (2004)
Baas and Sherman (2005)
Baas (2006)
Gillies et al. (2006)
Davidson-Arnott et al. (2008)
De Oro and Buschiazzo (2009)
Van Pelt et al. (2009)
Lancaster et al. (2010)
Barchyn and Hugenholtz (2011)
Wiggs and Holmes (2011)
Lee and Baas (2016)
Image: Baas (2006)

Other acoustic devices (SalDecS, UD-101, Buzzer Disc,
SandFlow)

− various installations
− many similar to saltiphone/miniphone
− some try to protect sensor from
degradation

− most are unidirectional and require a bearing and vane to
self-orient into the wind
− all high frequency
− many are low cost sensors
− SandFlow incorporates a wind speed measurement

Kubota et al. (2007)
Udo et al. (2008), Udo (2009a, 2009b)
Sherman et al. (2011)
De Winter et al. (2018)
Raygosa-Barahona et al. (2016)
Rezaei et al. (2020)
Image: SandFlow (with Saltiphone as
reference), modified from Rezaei et al.
(2020)

Wenglor

− laser (655 nm)-photo sensor
− counts particles that break laser beam
− minimum 210 mm diameter

unidirectional
various widths can improve/degrade saturation issue
requires size specific calibration
variation among models
high frequency
recent version on self-orientating vane

Davidson-Arnott et al. (2009)
Barchyn et al. (2014)
Duarte-Campos et al. (2017)
Etyemezian et al. (2017)
Bauer et al. (2018)
Schmutz et al. (2019)

Image: Hugenholtz and Barchyn (2011a)

OGS/SANTRI

−
−
−
−

laser-photo sensor
based on off-the-shelf Optek sensor
counts particles that break laser beam
smallest particle detection among
other OPCs
− integrated into larger measurement
platform

−
−
−
−
−

unidirectional alone or self-orientating in SANTRI
high-frequency
outputs electrical signal that needs online processing
variation among models
bare sensor low cost

Etyemezian et al. (2007)
Etyemezian et al. (2017)
Goossens et al., 2018)
Klose et al. (2019)
Rezaei et al. (2020)
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Image: Goossens et al. (2018)
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Table 1

(Continued)

Horizontal Transport Samplers/Sensors
Description

Specifications

Examples of deployment

Sand Particle Counter (SPC)

− laser-photo sensor
− counts particles that break laser beam
− range of 38–654 mm across 32 channels

−
−
−
−
−

Yamada et al. (2002)
Mikami et al. (2005)
Ishizuka et al. (2008)

unidirectional mounted on rotating platform with vane
requires regular size specific calibration with tool
variation among models
high frequency
not widely used or calibrated with other instruments

Image: Mikami et al. (2005)

− laser sheet-photo sensor
− adjustable width
− counts particles that break laser beam

Laser Sheet Sensor (LASS)

Bracket

Receiver

Particle Tracking (LSPIV)

−
−
−
−

unidirectional
requires size specific calibration
high frequency
not widely used or calibrated with other instruments

Li et al. (2021)

−
−
−
−

two-dimensions of measurement
requires many specific calibration to determine flux
high frequency
not widely used or calibrated in field environments

Gordon and McKenna Neuman (2011)
O’Brien and McKenna Neuman (2019)
Baas and van den Berg (2018)

Image: Li et al. (2021)

Transmitter

− high power laser (or not) coupled with high
speed photography
− previously reserved to wind tunnel
− LSPIV is field version

Image: modified from Baas and van den
Berg (2018)
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5.2.1 Passive instrumentation for measuring saltation
These generally non-automated traps either determine the integrated vertical sand flux (Leatherman, 1978; Wang et al., 2019) or
provide an estimate of sediment flux through fitting a function of the height of inlets above the surface and the transport rates
measured at these heights (Wilson and Cooke, 1980; Fryrear, 1986). This style of trap provides a means to make sand transport
measurements economically and efficiently, however these constructs inevitably influence the airflow in front of the trap,
influencing the measurement of particle fluxes. Passive sensors are reliant on the wind to drive flow, and subsequently can only
utilize coarse meshes to ensure that sufficient airflow can pass through the sampler to achieve isokinetic flow (Nickling and
McKenna Neuman, 1997). Given that these traps are not expected to be 100% efficient, reference is made to the sampling efficiency
of each trap as determined in wind tunnel studies to apply a (sediment size specific) correction factor to the determined mass fluxes
(Sow et al., 2009). Automated versions of standard and field-proven passive sediment traps are a common modification to add a
higher temporal interval of measurements by integrating a continuous weighing system (e.g., balance) or acoustic/optical particle
count sensors (e.g., piezoelectric sensor or Wenglor sensors). A detailed list of every sand trap ever proposed and designed for the
field of geomorphology would be exhaustive in both senses of the word and many reviews have been produced covering their
development (see e.g., Davidson-Arnott and Bauer, 2009; Sherman et al., 2011; Martin et al., 2018). The variety of field deployed
instrumentation shapes (e.g., cylindrical, wedge-shaped, or box-shaped), the disparity in efficiencies for different wind speeds or
particle sizes, and the ability to automate or change the limit of captured sediment volumes, result in the choice of saltating
sediment trap to be more associated with experimental objectives and logistics over the individual instrument precision. Compromises may be required in either efficiency, number of units that can be made available for a given investigation, or the type of
installation required. Collection efficiency can be low, but nevertheless accurate flux estimations can still be obtained with a reliance
on collector efficiencies for the given conditions (Goossens et al., 2018). Inter-instrument comparisons such as Goossens et al.
(2000) note that the absolute efficiency of samplers can change substantially between wind-tunnel and field investigations due to
the environmental setting, even though the collection efficiency between samplers is comparable. Despite being an efficient and
economical means to measure sand transport, passive traps are not able to continuously measure the temporal variation present in
sand transport. Continuous weighing sand samplers are generally restricted to determining horizontal sediment flux at a single or
integrated height (although newer models exist for multiple heights; e.g., Guo et al., 2020), and although able to provide a better
overview of the temporal record of sand transport, continuous-weigh traps generally require installation below the surface where
scouring around the trap may occur (Sherman et al., 2014). These logistical challenges push the development of passive instruments
to be capable of measuring at smaller temporal scales and better detecting changes in transport rates.
The following subsections will introduce a selected group of passive samplers that are currently favored by aeolian researchers as
well as highlight some new traps that are less well known (see Table 1).
5.2.1.1 (Modified) Wilson and Cooke ((M)WAC)
In their chapter on wind erosion, Wilson and Cooke (1980) describe their deployment in northern England of a ‘catcher’ they
developed to sample material being transported at numerous heights between 15 and 152 cm from the surface. Consisting of several
collection elements: a plastic bottle (i.e. the settling chamber) housing an inlet and an outlet glass tube, several of which are
mounted vertically onto an aluminium pole with a weather vane, ensuring the inlet of each collector element is orientated into the
wind. The trap functions by a prescribed pressure drop within the bottle from having inlet and outlet tubes of a different diameter,
encouraging sediment to settle out into the bottle before the airflow discharges through the outlet (Goossens et al., 2000). The
simple functionality added by the mast rotation into the prevailing wind direction is noted as a popular development at the time,
given it overcame the limitations associated with previous passive sand traps which were secured to the ground (Hilton et al., 2017).
The WAC was a cost-effective option able to self-orientate. In addition, the WAC trap is still widely utilized in a modified manner for
specific sediment sampling objectives (e.g., Klose et al., 2017; Jeanneau et al., 2019).
The original WAC design was modified by Kuntze et al. (1990) by affixing several bottles to varying heights on the mast in a
horizontal position (not vertically) in order to measure the vertical flux profiles (Goossens et al., 2000). This version became widely
referred to as a MWAC, regardless of whether they are being utilized for measurements of the streamwise sediment flux or the
vertical sediment flux. The WAC and MWAC trap design has been widely deployed in both wind tunnel and field investigations of
aeolian transport, and there is a substantial body of literature regarding efficiency testing and comparisons to other instrumentation
(e.g., Goossens et al., 2000). Saltation data in the field is highly localized to the precise site of measurement and activity is closely
tied to wind speed variations. MWAC efficiency remains fairly constant at 80% with wind speed of 6.6–14.4 m/s, providing a
useful solution for field situations where wind speed variation would normally need to be taken into account, while wind tunnel
tests demonstrate an increasing efficiency with particle size (Goossens et al., 2000). However, within deployments, efficiencies of
the MWAC can vary greatly, ranging from 40–120% (e.g., Sterk, 1993; Bakkum, 1994; Pollet, 1995). Despite these inconsistencies,
Goossens et al. (2000) recommends the MWAC, finding that efficiencies for sediment sizes of 132–287 mm remain between 90%
and 120% for 6.6–14.4 m/s. In addition, the efficiency of other passive sand samplers relative to MWAC are generally inferior (e.g.
more variable or less efficient) allowing Goossens et al. (2000) to calibrate the other samplers against the MWAC.
5.2.1.2 Big spring number eight (BSNE)
Fryrear (1986) developed this passive trap in a laboratory wind tunnel, intended originally for airborne dust research, it has
widespread application across saltation studies (Goossens et al., 2000; Haustein et al., 2015; Martin et al., 2018; Yang et al., 2018).
This trap is deployed to measure both saltation-sized and suspension-sized particles to estimate sediment fluxes, and a technical
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summary of its functioning and design is given in Goossens et al. (2000). Dominant in application since the start of the 1990s across
the US, Australia, and throughout the Middle East, its wedge-like shape inlet and collection chamber is mounted on a pole with a
wind vane to the rear to orientate the device into the wind. Sediment settles out of the air inside the sampler as the wind velocity is
reduced, while an internal screen helps reduce the subsequent movement of deposited material. This gives, depending on the model
type, a capacity of the sampler on the order of tens of grams (Goossens and Buck, 2012), providing an economical and logistically
simple option for sampling sediment transport. Although efficiencies of the BSNE found in the literature have a smaller range than
that of the MWAC (e.g., 86–96%, Fryrear, 1986; Shao et al., 1993a), an increased dependency on wind speed and on particle size,
can greatly limit the application of the BSNE without correcting for these efficiencies (Mendez et al., 2016). Normally constructed
from galvanized metal (intended to prevent corrosion of the mild steel) the trap can still have corrosion issues in certain
environments (e.g., sampling over longer time periods in moist environments) proving elemental and mineralogical analyses
difficult. Prompted by these concerns, a version of the BSNE made from stainless steel was recently constructed and utilized for
microbial analysis (Salawu-Rotimi et al., 2021).
5.2.1.3 Leatherman sampler
Originally developed by Leatherman (1978), this passive, cylindrical, non-rotating sampler, returns a vertically integrated horizontal sand flux. Goossens et al. (2018) utilized a modified version of the Leatherman trap based on a 1 m metal pipe (4 cm in
diameter), with 50 cm long and 2 cm wide vertical openings on opposing sides and the rear opening covered in 0.5 mm stainless
steel mesh. They also added a gravimetric component with an automatically weighing balance installed in the trap, measuring the
mass of the stored sediment at 10-min intervals (Goossens et al., 2018). Within the Goossens et al. (2018) study, a time averaged
91% efficiency is deduced when compared to a co-located MWAC, although it is indicated that efficiency might be even higher as
some negative values were recorded by the balance due to pressure fluctuations within the trap. Although simpler than BSNE or
MWAC traps, the Leatherman is non-rotational and requires a below ground installation that although is appropriate for beach
installations (Maia et al., 2005; Hansen et al., 2006; Nordstrom et al., 2006; Jackson et al., 2010) or regions where there is unimodal
transport winds (Al-Awadhi, 2013), limits its applicability elsewhere.
5.2.1.4 SUSTRA (suspended sediment trap)
Originally designed to trap airborne dust, the SUSTRA has applications for saltating sediment sizes as well (Janssen and Tetzlaff,
1991). Air enters through a horizontal opening within a metal tube (50 mm diameter), subsequently striking a metal plate and
settling onto an electronic balance, situated inside a box below the surface. The vertical sampling tube is positioned on a ball bearing
to allow rotation with the influence of a top mounted wind vane (Goossens et al., 2000). Efficiency estimates through wind tunnel
testing (Goossens et al., 2000) result in a smaller than 20% difference to an isokinetic sampler for standard sand sizes; however it
has a reduced efficiency relative to other samplers for finer sand fractions and elevated wind speeds (>11 m/s), but improved
efficiency with increased particle size. Examples of its use are for sand transport on dunes as well as for agricultural wind erosion
(Visser et al., 2004; Funk and Engel, 2015).
5.2.1.5 Cyclone-type traps
A series of trap models are based on the same general principle: a circular trap body that funnels into a mesh sampling bag to retain
the sediment captured. These traps are simple, cost-effective, and easy to deploy for short-term assessments of spatiotemporal
transport variability. Attributed to the cyclone design, the rotation of air enhances particle settling, as well as reduces stagnation
pressure at the inlet, suggested by previous researchers as a mechanism influencing catcher efficiency (Goossens et al., 2000).
Examples of these cyclone traps are given below.
The Basaran and Erpul Sediment Trap (BEST) (Basaran et al., 2011) features a small capped inlet (12  20 mm), central
cylindrical cyclone body (diameter 60 mm), and collector at the base (diameter 14.5 mm) with a total height of 146 mm. Deployed
by Basaran et al. (2011) in wind tunnel testing with 6 devices mounted vertically on a mast from heights of 0.01–0.51 m they
compared the efficiency to a WAC trap. For a limited range of particles sizes and wind speeds the BEST demonstrated efficiencies
comparable to the WAC at 75–100%, however with no reference instrument being used, other dependencies may exist outside of
the tested range. The trap was subsequently tested in a wind tunnel by Poortinga et al. (2013) where a 100% efficiency was
determined against Saltiphone measurements over a range of sand sizes (D50 of 285, 230, and 170 mm) and shear velocities
(0.16–0.25 m/s).
The continuously weighing sand trap (CCST) (Guo et al., 2020) is capable of measuring the saltation flux at different heights by
combining multiple cyclone-type sand collection modules on a stationary mast, feeding the collected sediment through to load cells
(the continuous-weigh modules with 0.01 g mass resolution and 1-min temporal resolution). Although similar in trap design to the
BEST traps, the addition of a temporal component increases the CCST applicability. The new CCST was field tested against fixed
BSNE traps, demonstrating high correlations, although no isokinetic testing has been published (Guo et al., 2020).

5.2.2 Simple trap designs
In addition to these simple cyclonic traps, there exists a range of other trap designs that are simple to build and underline the
premise of many field study operations whereby the simpler the instrumentation, the more likely it will succeed. These samplers
have larger ranges in efficiencies, but are recommended for specific projects that seek to prioritize representation within a small area.
Here, the co-location of one of the above mentioned passive or the below mentioned active sensors allows an intercalibration of
the array.
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Wang et al. (2019) describe the application of the NFO (New Flat Opening) sensor (developed by Wang et al., 2013) in field
investigations of aggregate size distributions. These traps are square-shaped collector heads (20 mm  20 mm) distributed along a
vane from the soil surface up to a 0.6 m height, with an outlet to the top of the heads screened with wire-mesh cloth (40 mm). The
efficiency of the traps varies from 13.2–69.7% for a range of sediment size bins from <50 mm to 800–1000 mm, with a peak
efficiency at around 500 mm (Wang et al., 2018).
Hilton et al. (2017) developed a passive, self-orientating ‘swinging’ sand trap with an objective to build a simple low-cost trap
(i.e., takes around 10 min to make for a material cost of about US$4). This system consists of three to eight traps mounted on a
vertical pole, each with a catch bag (63 mm nylon mesh) attached to a PVC section of pipe attached to a vertical rod. With a
deployment time of 120–600 s during high transport conditions, the devices are designed to have the trap bags exchanged at regular
intervals with a new ready-made assembly (e.g., Hesp et al., 2017; Grilliot et al., 2019; Duarte-Campos et al., 2021).
In a similar approach, Sherman et al. (2014) developed a low-cost sand trap for short term deployment (10 min). This
streamer-type trap incorporates mesh tubes (64 mm) attached to the rear of a stainless-steel frame with a 100 mm  25 mm
opening that was tested in a field experiment. Sherman et al. (2014) made observations on the success of the design indicating
that the trapping efficiency was high, except for the trap closest to the surface, which showed decreased efficiency.

5.2.3 Active saltation sensors
Sediment sensors that actively (in time) measure the horizontal transport of sand-sized particles are categorized by a powered sensor
that has an integrated real time clock or can be connected or triggered by a datalogging device (Table 1). The development and
adoption of these active sensors in field and laboratory studies has been relatively quick with many of the sensors being designed
specifically for aeolian studies and others being adapted from other applications. Many reviews of these sensors have already been
published, comparing some of the active sensors with passive traps and with other active sensors, in addition to field and wind
tunnel comparisons (e.g., Hugenholtz and Barchyn, 2011b; Sherman et al., 2011; Barchyn et al., 2014; Farrell and Swann, 2016;
Qian et al., 2017), and we urge readers to consult these references for further information on specifics of these comparisons. The
following section will treat the development of individual sensors, starting with acoustic/impact sensors followed by optical
sensors, reviewing their limits and preferred applications.
5.2.3.1 Saltation acoustic- and impact-based sensors
Acoustic or impact saltation active sensors are designed to record at very high frequencies (i.e., >10 kHz) returning detailed data
regarding the temporal nature of sand transport and advancing the investigation of near-instantaneous saltation dynamics. These
sensors were originally designed to detect the onset of saltation and have had mixed success in being capable of quantifying the
mass of transported sediment. The deployment of these sensors requires a substantial power source (i.e., >1 W draw per sensor) and
adequate data acquisition resources. Despite the advantageous development of these sensors, there have been challenges for the
discipline in producing a consistent and reliable high-resolution sensor that is affordable.
In a field setting, Baas (2006) confirmed mechanisms of the initiation and transport of saltating sediment through high
frequency acquisition rates of these sensors in a dense array, leading to a formidable increase in interest for confirming previously
observed patterns restricted to wind tunnel investigations. Variable sensor performance has been noted across the range of devices
presented below, likely driven by the majority of the sensors being custom built, and therefore not lending themselves to
comparable results (Hugenholtz and Barchyn, 2011a, b; Barchyn et al., 2014). Ascertaining transport rates from these measurements
also requires concurrent trapping of sand and signal post-processing (with the grain size information of the obtained samples) to
determine the transport rates (Sherman et al., 2014).
5.2.3.2 Sensit
The Sensit sensor was developed through the USDA and is based on a piezoelectric crystal which generates signal pulses in response
to impacting saltating grains. The signal produced is proportional to the number of impacts and their intensity. Subsequently, the
kinetic energy associated with the pulse signal can be due to a few, high energy impacts, or the contrary situation. This omnidirectional sensor is limited in application, with a minimum transported particle size for detection of 100 mm due to the required
calibration to ensure insensitivity to wind vibrations (Gillette and Stockton, 1986; Ravi et al., 2006; Van Pelt et al., 2009). Sensitivity
testing by Stout and Zobeck (1997) indicated that the detection of particles below 150 mm is unlikely given the velocity they would
require to have sufficient momentum to register an impact (Wiggs et al., 2004). This was confirmed through a field study conducted
on a proglacial delta with very limited detection despite >20 m/s winds (Bachelder et al., 2020). The sensor also requires a
site-specific calibration with conventional samplers prior to deployment given the variable constant of proportionality between
different particle types (Shao, 2008; Barchyn and Hugenholtz, 2010). Despite these limitations, the sensor is still being utilized in
many settings (Avecilla et al., 2015; Tan et al., 2021).
5.2.3.3 Saltiphone and miniphone
The Saltiphone is a sensor containing a microphone where impacts from saltating particles produce a high frequency noise that the
device filters (e.g., low frequency noises associated with wind and rain drop splashes) and amplifies to register the corresponding
particle impacts (see e.g., Spaan and Van Den Abeele, 1991; Van Pelt et al., 2009). This microphone-containing sensor is installed
inside a stainless-steel tube with dual wind vanes attached to ensure consistent orientation to the wind (the tube is mounted to
ball bearings). Suspended dust particles are considered unlikely to yield high enough impact energies to vibrate the membrane.
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The wind tunnel testing of the Saltiphone demonstrated efficiencies of 10–17% for fine sand (median grain size: 132 mm) and
100–500% for the coarsest sand (median: 287 mm) (Goossens et al., 2000). In addition to this particle size dependency, the
Saltiphone also has a large dependence on wind speed, resulting in a conclusion that the sensor should only be deployed to
accurately detect the onset and periods of sediment transport, but is unable to quantify particle fluxes (Goossens et al., 2018).
In contrast to the Saltiphone, the production and implementation of the miniphone was more successful, with a higher consistency
over wind speeds and particle size. However, due to their construction they are prone to deteriorate within less one than one
transport event (Ellis et al., 2009).
5.2.3.4 Safire
The Safire (Sabatech Inc.) or SAltation Flux Impact REsponder (Baas, 2004) contains a piezoelectric element housed within a tube
covered in a rubber sheath, with a circumferential ring mounted near the base which is connected to the internal piezoelectric
element. This omnidirectional sensor measures impacts on the ring transferred to the piezoelectric element to produce electric
pulses with a theoretical limit of 12.5 kHz and a maximum number of 1700 grains per second (Baas, 2004). The testing performed
by Baas (2004) suggested an inconsistent directional response and a large variability in the signal response with changing angle to
the sand flux. An identification of two ‘sweet-spots’ resulted in the suggestion to orientate these spots into the prevailing wind
direction but resulted in large variability among instruments (Baas, 2004; Van Pelt et al., 2009). Despite these shortcomings, the
Safire sensor was the first system deployed to resolve questions of high frequency patterns of saltation, including streamer formation
and spacing, confirming mostly laboratory speculated sweep-ejection models of transport (Baas and Sherman, 2005; Baas, 2006;
Lee and Baas, 2016).
5.2.3.5 Other devices using piezoelectric sensors
Through the use of piezoelectric sensors many research groups have developed their own instruments in response to an increased
availability and low cost of the technology. The majority of these instruments are loosely based on one of the above-mentioned
instruments with a goal to improve their shortcomings. Below is a selection of some of these iterations.
The SalDec and SalDecS (de Winter et al., 2018) is a low cost piezoelectric sensor deployed as several individual sensors and as a
horizontal array, tested in the wind tunnel and the field, respectively. This instrument shares electronics with the Saltiphone to
amplify high and low frequencies and apply a high-pass filter. Despite some issues with signal saturation at high mass fluxes,
although a relatively low sensor sensitivity (variability of 9% determined), the SalDec sensors have a mutually equal sensitivity,
suggesting that the instruments are suitable to compare relative saltation intensity across a multiple sensor array (de Winter
et al., 2018).
Another piezoelectric transducer-based sensor has been introduced by Raygosa-Barahona et al. (2016), which at 10 kHz records
individual sediment grains falling by their own terminal velocity after being captured from the wind flow with a sand trap chimney.
This simple and low-cost sensor development provides a proof-of-concept approach to simplify field deployment while retaining
sediment samples.
A ceramic sand flux sensor (UD-101) was developed (Kubota et al., 2007) and subsequently deployed (Udo, 2009b) in a field
test. The sensor has been compared to sand flux values estimated from a range of commonly employed equations based on
calibrations performed in a wind tunnel. Unlike most of the piezoelectric and impact sensor deployment mentioned above, this
application is devised for obtaining the long-term transport rate with natural flows and these long-term rates were then compared
with theoretical estimates (Udo et al., 2008; Udo, 2009a).
The Buzzer Disc sensor is a brass disc housing a piezoelectric element that with sufficient signal processing can achieve the
detection of individual impacts from saltating or falling particles (Sherman et al., 2011). These low-cost devices, as designed, are as
sensitive as Saltiphones and allow for a more cost-efficient result for detecting the onset of transport, but similarly can suffer
saturation issues depending on the sediment size and deployment height. Due to its small surface area, however, these limiting
issues are less likely than those for Safire or Sensit instruments (Sherman et al., 2011).
The SandFlow is a new omnidirectional acoustic sensor (Rezaei et al., 2020) based on an aeolian snow transport sensor
(FlowCapt, Chritin et al., 1999). Unlike all sensors discussed above, the SandFlow incorporates a measurement of wind velocity
within the same sensor, minimizing errors in spatiotemporal lags due to sensor interference. The sensor is reported to perform
adequately during intense periods of transport, but has less accuracy for low transport periods. Using the MWAC as the standard, the
efficiency of the sensor in its initial configuration drops off markedly for particles finer than 300 mm (28% for 250–300, down to
<2% for 106–150) (Rezaei et al., 2020).
5.2.3.6 Photoelectric sensors (optical gate devices/optical particle counters)
Optical particle counting (OPC) systems are promising alternatives to the previously identified acoustic, piezoelectric, and load cell
devices (Bauer et al., 2018). Within the development of sensors through the last decade, particular considerations for the
deployment of optical devices have been established with respect to whether they are capable of succeeding the above-mentioned
instrumentation. The frequency response of OPCs, in general, is limited by the particle time of flight, which has recently been
confirmed to be mostly a function of particle size and elevation above the bed, but not wind speed (O’Brien and McKenna Neuman,
2019). In addition, following particles must be spaced sufficiently to allow the sensor to identify individual particles as correcting
for multiple particles travelling through the beam simultaneously is necessary as they cannot be detected from the signal
(Hugenholtz and Barchyn, 2011a; Sherman et al., 2011). In both of the cases above, one can express these limits as a saturation
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threshold (expressed as particles per second) that, for the majority of OPC sensors, is a function of the laser beam size relative to the
sediment diameter (Hugenholtz and Barchyn, 2011b; Barchyn et al., 2014). The following section will review the available OPCs for
horizontal sediment transport and discuss their limitations.
5.2.3.7 Wenglor (model YH0 PCT8)
The Wenglor OPC was adopted for aeolian research by Davidson-Arnott et al. (2009), from snow particle research. This optical gate
device is relatively low cost and is adapted from engineering applications for manufacturing lines and quality control. Despite
substantial evaluation of the Wenglor performance, uncertainties are still present regarding the extent to which the OPC can perform
reliably in natural transport conditions (Bauer et al., 2018). With a response time of 50 ms the Wenglor OPC is viable for saltating
environments with reference to particle size and particle speed to determine possible travel times. However, due to physical
limitations based on the laser width and the intensity over the laser area, the functional lower limit of particle size is difficult to
determine precisely, giving an estimate of 210 mm diameter (Duarte-Campos et al., 2017). For the integrated systems with the pulse
input adapter, significant error at higher frequencies is possible as particle saturation becomes increasingly important (e.g., at
1000 Hz mark); however this depends on the fork width of the instrument (Bauer et al., 2018). Despite the Wenglor being
developed for manufacturing quality assurance, the results from wind tunnel tests suggest that the devices should be deployed in
pairs to limit biases associated with particle count saturation, but otherwise are deemed suitable for monitoring sediment transport
at high spatiotemporal resolutions (Barchyn et al., 2014). However, like many OPCs, the Wenglor suffers from a deteriorating
baseline signal in dusty environments as the optic lens can be obscured, which further limits the environment and duration of
deployment (Etyemezian et al., 2017). A rotating platform was introduced by Schmutz et al. (2019), identifying a static setup as a
limitation to long-term deployment, routing the wiring through a central shaft that is oriented into the wind by a vane. This Rotating
Wenglor Device (RWD) can measure transport activity in the full directional range and claims to permit the investigation of
omnidirectional meso-scale transport activity as well as high-resolution microscale measurements (Schmutz et al., 2019).
5.2.3.8 Optical gate device (Optek)/SANTRI
Another OPC sensor has been developed in conjunction with two commercially available instruments (PI-SWERL and SANTRI) that
integrates an optical gate device manufactured by Optek (Etyemezian et al., 2017). The Optek device functions with an infrared
emitter and paired phototransistor, calibrated within sediment traps in a wind tunnel (Etyemezian et al., 2017) as well as compared
with other sediment traps and OPCs in a field environment (Goossens et al., 2018; Rezaei et al., 2020). In wind tunnel tests,
Etyemezian et al. (2017) concluded that the Optek device demonstrated a high correlation with trap-derived sand fluxes. However,
questions still remained regarding its suitability and potential drawbacks as the device had only been previously integrated into the
PI-SWERL portable wind tunnel system (that has a high degree of stability and control on environmental factors) (Etyemezian
et al., 2007).
The SANTRI (Standalone Eolian Transport Real-time Instrument) incorporates a vertical array of the Optek optical gate sensors.
As described in Goossens et al. (2018), the SANTRI is an enclosure mounted on a rotatable shaft with an attached wind vane, also
consisting of a cup anemometer, relative humidity, and temperature sensors (Table 1). Despite performing well in the laboratory
wind tunnel, the Optek devices on board the SANTRI displayed the largest internal variation (along with the Wenglor) among the
samplers tested (Goossens et al., 2018). However, the Optek has the lowest risk of being affected by multiple particles passing
through the beam synchronously as the instrument uses the smallest particle detection area (0.121 cm2, compared with the
Saltiphone: 0.785 cm2, and Wenglor: 0.300 cm2) (Goossens et al., 2018).
5.2.3.9 Sand particle counter
Yamada et al. (2002) developed an instrument for streamwise flux of sediment measuring between 38 and 654 mm diameter across
32 channels at 1 Hz (Ishizuka et al., 2008). This Sand Particle Counter (SPC) was utilized in the field campaigns of ADEC in the
south Taklimakan (Mikami et al., 2005) and of JADE in Australia (Ishizuka et al., 2008), and subsequently in Mongolia and
Morocco (Etyemezian et al., 2017). The SPC counts particles between the source and detector (25 mm  2 mm  0.5 mm) and is
attached to a crossarm inverted using a sealed bearing and a vane to orient it into the prevailing winds. Although some bias
corrections are needed for temperature sensitivity and edge effects, the authors are confident with a calibration that comes in the
form of a rotating tool with strings of different thicknesses that spins at 3000 RPM (Mikami et al., 2005). Despite its promising
performances in field testing and published features (e.g., detectable particle size range) no known calibrations with other active or
passive instruments has been published in a field or laboratory setting.
5.2.3.10 Laser sheet sensor (LASS)
Expressed as a solution to the low sensitivity to small particles and easily saturated signal of other particle counting technology
sensors, the Laser Sheet Sensor (LASS) is an off-the-shelf sensor (Keyence LV-NH300) that generates a laser sheet (30 mm by 1 mm)
between an adjustable transmitter and a receiver, having an analog signal output (at 1000 Hz) as a function of the intensity of light
(Li et al., 2021). The device has undergone calibration with laboratory particle fall experiments and subsequent testing at a coastal
beach site in Pingtan, China with co-located passive traps in a horizontal and a vertical deployment starting at 5 mm above the
surface. Li et al. (2021) found that these sensors provided increased flexibility over Wenglors that reach the saturation limit in both
laboratory and field deployments, by having a linear output relative to sand fluxes in both the horizontal and vertical configurations, and being able to adjust the sensor to receiver distance depending on the objectives of the experiments. However, as the LASS
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signal output is proportional to the sand flux intensity (a function of the concentration, size, and speed of particles), it is suggested
that a new calibration curve should be generated for each application and similarly, any poorly sorted sediment or changes in
sediment sizes during deployment may render a calibration curve unachievable. Lastly, like many of the sensors already mentioned,
the LASS deployment is currently dependent on a unidirectional sand flux and so changes in transport direction means that the
efficiency of the sensor output will decrease (Li et al., 2021).

5.2.4 Particle tracking technologies
Particle tracking technology is primarily used to investigate shear stress partitioning within the saltation cloud with direct
measurements of the particle-borne stress. The tracking of individual particles is achieved through a combination of a high powered
laser with a high-speed camera and automatic identification software (O’Brien and McKenna Neuman, 2019). This technique is
normally restricted to a laboratory wind tunnel relying on custom software, and is strictly developed for determining transport
dynamics at high resolution and short durations, counting particles and determining their two-dimensional speed, for estimating
the sand flux of the particles. A recent proof-of-concept particle tracker named Large-Scale Particle Image Velocimetry (LSPIV) (Baas
and van den Berg, 2018) was tested in a laboratory setting (sand falling from a known height), to develop the algorithm to detect
sand particle velocity and adjust for image anomalies, before being deployed on an English beach. The results of both the test and
deployment of the LSPIV reveal a viable approach for conducting short duration and small-scale experiments to determine transport
dynamics in the field, with some improvements noted to improve the image corrections, higher resolution cameras to improve scale
of study, and sturdier mounting options to keep the camera steady (Baas and van den Berg, 2018). In addition, the conclusions of
the field scale LSPIV suggest that sand transport patterns and dynamics within the field setting are different to those observed in
wind tunnels, and can be attributed to scale limitations (Farrell and Sherman, 2006).

5.3

Measuring suspended sediment transport

As explored in the previous section on measuring saltation transport, there can be a variety of measurement approaches based on
the objectives of the research. For measurement of the emission and transport of particles in suspension, passive samplers and active
sensors have both been developed based on meeting different objectives. Instruments that have high efficiencies are not always
required when sampling systems with low efficiencies may be advantageous during particular circumstances, such as during
high-intensity events with a long sampling duration (Goossens and Offer, 2000). In order to extrapolate accurate suspended
sediment transport data however, having knowledge of the instrument efficiency across the different conditions it may be deployed
in is required.
Through the many applications for sampling particles in suspension, ranging from general outdoor air quality to workplace
indoor air quality, to in situ dust emission measurements, a large number of passive samplers and active sensors have been
developed or modified for monitoring the emission or transport of particles is suspension (see others for a historical review; e.g.,
Goossens and Offer, 2000; Watson et al., 2011). For applications in air quality, particular particles size groupings are of interest in
accordance with regulatory limits, including particle matter less than 10 mm (PM10), particle matter less than 2.5 mm (PM2.5), the
difference of PM10 from PM2.5 called the coarse mode, and the total suspended particulate (TSP) (Watson et al., 2011). Despite this
history of a multitude of samplers being available, many studies employ similar devices but either do not make appropriate
measurements of absolute efficiencies by comparing the dust flux sampler to a co-located isokinetic sampler (Goossens and Offer,
2000), or, pair the sensors with other supporting instrumentation necessary to calculate dust emission fluxes. Efficiencies of the
majority of passive suspended sediment samplers exhibit low or inoperable values (Goossens and Offer, 2000; Shannak et al.,
2014). These stunted methodologies, employed by many studies due to cost, accessibility or logistics, in the past have led to
underestimates of certain particle size ranges held in suspension (e.g., Ryder et al., 2015) that affect dust production model
estimates and their associated simulated radiative and nutritive feedbacks (Kok et al., 2021).
This section will review the use of passive samplers and active sensors in aeolian studies for measuring suspended sediment and
summarize the emerging methodologies that field studies employ to assess vertical dust fluxes at emission source locations over
different periods of deployment.

5.3.1 Passive suspension samplers
Passive samplers for measuring suspended sediment transport have been a crucial component of establishing long-term (i.e., event
or seasonal) source region emission estimates, and in the development of vertical dust flux to horizontal saltation flux ratios used in
many regional to global dust production models (e.g., bombardment efficiency ratio, Marticorena and Bergametti, 1995; Lu and
Shao, 1999). Passive samplers depend on a simplicity and robustness that although not as efficient or temporally resolved as active
samplers can produce reliable and cost-effective flux estimates of suspended transport (Table 1). The choice of a passive sampler
model for field deployment will depend on the transport activity and duration of deployment at the field site in question, as
differences in sampler volume capacity and efficiency require different minimums (e.g., time or emission activity) to obtain
sufficient quantities of material for reliable measurements. For example, in the case of the six samplers intercompared by Goossens
and Offer (2000), a sampling time of 2 weeks was required. Passive samplers can determine the PM10 concentration using collected
mass, knowledge of the catch efficiency and sampler inlet dimensions, and the volume of air that has passed through the instrument
from a co-located wind speed measurement during an event (Goossens and Buck, 2012). Regardless of the mostly positive aspects of
passive suspended sediment samplers, the nature of intermittent wind-blown emissions and subsequent transport results in the
sampling record missing this inherently high frequency variability.
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5.3.1.1 Big spring number eight (BSNE)
BSNE samplers have already been described in a preceding section for saltating sediment sampling, however they are also regularly
employed as a passive sampler of particles in suspension (Table 1). Developed by Fryrear (1986), BSNEs are deployed in a stacked
profile of three to four samplers with wind vanes to orientate the instrument into the wind direction. For the sampling of suspended
sediment, the BSNE has many times been qualified for its efficiency at a range of wind speeds and particle sizes through direct testing
in a wind tunnel (Goossens and Offer, 2000) and co-location with other passive and active instrumentation (e.g., Mendez et al.,
2016; Sharratt and Pi, 2018). These efficiency determinations are critical for addressing wind speed and size specific corrections, as
most BSNE suspended sediment efficiencies are less than 50% and vary considerably depending on the study.
One of the first published references to an isokinetic efficiency was by Shao et al. (1993a, b) who determined that for PM10 the
BSNE has a 40% efficiency. Goossens and Offer (2000) updated this estimate with a series of wind tunnel tests using a silt sediment
(95% silt (2–63 mm), 5% clay (<2 mm)) at low wind speeds (1–5 m/s), to a range between 35 and 45% for TSP that was
independent of wind speed. Importantly, the BSNE was compared to the MWAC sampler and although was found to be less
efficient than the MWAC it had less variability over the wind speed range tested (Goossens and Offer, 2000). Through both a wind
tunnel and field-testing methodology, Goossens and Buck (2012) assessed the efficiency of the BSNE for several PM sizes (PM1,
PM2.5, PM4, and PM10) against a TSI DustTrak monitor (low-flow nephelometer sensor, see section below). These studies resulted in
the BSNE sampler having correlated and comparable (within 50%) values for all PM sizes in 2–7 m/s speeds for PM10 and 2–9 m/s
for the other size ranges (Goossens and Buck, 2012). In addition to their original results, Goossens and Buck (2012) also
accumulated data from several studies to find that the BSNE efficiency ranges from 70% at 70 mm to 18% at 10 mm, with an
estimated efficiency for the PM10 size class being 8.54% for moderate wind speeds (2–7 m/s).
More recently, two studies made multi-instrument comparisons at a range of wind speeds (7 and 12 m/s) to generally arrive at
similar conclusions to the previous studies including: efficiencies for PM10, PM2.5, and PM1 of 12–32%, 0–19%, and 0–12%,
respectively (Mendez et al., 2016); and that the efficiency changes as a function of sampler height and wind speed (Mendez et al.,
2016; Sharratt and Pi, 2018). The decrease in PM10 concentration with increasing wind speed (from 7 to 12 m/s) for the BSNE was
an order of 20% and 16% for concentrations of 2 mg/m3 and 50 mg/m3, respectively, or calculated as −0.15 mg s/m4 (Sharratt and
Pi, 2018).
5.3.1.2 Modified Wilson & Cooke
The MWAC is similar to the BSNE, in it also being employed as a saltating sediment transport trap as described in a previous section
(Table 1), but in its application to PM10 measurements the MWAC has a higher efficiency that the BSNE. In the wind tunnel study by
Goossens and Offer (2000) the MWAC outperformed all other passive sensors it was compared with resulting in a 75% efficiency at
1 m/s and > 90% for other wind speeds tested. Within the same study, it was demonstrated at relatively low wind speeds
(2.6 m/s) that the MWAC outperformed the BSNE. However, a wind tunnel study by Youssef et al. (2008) assessed the efficiency
of MWAC traps across a range of high wind speeds (10.3–14.3 m/s) and generally measured an increased efficiency with wind
speed, but for many soils and individual particle sizes below 50 mm no particles were trapped giving a 0% efficiency. Similarly,
estimates of MWAC efficiencies for PM1, PM2.5, and PM10 in a wind tunnel by Mendez et al. (2016), ranged from 0% to 16.2%, 0%
to 14.6%, and 0.6–19.2%, respectively, and a decrease in efficiency with increased wind speed. Wind tunnel testing therefore
indicates that MWAC is inadequate for the measurement of suspended material.
5.3.1.3 Suspended sediment trap (SUSTRA)
The details of the SUSTRA were given in a previous saltation section (Table 1), but it is worth noting that this device was originally
designed for collecting airborne dust (Janssen and Tetzlaff, 1991). Within the Goossens and Offer (2000) wind-tunnel test, the
SUSTRA performed the poorest relative to three other horizontal dust flux samplers in terms of efficiency, showing an increase as a
function of wind speed, but with absolute efficiency peaking at 15%.

5.3.2 Active suspended particle samplers
Active suspended sediment sampling has been, and is, dictated mostly by air quality regulatory requirements of the state for certain
size ranges (e.g., PM2.5, PM10) and for reporting specific associated variables (e.g., time interval, flow volume rates). Regulations of
the United States Environmental Protection Agency (USEPA) have shaped a certain avenue of instrument development and testing
leading to instrument models that are either classified as Federal Reference Methods (FRM) or Federal Equivalent Methods (FEM).
Despite this regulatory approach based on ambient air quality and not wind erosion, the USEPA instruments have supported
high-volume filter samplers, low-volume filter samplers, optical particle counters, beta attenuation samplers, nephelometer
samplers, and samplers that offer a combination of these approaches. In parallel, a series of instruments utilizing some of these
technologies has been further developed and re-packaged for measuring wind eroded dust emissions with an emphasis on increased
temporal resolution, higher flow inlet heads, increased accessories, and increased number of particle size bins (for OPC
instruments).
The USEPA has two published standards: the FRM has an explicit design requirement (i.e. filter) and extensive requirements.
In contrast, the FEM has a wider allowance and does not require filter collections or meet all the FRM requirements, but the FEM
should be comparable to other FRMs under the same field conditions. The USEPA produce a list of designated reference and
equivalent methods each year, with the most recent list containing 25 FRM and 18 FEM for PM10, 38 FRM and 19 FEM for PM2.5,
and a much reduced number of 10 FRM and 5 FEM samplers, for coarse PM (PM10-PM2.5) (USEPA, 2021). In addition, the USEPA
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only lists a single reference method for the determination of total suspended particulate matter (TSP) in the atmosphere; a high
volume method (USEPA, 2021). Some criticism can be found in the literature based on the over performance of FRM samplers
within wind erosion sampling attributed to the amount of material in the coarse fraction at higher wind speeds (e.g., Wanjura
et al., 2005).
The following section will then be divided into sections sorted by USEPA sampler designations of high volume, low volume,
optical-based, and microbalance samplers.
5.3.2.1 High-volume filter samplers
High volume filter sampling instruments operate at sampling flow rates of 100–1200 L/min, sufficient to capture all aerosol sizes up
to and including TSP (Shao, 2008). Simply operating instruments, they run a mechanically pumped volume of air through either a
filter or an array of filters (e.g., 100 mm in diameter) and the collected particle mass on the filter can then be gravimetrically
determined to estimate the airborne particulate concentration. The choice of filter media is important when deploying these sensors,
requiring a decision based on the type of analysis, with common options for mineral aerosols of quartz, Teflon, and nucleopore
(plastic) filters. These samplers are mainly configured for low concentration environments and long durations of deployment, but
they can also be applied to individual events to accumulate large sample masses for elemental analyses (Fig. 5).
Many high-volume samplers are FRM or FEM approved and have been in use for more than 10 years, allowing for effective and
reliable instrument deployment. As described in the review by Watson et al. (2011), examples of these samplers include: the Ecotech
HiVol 3000 (measuring PM10 (FRM), PM2.5, TSP, and basic meteorology), Thermo Scientific MFC-TSP (TSP (FRM)), and Tisch
TE-5170 (TSP (FRM)); as well as the Graseby-Anderson 1200 (Sharratt and Pi, 2018; Kjelgaard et al., 2004). High-volume filter
samplers account for a large proportion of the designated USEPA FRM samplers for airborne particulate measurements, resulting in
their application within aeolian research also as a reference measurement by which other instruments are assessed (e.g., Goossens
and Offer, 2000; Sharratt and Pi, 2018).
5.3.2.2 Low-volume filter samplers
Low-volume filter samplers (<100 L/min) are more portable and require less logistics than the high-volume samplers, and despite
suggestions that their flow dynamics are generally insufficient to capture larger aerosols (Shao, 2008), they are the most consistently
used models deployed in dust research for estimating vertical fluxes (Ono et al., 2000). With a large range of flow rates between
models and some having adjustable flow rates depending on the PM impactor sizes being employed, low-volume samplers exhibit a
large range in performance and subsequent utilization in wind erosion studies. In their review, Watson et al. (2011) highlight the
use of the low-volume sampler BGI PQ200 (PM10 (FRM), PM2.5 (FRM), PM1, TSP) and note its advantages over high-volume
samplers due to its portability and operation with rechargeable 12 V batteries. Other low-volume FRM and FEM samplers that are
similar in performance to the PQ200 include: Tisch Environmental Model TE-Wilbur10 (PM10), Tisch Environmental Model
TE-Wilbur2.5 (PM2.5(FRM/FEM), PM10), ARA-NFRM Minivol (PM2.5, PM10, TSP), and BGI OMNI (PM1, PM2.5, PM, TSP).
As mentioned, many of these samplers have rechargeable batteries, multiple installation options (e.g., tripod, tower, rack),
multiple inlet impactor options (e.g., PM2.5, PM10, TSP), and even have additional instruments than be directly integrated, allowing
for an adaptable and portable instrument that has regulatory approval. However, many of the samplers that have the most
additional options are not FRM or FEM instruments (mostly due to this flexibility), with these having been developed to meet
requirements that suit wind erosion research applications. A recent example is the ARA-NFRM sampler (Fig. 6), which has an
adjustable 0–20 L/min flow, three size selective inlets (i.e., PM2.5, PM10, TSP), wind vane/anemometer attachment, optical particle
counter, and operates from two DeWalt 20 V batteries, proving to be a capable and adaptable sampler system (e.g., Bachelder et al.,
2020). Although some research has concentrated on the performance of sampling heads in lower flow samplers at high winds and
with coarser modes of suspended material (Charron et al., 2004; Thelen, 2011) demonstrating a general over-performance of FRM
in these conditions when compared to isokinetic samplers, approaches using isokinetic filter samplers at low-flow is logistically
challenging (e.g., Nickling and Gillies (1993)).
5.3.2.3 Optical instrumentation
Optically based samplers employ various techniques but are based on channelling sample flow (2-3 L/min) into the device and
surrounding the sediment laden flow by a sheath flow of filtered air before entering the optical sampling chamber, composed of a
laser and a photodetector, to measure the light scattered by each particle. With a wavelength region of 500–1100 nm the sample
flow is measured at high temporal resolutions (e.g., up to 4 Hz, Fratini et al., 2007). In practical terms, instruments are limited to a
certain size range as the intensity of scattered light varies with multiple orders of magnitude across the size range of airborne
particles (i.e. 0.3–20 mm), influencing research design and are inherently more sensitive at lower concentrations (Vincent, 2007).
With the requirement for singleness, that is a single particle entering the beam at any given moment, a saturation concentration
exists of 107 cm−3, which has been estimated to be substantially higher than dust concentrations that natural events can produce
(Shao, 2008). Despite this theoretical limit being unlikely to be met, practical limits are often met in wind erosion events when the
OPC optical chamber becomes contaminated with large particles due to the inability of the low-flow of the instrument to keep these
larger particles in suspension. Within this style of device there are several FEM samplers, including: Teledyne Advanced Pollution
Instrumentation Model T640 (PM1, PM2.5 (FEM), PM10–2.5, PM10 (FEM)) and GRIMM EDM 180 (PM2.5 (FEM), PM10–2.5 (FEM),
PM10 (FEM)); with the GRIMM unit having a theoretical range from 0.25–32 mm (Spielvogel et al., 2009). In addition to these FEM
approved devices, there exists a large variety of high-cost multichannel sensors and low-cost single channel sensors that have been
deployed to assess suspended sediment concentrations with optical technologies (Fig. 7).
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Fig. 5 An example of deployment for a high volume sampler (farthest left) within a suite of supporting instrumentation (e.g., Frisbee deposition traps, LIDAR, and
sun-moon photometer). Yukon, Author’s photo.

Fig. 6 Example of low volume filter samplers (Model ARA N-FRM; gray boxes mounted off the tower) being deployed for estimating vertical dust flux. Yukon,
Author’s photo.

24

Measuring Sediment Transport by Wind

Fig. 7 Example of OPC measurements of suspended sediment from the WIND-O-V campaign in Tunisia from Dupont et al. (2021). (A) and (B) display a co-located
OPC (PALAS Welas-2300) sonic anemometer for eddy covariance measurements, while (C) has two additional OPC sensors with TSP inlets for estimating the vertical
dust flux with the gradient method (Dupont et al., 2021).

Within the multichannel OPC options, another GRIMM optical particle counter, the Grimm 1.108 OPC (Grimm and Eatough,
2009) with 15 size bins from 0.3–20 mm and a 6 s response time (1 Hz for less bins) (Watson et al., 2011) has been employed in
several field and laboratory studies due to its ease of use and multichannel design (e.g. field (Hoffmann et al., 2008; Sow et al.,
2009; Watson et al., 2011) and wind tunnel (Mendez et al., 2016)). Equally common is the TSI DustTrak with up to 4 bins (PM1,
PM2.5, PM10) with a nephelometer and a TSP size bin with an OPC, and a 1 Hz response time, which has been used in long-term
monitoring projects (Leys et al., 2008; Chang et al., 2018), wind erosion campaigns (Gillies and Berkofsky, 2004; Watson et al.,
2011; Cambra-López et al., 2015; Haustein et al., 2015; Sharratt and Pi, 2018), and wind tunnel investigations (Ono et al., 2000;
Kjelgaard et al., 2004; Etyemezian et al., 2007; Sharratt and Pi, 2018; Preston et al., 2020; Swet et al., 2020). The TSI DustTrak has
several models that have been employed in wind erosion studies (some discontinued, e.g., Model 8520) that vary based on the
number of channels and range of measurable concentration, with all models having large portability and robustness for being
deployed in the field environment (e.g., see Model 8543). However, the DustTrak consistently underestimates PM10 measurements
in multi-instrument studies (Cambra-López et al., 2015; Sharratt and Pi, 2018). A lesser employed instrument, but generally equally
capable to the TSI DustTrak, is the Met One E-Sampler Dual Ambient Monitor. This model employs dual light scattering
measurements with an additional 47 mm filter measurement option, measuring PM1, PM2.5, PM10, and TSP at a 2 L/min flow
rate. In side-by-side instrument comparisons, Watson et al. (2011) state that results of the TSI DustTrak improve when multi-day
mass concentrations from internal filter sampling are used to normalize the nephelometer output, while Watson et al. (2011) and
Sharratt and Pi (2018) note that the PM10 concentrations are the lowest in comparison tests.
In addition to the above group of OPC samplers, additional sensors have also been adapted or customized for wind erosion
research, taking advantage of sensor attributes such as fast response times and multichannel resolution. The FAI OPC Multichannel
Monitor uses a modified Climet sensor and additional software to resolve 32 channel bins from 0.3–10 mm at 4 Hz with a variable
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dilution option of up 7 L/min through a heated inlet, recorded with self-contained software. It has been used for the first attempt of
an eddy covariance approach to estimate vertical emission fluxes combined with a sonic anemometer by Fratini et al. (2007). Also
with an eddy covariance approach, the WIND-O-V campaign as described by Dupont et al. (2019) employed the PALAS
WELAS-2300 particle spectrometer that measures across a range of 0.3–17 mm at 1 Hz (5 L/min) and paired with a sonic
anemometer, recorded with networked Raspberry Pis. In addition to the standard inlet head, a TSP inlet head was installed on
additional sensors with a supplementary flow to obtain isokinetic sampling, identifying a marked decrease in sampling efficiency
particle sizes above the 4 mm particle size bin for the PALAS standard inlets. This effect was deemed irrelevant in the study as so few
particles were measured during the campaign in this size range (Dupont et al., 2021). The last example in this group was introduced
in the JADE campaign, consisting of a custom OPC measuring 8 size bins from 0.6–8.4 mm (manufactured by YGK Corporation in
Yamanashi, Japan) measuring at 1 Hz and a flow rate of 0.1 L/min (with a 1.0 L/min sheath flow) (Ishizuka et al., 2008). Despite
several size corrections to the pre-determined bins based on control latex particles and the low-sample flow, the OPC data collected
during JADE has supported the development of high impact theories on size-specific fluxes and their functions in relation to
environmental variables (Ishizuka et al., 2008, 2014; Shao et al., 2011).
5.3.2.4 Tapered element oscillating microbalance (TEOM)
The Tapered Element Oscillating Microbalance (TEOM) technique for particle suspension monitoring is well developed and
incorporates many instruments with FRM or FEM approvals. The TEOM employs a gravimetric technique with a hollow flow
tube, free to oscillate at one end with the sample drawn through a filter cartridge (exchangeable; situated on top of the free end), and
down through the tube. The oscillation is maintained at a constant amplitude (up to 0.5 Hz measurement of the oscillation
frequency of the element) to allow for the detection of additional mass through a decreasing frequency of oscillation. A common
TEOM instrument is the Thermo Scientific TEOM® 1405-DF Dichotomous Ambient Particulate Monitor with FDMS®, which
combines both TEOM techniques and a coupled PM2.5 and PM10-PM2.5 impactor with a filter collector, switching the flow between
these two techniques every 6 min. Field testing of TEOM systems demonstrates high efficiency rates for most conditions, including
high velocities and different soil textures (Kjelgaard et al., 2004; Sharratt and Pi, 2018), but some concerns have been raised for
differences found between them and other FRM methods as well as inabilities to capture large temporal variability in dust
concentrations (Vega et al., 2003; Sharratt and Pi, 2018).

5.4

Deposition

Deposition of wind eroded material in both the near and far field is important for capturing the proportion of dust emissions that
have terminal velocities that are greater than the mean upward vertical wind speed of the flow to keep them in suspension. Many
active suspended sediment samplers already incorporate this assumption by not monitoring the total suspended particulate
concentrations, but, like many of the instruments reviewed here, the PM10, PM2.5,or below, size ranges. However, many of these
estimations are based on theoretical settling velocities and recent observations with TSP based sensors show mass fractions over
90% for the suspended particle concentration of suspended material above 5 mm (over 25% for sizes >20 mm) with an upper size
range margin of around 60 mm or larger for the case of ‘giant’ mineral dust particles (Reynolds et al., 2016; van der Does et al., 2018;
Ryder et al., 2019). Therefore, considerations are to be made for particle concentrations that are truly in suspension by the coupling
of sediment deposition traps with passive or active sediment transport sensors to determine the particle size influenced enrichment
factors for not only mass, but also elemental or mineralogical chemistry (e.g., Bachelder et al., 2020). The monitoring of aerosol
deposition is a task determined, like many sampling approaches, by the scale of the investigations, but generally vacuum filtration
systems are not robust or logistically feasible in most environments. Whereas passive samplers have the advantage of no electricity
requirements that improve siting options. An overview of some of the issues associated with deposition samplers is provided below
before reviewing the specific examples employed in field studies.

5.4.1 Deposition sampler limitations and siting considerations
In many cases of deposition sampling design, efforts have been made to reduce the perturbation to the velocity profile over the trap
opening (e.g., reduce the depth of the deposition trap to avoid accelerating the streamline), hence reducing aerodynamic blockage
or likelihood of causing blowout. Deep gauges such as the British Standard Dust Deposit Gauge, as well as the ISO deposit gauge
both have shortcomings with regards to their catch efficiency and material retention. Hall et al. (1994) note that the performance of
dust gauges generally decreases with increasing wind speed, posing further collection issues for installations close to source regions.
Additionally, contamination of the deposited sediment is common (e.g., vegetation fragments, bird feces) leading to reduced
abilities for post-analyses of chemical properties of the trapped sediment. Specific siting recommendations include elevating the
sampler off the ground by 1–2 m to avoid locally generated windblown material.

5.4.2 Deposition samplers
Up until recently, there were two types of deposition samplers, a relatively deep container filled with a roughness element such as
marbles and a shallower and circular inverted frisbee design filled with foam or marbles. A comprehensive experimental comparison by Goossens (2007) examines these types of samplers in various iterations at low wind speeds within a wind tunnel to reveal
that the Marble Dust Collector (MDCO) greatly overestimates particles <40 mm, while larger particles are under sampled resulting
in lower median grain sizes of trapped sediments. More recently Brahney et al. (2020), in testing their own sampler, showed that
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Fig. 8 An example of a passive dry deposition trap for suspended sediment. From Brahney J, Wetherbee G, Sexstone GA, Youngbull C, Strong P, and Heindel RC
(2020) A new sampler for the collection and retrieval of dry dust deposition. Aeolian Research 45: 100600, https://doi.org/10.1016/j.aeolia.2020.100600.

marble-based sampler efficiencies are 36–83% (Fig. 8). The required use of a solvent to remove material from any deposition trap
introduces uncertainty to the particle minerology and chemistry (e.g. loss of some soluble salts and nutrients to solution). In the
case of traps with marbles, the spheres’ large surface area results in the low recovery of deposited material, because of challenges in
removing all particles from the media (Brahney et al., 2020). In addition, a decreasing efficiency was measured as wind speed
increases, due to the rim of the collector producing a dust shadow (Goossens and Offer, 2000), while the marble microroughness
results in limited resuspension of collected sediment during rain events from the collector.
The inverted frisbee sampler has had many iterations, but roughly follows the same characteristics with a 17% sampler depth
relative to opening diameter and more recent offerings having improved collection characteristics with lesser displacement and
acceleration of the streamflow (Hall et al., 1994; Wiggs and Holmes, 2011).
A recently introduced dry deposition instrument, the Dry Deposition Sampling Unit (DSU), is a gravitational deposition trap for
sampling in sterile environments (Fig. 8) (Brahney et al., 2020). The DSU is designed with a series of stacked nylon mesh screens
(lower (upper) screen size of 250 mm (1000 mm)) producing >97% efficiencies over a large range of field installations, with the few
lower correlated stations being a result of high winds leading to suggestion of installing wind-baffles for similar site installations.
The deposited sediment is easily removed from the samplers with a synthetic paint brush and ethanol-sterilized ceramic razor blade,
with almost no contamination by bird feces and vegetation as a result of the stacked screen design.

6

Conclusions

This comprehensive review of the measurement of sediment transport by wind provides an update to the several reviews previously
published on specific modes of transport, or research applications, and critically assesses the instrumental limits of transport
mechanistic knowledge in relation to developing theoretical transport models. The dynamic nature of sediment transport by wind,
over many other geomorphic processes, driven by large ratios between the driving and resistive forces results in erosion measurements that challenge theoretical transport models based on the scale of inquiry (Lu and Shao, 1999; Rice et al., 1999). While the
various modes highlighted in this review have been treated separately, they are ultimately found within a continuum of processes in
many regions and recent progression in both instrument development or application and mechanistic understanding has led to
significant advances in the modelling of transport process (Sherman et al., 2013; Martin et al., 2018; Kok et al., 2021). Additionally,
the approach of measuring sediment transport by wind has begun to be critically assessed at different scales of inquiry to improve
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the representativeness of results, leading to extensive calls for a standardization of methods in aeolian research (Webb et al., 2015;
Sherman, 2020). Despite remaining preferences for instrumentation type to measure both creep and saltation processes discussed in
the literature (Hugenholtz and Barchyn, 2011a; Sherman et al., 2011) along with mixed opinions on the applicability of wind
tunnel experiments for representing dynamical processes (Farrell and Sherman, 2006; de Winter et al., 2018), significant progress
has been made with the critique of traditional vertical flux gradient methodologies by applying eddy covariance techniques as
demonstrated by improved model estimates (Kok et al., 2014). As advances continue within the empirical approaches to sediment
transport by wind, a strong message emerges from the literature calling for applied and standardized approaches that can unify and
broaden the impacts of the relatively few field programs that are still favored over modelling efforts. Lastly, challenges in conducting
field research and acknowledging that most fieldwork occurs outside the local community of the scientists performing that research,
the authors also would like encourage field preparation and training for early career researchers and students to conduct field work
(e.g., see Demery and Pipkin, 2021). In addition, promoting the inclusion of local researchers whenever possible in the design,
implementation, and analysis of wind erosion field experiments, will hopefully continue to diversify the geosciences discipline,
which remains one of the least diverse disciplines in the sciences (Dowey et al., 2021).
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