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Abstract. 

Aerosols are liquid or solid particles suspended in the atmosphere, typically with diameters on 

the order of nanometers to microns. These particles impact air quality and the radiative balance 

of the planet. Dry deposition is a key removal process for aerosols from the atmosphere, and 

plays an important role in controlling the lifetime of atmospheric aerosols. Dry deposition is 

driven by turbulence, and shows a strong dependence on particle size. This review summarizes 

the mechanisms behind aerosol dry deposition, including measurement approaches, field 

observations, and modeling studies. We identify several gaps in the literature, including 

deposition over the cryosphere (i.e. snow and ice surfaces) and the ocean – and highlight 

measurement opportunities with new techniques to measure black carbon fluxes. While recent 

advances in aerosol instrumentation have enhanced our understanding of aerosol sources and 

chemistry, dry deposition and other loss processes remain poorly investigated. 

 

1. Introduction 

  

Aerosols are the strongest driver of uncertainties in understanding human impacts on climate.(1; 

2) Aerosols are small particles, either liquid or solid, suspended in the atmosphere. These 

particles directly interact with light through scattering (thereby having a cooling impact in the 

atmosphere, the extent of which depends on particle size) and absorption (thereby warming the 

atmosphere if the particle composition has adequate chromophores, typically through ‘brown’ 

and ‘black’ carbon). However, particles can also have indirect impacts on the atmosphere’s 

radiative balance by their interactions with water vapor in the atmosphere and growth into cloud 

droplets. Cloud droplets scatter light and enhance the albedo of the planet, and anthropogenic 



particles tend to enhance the albedo of clouds. The physical size and chemical properties of 

atmospheric aerosol particles determine their potential to influence the radiative balance of the 

planet. These properties are not static: atmospheric chemistry can change the chemical and 

physical properties of aerosol particles. Gas-particle partitioning, coagulation with other 

particles, and chemical reactions on particle surfaces can all enable changes in composition and 

chemical properties, including hygroscopicity, volatility and viscosity. All the different ways that 

aerosol affects climate, however, depend on their concentrations, which itself depends strongly 

on their removal rates. Thus, while these aerosol-cloud-radiation interactions are complex, it is 

the removal of these particles from the atmosphere that represents the single largest uncertainty 

in climate.(3; 4) Here, we build on previous work (5-8), and review the literature on dry 

deposition of particles from the atmosphere to surfaces, with particular emphasis on particle 

deposition measurements in the sub-micron size range over different surface types. 

 

1.1 Particle lifetime 

 

Particles are removed from the atmosphere through wet and dry deposition, both of which are 

typically considered true sinks (Figure 1). Dry deposition refers to the removal of particles by 

collision with terrestrial or hydrological surfaces by gravitational settling, impaction, interception 

and/or diffusion (Figure 2). Wet deposition refers to the scavenging of particles from the 

atmosphere by solid or liquid water and subsequent removal by precipitation. One nuance in this 

definition of wet deposition is that cloud droplets can subsequently evaporate and release the 

particles back into the atmosphere, albeit after potentially substantial aqueous chemical 

processing. As a result of wet and dry deposition, the lifetime of submicron particles is typically 



considered about a week in the atmosphere - long enough for intercontinental transport. On a 

global scale, this lifetime is dominated by wet deposition, but dry deposition is an important 

lever on aerosol lifetime in the absence of precipitation.  

 

Presently, there are serious problems with the existing understanding of depositions rates: current 

parameterizations are inaccurate (9-14); measurements are scarce; and, as expected, the rates are 

very important. For example, Goldstein and Galbally (15) estimated that wet deposition of 

secondary organic aerosol (one type of aerosol) was about 4 times that of dry deposition , but 

that the uncertainties in organic aerosol lifetime due to deposition were substantial. As the 

atmospheric relevance of aerosol-phase reactions are often assessed by comparison of reaction 

rates versus aerosol lifetimes, this uncertainty in deposition rates also impacts the way we think 

about aerosol chemical reactivity. 

 

The relative importance of these dry deposition processes depends on particle size, with 

gravitational settling significantly impacting only larger (i.e. >10 μm in diameter) particles, and 

diffusion acting on only the smaller (<300 nm) particles.(16) Dry deposition is typically 

described by the concentration (C) of the species of interest and a deposition velocity, Vdep: 

 𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷𝐷 𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 =  −𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑 × 𝐶𝐶      (1) 

Vdep is expressed as a rate; for submicron aerosol particles, Vdep are typically on the order of 0.1 

cm/s. A downward flux, or deposition, is taken as a negative flux by convention, while an 

upward or emitting flux is positive. Vdep provides a particularly useful metric for comparing 

results across sites – and for modeling particle removal – because it is independent of ambient 

concentration. Observation techniques typically measure the flux and concentration of particles, 



and derive the Vdep. However, dry deposition is challenging to measure because most 

measurement techniques rely on micrometeorological techniques, which require careful site 

selection and either vertical gradients in concentration (difficult as differences in actual 

concentration may be on par or smaller than differences in inlet losses) or particularly fast, 

sensitive and selective detectors for eddy covariance flux measurement (Section 2). 

 

The Vdep of particles can be directly related to the lifetime of aerosols due to dry deposition: 

   𝜏𝜏𝑑𝑑𝑑𝑑𝑑𝑑 𝑑𝑑𝑑𝑑𝑑𝑑 =  𝑉𝑉𝑑𝑑𝑑𝑑𝑑𝑑
𝐵𝐵𝐵𝐵𝐵𝐵

       (2) 

where BLH is the boundary layer height (typical afternoon BLH in troposphere are 1-3 km). The 

total atmospheric lifetime of particles is determined by dry and wet deposition. However, 

atmospheric chemists rarely consider total particle concentration, and instead often consider 

particles of specific sizes. In these cases, the lifetime of particles will additionally depend on 

removal rates of particles from the size range of interest through coagulation or condensation 

(resulting in particle growth). Particles are less likely to shatter in the atmosphere, though 

particles can shrink due to evaporation. 

 

1.2 Particle deposition as a key uncertainty in climate models 

  

While there are many reasons for the uncertainty in the aerosol impact on climate, they 

fundamentally stem from our ability to represent the processes that shape the size and 

concentration of particles in the atmosphere, including aerosol sources and sinks. Lee et al.(4) 

found uncertainty in dry deposition velocities of particles in the accumulation mode to be the 

largest contributor to uncertainty in cloud condensation nuclei (CCN) concentration in global 



models, which is critical to understanding cloud interactions (4). CCN are the particles to which 

water vapor condenses in the atmosphere and form cloud droplets. CCN can have varying 

compositions and sources, and we point the reader to several reviews that summarize the 

chemistry and physics of CCN (17; 18). CCN are typically sub-micron in diameter, but the 

deposition rates of larger particles are also relevant to climate processes - including dust (100 nm 

to 100 um in size).  CCN. Similarly, Carslaw et al.(2) found dry deposition of accumulation 

mode particles to be the largest contributor to uncertainties in the cloud albedo aerosol indirect 

effect. 

 

Dry deposition parameterizations are important to get right. Lee et al.(4) used expert elicitation 

to determine plausible ranges for 28 uncertain inputs to global aerosol microphysics models, 

including dry deposition of Aitken (0.01 – 0.1 μm in diameter) and accumulation mode (typically 

0.1 – 1 μm in diameter) particles. The purpose of this study was to determine the model inputs 

that contribute most to uncertainties in CCN predictions, both globally and regionally. Lee et 

al.(4) found dry deposition of particles in the accumulation mode to be the largest individual 

contributor to uncertainty in CCN – and Aitken mode dry deposition to be the ninth most 

important contributor. The maximum absolute uncertainties in CCN due to dry deposition occur 

over land where aerosol concentrations are highest. The maximum relative CCN uncertainties 

occur over remote regions, and are due to instances where dry deposition is the sole removal 

mechanism for air masses over timescales of several days. Uncertainties in size-dependent 

aerosol dry deposition rates dominate CCN prediction uncertainties over remote regions, 

particularly in regions with low precipitation rates.  

 



In a parallel study, Carslaw et al.(2) found dry deposition of accumulation mode particles to be 

the largest aerosol process contributor to uncertainties in the cloud albedo aerosol indirect effect. 

The bounding range for Aitken mode aerosol deposition was 0.5-2x the best guess (scaled evenly 

around the globe), while the bounding range for accumulation mode deposition was 0.1-10x the 

best-guess values. These uncertainty ranges reflect uncertainties in both the dry deposition 

parameterizations themselves (16; 19), and the uncertainties in the variability of subgrid-scale 

deposition rates. The large uncertainty range for the accumulation mode particles is due to the 

more parameterized nature of the deposition of these particles, as opposed to the relatively well-

understood Brownian diffusion of the smaller, Aitken mode particles (20).  

 

The results of Carslaw, Lee and co-workers strongly emphasize the need for increased certainty 

in accumulation mode aerosol dry deposition rates. The spatial distribution of these relative CCN 

uncertainties (proportional to aerosol indirect effect uncertainties) are particularly intriguing. 

Remote ocean surfaces also remain among the most logistically challenging environments to 

conduct field measurements over. Further, measurements over water surfaces are inherently 

challenged by the competition between deposition processes and simultaneous emission of sea 

spray aerosol due to wave-breaking.  

 

1.3 Particles as a source of nutrients and pollutants to ecosystems 

While wet and dry deposition processes obviously remove particles from the atmosphere, mass is 

conserved: these processes that act as sinks from the atmosphere are also sources to Earth’s 

terrestrial and aquatic surfaces. Addition of acidic compounds, including sulfuric acid / sulfate 

ions and nitric acid / nitrate ions have been the focus of decades of research into acid deposition 



to ecosystems. The addition of acidic components through atmospheric deposition can have 

devastating consequences to ecosystems including shifts in biodiversity, diminished plant health 

and damage to aquatic life.(21) Deposition of nitrogen compounds has been an additional focus 

in terrestrial ecosystems as nitrogen is often a limiting nutrient in temperature forests and 

agricultural systems.(22) Aerosols are often an important source of this deposition to natural 

ecosystems, although their impact on crops is potentially small (23). For example, one study in 

the Netherlands suggested that aerosol deposition accounts for 9% of total nitrate (NO -
3 ) and 

11% of ammonium (NH +
4 ) deposition over the entire country – but the relative contribution 

approximately doubled over forests, accounting for 20% of NO -
3  and 17% of NH +

4  deposition 

over coniferous forests.(24) Phosphorus is an intriguing element in terms of aerosol deposition: 

while there are few measurements of aerosol phosphate deposition, Vicars et al. (25) showed that 

deposition of aerosol phosphorus was significant to ecosystems in the Sierra Nevada, potentially 

leading to phytoplankton growth and eutrophication in lakes. We point readers to recent reviews 

for detailed analysis of long-term trends and consequences of atmospheric deposition from an 

ecosystem perspective. (26) Deposition of particles containing toxic metals, pesticides, 

polyflourinated compounds, or persistent organic pollutants are emerging topics of concern.(27-

29) Thus, a mechanistic understanding of particle deposition is essential not only for 

understanding the lifetime of aerosols in the atmosphere, but also for determining the addition of 

pollutants and nutrients from the atmosphere to terrestrial and aquatic ecosystems. 

 

2. Particle Deposition Measurement Approaches 

 



Our capacity to accurately parameterize dry deposition and thus model particle lifetimes in the 

atmosphere is limited by the small number of observations of particle fluxes. While measuring 

particle number concentrations, size distributions and composition is relatively straight-

forward(30), flux measurements are not. Measurements of the surface-atmosphere exchange of 

particles – particularly in remote, low-concentration regions – have been elusive.  

 

Multiple techniques have been used for measuring particle fluxes over surfaces, including the use 

of wind tunnels in laboratory experiments (31), but micrometeorological techniques (32) have 

emerged recently in the literature as preferred techniques. Pryor et al (33) provides a rigorous 

analysis of these micrometeorological techniques, so we only briefly summarize them below. 

 

The eddy covariance (EC) method is the most direct micrometeorological technique used for 

determining the vertical turbulent flux and exchange rate of particles over a given ecosystem.(33) 

The EC technique measures surface-atmosphere exchange, or flux (F), by averaging the deviations 

from the mean of vertical wind speed (w’) and concentration (c’), typically over 30 minutes (32; 

34):  

F= <w’c’>                                                                             (3) 

Concentration may be taken as aerosol number or mass within a chosen size bin. This approach 

requires measurements of vertical wind speed (typically by a sonic anemometer) and particle 

concentration (typically measured by fast optical sensors, either as a size-resolved value, or as an 

integrated sum of particles within the inlet/instrument sampling range). EC requires fast data 

acquisition (typically >5 Hz) and the appropriate physical location for sampling. Historically, 

individual condensation particle counters with known size cuts (35) were used to calculate 



particle fluxes. More recently, the instrument requirements are often met with rapid optical 

measurement techniques – often home-built or modified commercial instrumentation (11), 

although some more recently available commercial analyzers are capable of size-resolved 

particle flux measurements (12; 36). Mass spectrometry-based instruments can provide chemical 

resolution, but are typically unable to provide rapid size-resolution.(37; 38) The choice of 

sampling location must reflect several important assumptions. Measurements must be 

representative of an upwind area and within the boundary layer of interest to ensure that the 

‘fetch’ (i.e. area over which measurements are being integrated) is adequate. The terrain must be 

horizontal and uniform, and the flux must be fully turbulent (i.e. most of the vertical transfer 

must be done by eddies). Meeting these requirements is challenging, as exemplified in studies 

over high roughness terrains. (39)  

Alternate micrometeorological techniques for size-resolved particle fluxes include the relaxed 

eddy accumulation (REA) technique, which enables slower detection techniques by separately 

sampling drafts in the upward versus downward (and, ideally, neutral) directions.(40) REA 

measurements of size-resolved particles have been successfully implemented over several forest 

sites,(41; 42) and often provide comparable results to eddy covariance approaches.(43) Several 

groups have also successfully deployed disjunct sampling techniques.(44) For example, Held et 

al. (45) applied single particle time-of-flight mass spectrometry to the disjunct eddy sampling to 

derive chemically resolved particle fluxes, but noted that the required data processing was 

substantial. 

 

The gradient approach is simpler still, with measurements at fixed heights along a vertical 

gradient coupled to sonic anemometers, thus enabling users to derive vertical fluxes. This 



approach holds many assumptions regarding turbulence conditions, and requires the 

measurements at different heights to be comparable. Aerosol particles have size-dependent losses 

in inlet lines and are subject to gas-particle partitioning – thus making gradient measurements 

with different inlet lengths (or bends in inlet lines if identical in length) particularly challenging. 

 

An indirect approach to quantifying dry deposition to surfaces is to collect particles deposited to 

proxy surfaces. However, these approaches are limited in the ability of proxy surfaces to both 

physically and chemically represent true ecosystem surfaces, the potential for deposited particles 

to change form or evaporate after deposition, and the inability of analytical techniques to resolve 

whether observed compounds deposited on surfaces truly deposited as particles rather than gases. 

Large monitoring networks have successfully established measurements of particle deposition of 

specific chemical components (e.g. NO3
-, SO4

2-, NH4
+), but these measurements do not typically 

separate deposited aerosol by size, and thus do not provide size-resolved flux information. 

 

2.1 Challenges in interpreting observed fluxes 

 

Even when all the requirements for micrometeorological flux measurements are met, there are 

numerous challenges inherent in interpreting observed size-resolved particle fluxes. Model-

measurement comparisons typically assume that the aerosol flux measurement is driven entirely 

by dry deposition. However, particle flux observations often include upward fluxes indicative of 

source terms from in-canopy chemistry and secondary organic aerosol formation, bioaerosol or 

other primary emission, gas-particle partitioning along vertical thermal gradients, or in-canopy 

particle nucleation (5; 46-50). A sink term from deposition must be isolated in order to properly 



evaluate deposition models. This idea that chemically-induced fluxes impact observations of 

deposition for total aerosol has been validated by the observation that the chemical components 

of aerosols deposit at different rates (20; 37; 51). Black carbon (BC) may provide a useful test of 

size-resolved dry deposition parameterizations as it is not subject to the chemical interferences 

inherent to total aerosol flux measurements. Aerosol number measurements have significant 

contributions of organic aerosol and other chemical components subject to gas-particle 

partitioning or oxidation chemistry, while BC does not undergo significant chemical change on 

the timescale of turbulent eddies (<15 minutes), and should be unaffected by these otherwise 

confounding processes.  

 

Humidity poses an additional challenge in interpreting observed size-resolved particle fluxes. 

Particles typically contain water in the ambient air, depending on their size, hygroscopicity, and 

the ambient relative humidity. Our fundamental understanding of the factors that control 

turbulent motion or gravitational settling of particles in the atmosphere is that these factors are 

influenced by the actual size of the particles. Thus when measuring the size-dependent particle 

flux (i.e. the correlation between particle number concentration and vertical wind speed), the 

sizing of particles may be easier to interpret when the particle is wet, not dry. This nuance is 

counter to many aerosol measurement approaches, in which ambient particles are typically dried 

before sizing. Vertical gradients in temperature or concentration can similarly cause shifts in 

aerosol size distribution on the timescales of vertical exchange.(51; 52) 

 

3. Observations of particle deposition 

 



There are few recent measurements of aerosol flux, and thus Vdep observations, over vegetated 

surfaces. This lack of observations is dominantly due to the challenges with aerosol flux 

measurements. While there are reviews of particle flux and deposition measurements, it has been 

over a decade since a comprehensive report of all current measurements - for all types of 

ecosystems - has been attempted (5; 53), although we note the recent work of Saylor et al 

(13),Petroff and colleagues (54), and Emerson et al (14). In Table 1, we compile an extensive list 

of dry deposition particle measurements, including the studies that report deposition velocities 

along with information about measurement size range, method, and location. The table is 

organized first by general land type, grass, forest, water, and snow/ ice, and then by date. A 

selection of this available data is plotted in Figure 3 to provide a clear, visual representation of 

gaps in our observations. Here, these observations are used to understand the major questions 

still facing the study of aerosol dry deposition. Figure 3 highlights the lack of measurements over 

the cryosphere – and that the bulk of size-resolved particle flux measurements have been 

collected in the accumulation mode. 

Size is clearly a key controlling variable in particle dry deposition (14; 53; 55). Small particles 

are more strongly influenced by deposition processes driven by Brownian diffusion, while larger 

particles are more strongly influenced by interception, impaction and gravitational settling 

(Figure 2). As a result of these competing processes, described in detail in Section 4, deposition 

velocity typically exhibits a minima in the accumulation mode. This minima occurs because 

uptake to surface collectors due to Brownian diffusion decreases as size increases, while removal 

by gravitational settling increase with size. The roles of surface uptake due to impaction and 

interception processes also increase with size, though models suggest a drop-off at very large 

(i.e. 10s of μm in diameter) size range. Of course, the relevance of different aerosol modes, or 



size ranges, depends on the question being posed: small particles are typically greater in number, 

but can be less important in terms of mass exchange.  

Deposition velocities are clearly a function of turbulence (typically described by friction 

velocity, u*) – with more turbulent conditions inducing a stronger flux.(11; 36; 56; 57)  Land use 

type also impacts deposition velocity, with more complex ecosystems with greater surface area 

holding more ‘collectors’ and enabling more deposition through interception. Hence, deposition 

velocities over forests are typically greater than over grasslands, which are in turn greater than 

lakes or smooth aquatic surfaces. At larger particle sizes (>10 μm diameter), gravitational 

settling plays a controlling role, and deposition rates tend to converge independent of surface 

structure. 

 

4. Current models and our mechanistic understanding 

 

One major challenge in modeling aerosol concentrations is the prediction of deposition trends 

over a wide range of land use types, while maintaining model ability to be assimilated easily into 

global transport and climate models. Models typically use an aerosol deposition module with a 

particle size dependent resistance approach tailored for terrestrial surfaces (7; 58). Slinn (16) 

developed a resistance approach to model deposition to various vegetative canopies, utilizing 

land-use specific resistances. The parameterization developed by Zhang et al. (19) expanded on 

the Slinn approach by incorporating simple empirical parameterizations for the dry deposition 

processes. Zhang et al.(19) also expanded the application of the resistance approach to 14 

different land use types, which include water and ice surfaces. 



The Zhang framework is currently used in multiple chemical transport and climate models 

(including GLOMAP and GEOS-Chem). Both Slinn (16) and Zhang et al. (19) describe the 

particle size-dependent deposition velocity (Vdep) as: 

𝑉𝑉 =  𝑉𝑉 +  1
𝑑𝑑𝑑𝑑𝑑𝑑 𝑔𝑔                                       (4) 

𝑅𝑅𝑎𝑎+ 𝑅𝑅𝑠𝑠

where Vg is the gravitational settling speed, which is a function of particle density, diameter, 

viscosity of air, and a correction factor for small particles derived from the mean free path of 

molecules in air, temperature, pressure and kinematic viscosity. Ra and Rs are the aerodynamic 

and quasi-laminar sublayer resistances, respectively: 

𝑅𝑅𝑎𝑎 = ln(𝑧𝑧𝑟𝑟,𝑧𝑧𝑜𝑜)− 𝛹𝛹𝐻𝐻       (5) 
𝜅𝜅𝑢𝑢∗

𝑅𝑅𝑠𝑠 = 1
(       (6) 

𝜀𝜀𝑜𝑜𝑢𝑢∗ 𝐸𝐸𝐵𝐵+𝐸𝐸𝐼𝐼𝐼𝐼+𝐸𝐸𝐼𝐼𝐼𝐼)𝑅𝑅𝑖𝑖

where zr is the height, zo is the roughness length, ΨH is the stability function, κ is the von Karman 

constant and u* is the friction velocity. In the quasi-laminar sublayer equation, εo is an empirical 

constant, Ri represents the fraction of particles stuck to a surface, and EB, EIN and EIM are the 

collection efficiencies of Brownian diffusion, interception and impaction, respectively. Zhang et 

al. (19) take EB, and EIN from Slinn (16), and EIM from Peters and Eiden (59): 

  𝐸𝐸𝐵𝐵 = 𝑆𝑆𝑆𝑆−𝛾𝛾            (7) 

2
𝐸𝐸𝐼𝐼𝐼𝐼 = 1 𝐷𝐷 � 𝑑𝑑�        (8)  

2 𝐴𝐴

𝛽𝛽
𝐸𝐸𝐼𝐼𝐼𝐼 = � 𝑆𝑆𝑆𝑆 �       (9) 

𝛼𝛼+𝑆𝑆𝑆𝑆



where Sc is the Schmidt number, and St is the Stokes number (calculated from gravitational 

deposition velocity, friction velocity, and either the kinematic viscosity of air for oceans and 

other smooth surfaces, or the acceleration due to gravity and a ‘characteristic radius’ that 

depends on the collection surface, A). The other four variables represented in these equations are 

land use dependent constants for the collection efficiencies: γ (Brownian diffusion), A 

(interception), α (impaction), and β (impaction). Zhang et al. (19) tuned the γ, A, α, and 

roughness length (z0) variables for each of the 14 land use types employed in the model. The β 

term was taken to equal 2 for all land use types in Zhang et al. [2001]. 

Slightly different frameworks for describing aerosol dry deposition also exist (e.g. 60), but are 

not commonly used in atmospheric chemical transport models. Alternate equations for the 

collection efficiency of interception (EIN) and impaction (EIM) have been proposed by Slinn 

(16), Giorgi (61; 62), Pleim and Ran (63), Petroff and Zhang (54) and Emerson et al. (14), but 

are infrequently incorporated into global models. These alternate parameterizations are rarely 

evaluated against aerosol observations. In a key piece of work, Saylor et al. (13) implemented 

several of these deposition algorithms in a regional air quality model, and found that fine particle 

concentrations varied 5-15% depending on the deposition algorithm – with total deposition 

varying by over 200%. Emerson et al. (14) implemented a revision of the Zhang 

parameterization constrained by observations in a chemical transport model, and noted that 

global surface accumulation mode number concentrations increased by 62% compared to the 

Zhang parameterization – and thus impacted the aerosol direct and indirect effect substantially. A 

closer investigation of these algorithms and model-measurement comparison was clearly 

warranted. 



While the values described in Zhang et al. (19) have been compared against some observations 

over vegetated surfaces, the parameters used to tune modern deposition models to ocean surfaces 

have not been tested against observations. This is likely due to the lack of aerosol flux 

observations, and in particular size-resolved aerosol flux measurements, over the ocean – and the 

fact that these observations include both a source term from sea spray and a sink term from 

deposition that must be separated in order to properly evaluate the deposition model. Aerosol dry 

deposition models that are specific for ocean and water surfaces endeavor to address wind speed 

dependence and processes specific to the marine environment (e.g. 64; 65-69). However, these 

models are infrequently used in global models.   

A more recent model developed by Petroff and Zhang (54) was able to better capture deposition 

trends over 26 different land use types defined in the work. The Petroff and Zhang 

parameterizations are more sensitive to surface changes because of the revised form of the 

deposition velocity that considers the leaf area index (LAI) as well as canopy height. The model 

also includes the ground bellow the canopy as a surface for deposition. The second major 

difference between Petroff and Zhang (54) and Zhang et al. (19)(2001), is the parametrization of 

Brownian diffusion, interception, and inertial impaction as well as the inclusion of turbulent 

impaction in Petroff and Zhang (2010): 

−2 1
𝐸𝐸𝐼𝐼𝐵𝐵 = 𝐶𝐶𝐵𝐵𝑆𝑆𝑆𝑆 3 𝑅𝑅𝐷𝐷−2                                                   (10) 

𝐸𝐸𝐼𝐼𝐼𝐼 = 𝐶𝐶𝐼𝐼𝐼𝐼 �
𝑑𝑑𝑑𝑑�  (𝐷𝐷𝐷𝐷𝐷𝐷𝑛𝑛𝐹𝐹𝐷𝐷 − 𝐹𝐹𝐷𝐷𝑙𝑙𝐷𝐷 𝐷𝐷𝑜𝑜𝐷𝐷𝐷𝐷𝑜𝑜𝑆𝑆𝐹𝐹𝐷𝐷𝐷𝐷)              (11a) 
𝐴𝐴

𝐸𝐸𝐼𝐼𝐼𝐼 = 𝐶𝐶 𝑑𝑑𝑑𝑑 4𝐴𝐴
𝐼𝐼𝐼𝐼 � � �2 + ln � ��  (𝐹𝐹𝐷𝐷𝑜𝑜𝑙𝑙 𝐷𝐷𝑜𝑜 𝐷𝐷𝐹𝐹𝑜𝑜𝐷𝐷𝐷𝐷 𝐷𝐷𝑜𝑜𝐷𝐷𝐷𝐷𝑜𝑜𝑆𝑆𝐹𝐹𝐷𝐷𝐷𝐷)              (11b) 

𝐴𝐴 𝑑𝑑𝑑𝑑



𝛽𝛽
𝐸𝐸𝐼𝐼𝐼𝐼 = 𝐶𝐶𝐼𝐼𝐼𝐼 �

𝑆𝑆𝑆𝑆 �( )                                                 (12) 
𝛼𝛼+𝑆𝑆𝑆𝑆

2
𝐸𝐸 −3
𝐼𝐼𝐼𝐼 = (2.5 × 10 ) × 𝐶𝐶𝐼𝐼𝐼𝐼 × �𝜏𝜏𝑑𝑑ℎ�  𝐷𝐷𝑙𝑙 𝜏𝜏𝑑𝑑ℎ < 20     (13a) 

𝐸𝐸𝐼𝐼𝐼𝐼 = 𝐶𝐶𝐼𝐼𝐼𝐼 𝐷𝐷𝑙𝑙 𝜏𝜏𝑑𝑑ℎ ≥ 20      (13b) 

where Re is the Reynolds number on top of the canopy and the CB, CIN, CIM, and CIT are 

numerical coefficients for Brownian diffusion, interception, inertial impaction, and turbulent 

impaction respectively. These constants are adjusted based on the land use type. In equation (11) 

the τph term is the non-dimensional particle relaxation time. Interception deposition efficiency 

(Equation 11) has two forms, the first is for needle-like obstacles and the second is for leaf or 

plane obstacles. The β term was also taken to equal 2 for all land use types, just as it was by 

Zhang et al. (19). 

Another important improvement in Petroff and Zhang (54) was the incorporation of velocity 

attributed to the phoretic effects (Vphor) observed over water, ice, and snow surfaces, into the 

calculation of the drift velocity. This addition significantly increased the accuracy of the 

predicted size-resolved deposition over these surfaces. When compared to observed deposition 

measurements for water surfaces, Petroff and Zhang (70) were able to accurately capture the 

minimum in the deposition trend using the Vphor term. For snow and ice surfaces, the 

improvement is less obvious due to the scarce number of direct deposition measurements over 

those surfaces to compare the model against. 

While the Petroff and Zhang (54) parameterization compares better to observations, it is not 

currently used in global transport and climate models. One reason for this may be that in Petroff 

and Zhang (54), a total of 26 land use categories are defined, compared to the 14 originally 



incorporated into global models. By changing these fundamental parameterizations, the Petroff 

and Zhang algorithm may be more difficult to assimilate into current deposition modules than the 

frequently used Zhang (19)parameterization. Emerson et al (14) aimed to strike a balance 

between these challenges by maintaining the structure of the key Zhang parameterization, while 

capturing observed size dependence in dry deposition. It is clear that while a robust 

parameterization, that agrees well with the available direct deposition measurements, is needed 

in global models the framework needs to be constrained enough to easily incorporate into a 

broad array of chemical transport models and into existing deposition modules. 

 

5. Black carbon 

Black carbon (BC) is a particularly important material for understanding aerosol lifetime: BC is 

chemically stable and non-volatile, is only formed in combustion, and can be sensitively and 

selectively detected, both in the air and post-deposition in the cryosphere. When  deposited on 

snow surfaces, BC increases absorption of sunlight by the surface, enhancing snow aging and 

melting (71) and generating positive climate feedbacks (72). 

 

Black carbon (BC) directly impacts atmospheric temperature via absorption of solar radiation, 

and indirectly impacts cloud formation and their optical properties (73). Upon deposition to snow 

and ice surfaces, BC can alter surface albedo and enhance snowmelt (72; 74). Key BC sources 

include combustion of fossil fuels and biofuel, and biomass burning and wildfire (75). Major 

sinks are dry deposition and wet deposition through scavenging by cloud droplets, ice crystals 

and precipitation. While much recent work has focused on the source, aging and optical 



properties of black carbon (e.g. (75) and references therein), the deposition component of the life 

cycle of BC remains poorly constrained.  

 

BC deposition to snow and ice surfaces links anthropogenic pollution, changes in the planet's 

radiative balance, and human impacts. Recent work (e.g. (76-79)) has linked BC deposition on 

snowpacks to more rapid snowmelt and thus the water supply for agriculture and population 

centers in the Himalaya, Cascades and Sierra Nevada range of California. Hadley et al. (76) 

noted that atmospheric BC concentrations decreased during snowfall events, suggesting that the 

bulk of BC that deposited to the Sierra Nevada snowpack was the result of scavenging below 

clouds rather than ice nucleation. The authors also noted that BC in the Sierra Nevada snowfall 

would darken fresh snow to such an extent that the albedo could be reduced by >1% (76). In 

contrast, Yasunari et al. (79) found that dry deposition in the pre-monsoon season of the 

Himalaya was particularly important for albedo reduction of mountain glaciers, and thus the 

timing of snowmelt. However, predictions of BC concentrations in snow and their consequent 

effects on albedo, surface temperatures and snowmelt rely on accurate representations of wet and 

dry deposition of BC, as well as on the evolution of snow on seasonal timescales (e.g. snow 

metamorphism, sublimation, melt, blowing). Yasunari et al. (79) noted that “how to estimate [BC 

dry deposition velocity] more accurately at the grid point, which includes snowcover or glacier 

surface, is the key to assess[ing] glacier retreats or seasonal snow melt timings, in terms of the 

debris-covered area, snow darkening effect due to climate and environmental changes, using 

climate models”. Other work has suggested that wet deposition and transport dominates the 

lifetime of BC in the Arctic (80), and that more observational constraints on wet deposition in 

particular are essential. The uncertainties in accurately predicting BC in or on snow surfaces, and 



thus the impacts on albedo and snowmelt, are directly linked to the poor understanding of 

deposition and the lack of BC deposition measurements.  

 

The Single Particle Soot Photometer (SP2; (81; 82)) offers an intriguing opportunity to make 

eddy covariance surface-atmosphere flux measurements of refractory BC. Emerson et al. (70) 

demonstrated that this instrument can be coupled to the eddy covariance approach to provide 

direct flux observations of BC over a grassland, while Joshi et al. (83) demonstrated its flux 

measurement capacity over the far more polluted urban environment of Beijing.  

 

6. Open questions  

Our understanding of size-dependent particle dry deposition is poor due to the lack of field 

observations. To reduce model uncertainty, we require a deeper understanding of size-dependent 

dry deposition rates over key terrestrial and aquatic surfaces. Water surfaces and the cryosphere 

are two particularly poorly understood surfaces for particle dry deposition. 

 

 6.1 Water Surfaces 

Clouds in the marine boundary layer have a particularly strong, but poorly constrained, influence 

on climate (84; 85). Clouds are most susceptible to changes due to aerosols when clouds have 

low optical depths, large horizontal extent, and low aerosol concentrations – as in, for example, 

the stratocumulus regions of the subtropical oceans (86; 87). Uncertainties in size-dependent 

aerosol dry deposition rates dominate CCN prediction uncertainties over remote global ocean 

regions, particularly in regions with low precipitation rates (4). Uncertainties in remote ocean 

CCN mean that uncertainties in dry deposition could be the leading contributor to uncertainties 



in aerosol indirect effects globally due to high cloud susceptibility in many remote ocean regions 

(2). These results strongly emphasize the need for increased certainty in dry deposition rates over 

oceans in models (2; 4).  

 

 6.2 Cryosphere 

Surface properties clearly influence deposition, and while we have developed appropriate 

parameterizations for dry deposition in forest and grassland ecosystems, we expect the 

cryosphere to behave as a very different surface for particle uptake due to its distinct chemical 

and physical properties relative to leaf surfaces. 

Direct measurements of dry deposition over ice- and snow-covered surfaces are limited (88-91). 

Deposition velocities over rough surfaces have been shown to be considerably higher (> 100 %) 

than those reported over smooth snow-covered surfaces (92). Gallagher et al. (93) observed a 

similar phenomenon, where the introduction of snowfall to a spruce forest resulted in a two 

factor reduction in the flux of cloud droplets to the canopy. However, the characteristic size-

resolved trend is still present in the data, with ultrafine (<0.1 μm in diameter) and coarse mode 

(typically, 2.5 – 10 μm diameter) particles depositing faster than accumulation mode particles. 

Seasonal differences in deposition have also been observed in the cryosphere. Macdonald et al. 

(94) showed that deposition for accumulation mode black carbon increased during warmer 

months. This trend is thought to be a result of increased scavenging by mixed-phase clouds 

during those periods. Measurements with higher size resolution over longer periods are needed to 

fully understand how these surfaces change particle deposition in the cryosphere. 

Accurately characterizing BC dry deposition is particularly important for regions with high snow 

and ice cover because of BC’s high impact on the surface albedo. Huang et al. (95) showed that 



alteration of dry deposition parameterizations over the base model was essential for correctly 

modeling surface concentrations of black carbon in the Arctic; use of an unaltered dry deposition 

module caused underestimation of surface black carbon by factors of at least 2, and often 5 or 

more. Huang et al. (95) used the size-resolved resistance-in series approach of Zhang et al. (19). 

However, to the best of our knowledge, this dry deposition parameterization has never been 

tested against BC deposition, only total (refractory + non-refractory) aerosol deposition. There is 

a clear need for an assessment of current deposition models against an observational dataset of 

aerosol fluxes over the cryosphere. 

 6.3 Phoretic effects 

For water, snow, and ice surfaces there are additional factors impacting particle deposition, in 

comparison to vegetative surfaces. Near surface gradients in temperature, water vapor, and 

electricity all have the potential to alter the movement of particles towards the collecting 

surfaces. These surface effects are collectively referred to as phoretic effects. Thermophoresis, 

caused by temperature gradients, as well as diffusiophoresis, caused by gradients in water vapor 

concentration, are both speculated to impact deposition of fine particles. While these phoretic 

effects can force particle movement towards cold and evaporating surfaces, the Stefan flow 

effect induces flow towards the condensing surface. The impact of electrophoresis on particle 

deposition is not well constrained. Tammet et al. (96) investigated these effects through a model 

study and found them to be an essential mechanism for 10 – 200 nm particles during periods of 

low wind speed, however, strong wind speeds appear to suppress this mechanism. Full 

characterization of these effects requires targeted near surface measurements of the magnitude of 

these gradients. 

 6.3 Other terrestrial surfaces 



The Earth’s terrestrial surface is diverse, with different plant structures that will induce different 

turbulent dependences and different collection efficiences - and thus different deposition rates. 

Further, plant morphology and physiology is not static, and changes as ecological succession 

progresses and with seasonal cycles. The role of these changes in surface structure are poorly 

understood, but may have substantive effects on aerosol dry deposition and thus atmospheric 

lifetime. For example, Pryor et al. (97) observed enhanced deposition rates for ultrafine (< 100 

nm in diameter) particles over a Midwestern US forest during leaf-out relative to bare trees, and 

were able to attribute the bulk of ultrafine particle deposition to canopy uptake (rather than the 

ground). In contrast, Rannik and co-workeres (98) made long-term integrated (i.e. not size-

segregated) fluxes over a boreal pine forest, and found stronger particle deposition fluxes in the 

winter than summer – but attributed this seasonal variability to shifts in size distribution, not 

surface collectors (99). 

 

Urban surfaces are a particularly challenging region to study as airflows and micrometeorology 

in urban environments are complex. Eddy covariance measurements are challenging and rarely 

done – although several recent studies have successfully characterized the urban emissions of 

particles from vehicle exhaust and other sources.(48; 100-104) Deriving the deposition term over 

urban surfaces is more challenging as it requires measurements far downwind of major sources, 

or a strong understanding of the simultaneous emissions. However, it is intriguing that deposition 

has been strong enough over urban parks for several of these studies to observe it.(103; 104) 

 

7. Conclusions 

 



With the exception of urban, ocean, and chemically-resolved particle flux studies, most work to 

date assumes that observed downward fluxes represent purely deposition processes. However, 

upward fluxes are frequently observed, whether over forests or grasslands.(46; 97; 105) While 

such observations are reasonable over urban or marine areas where primary emission sources 

may be substantial, upward fluxes over remote regions have proven to be more puzzling and 

often attributed to particle nucleation, entrainment or vertical gradients in gas-particle 

partitioning. However, Emerson et al.’s recent observation (70) of upward black carbon fluxes 

over a grassland site suggests that upward fluxes may be ubiquitous and contributing processes, 

such as resuspension, warrant further investigation.  

 

Dry deposition of particles is an underappreciated uncertainty in our ability to predict both 

radiative and health effects from atmospheric aerosols. However, newer instruments developed 

over the past two decades have enabled an array of new field observations of size-resolved 

particle fluxes. Beyond size-resolution, the addition of chemical-resolution in particle flux 

measurements would be particularly useful for separating different driving mechanisms 

responsible for upward and downward fluxes. For example, our 2017 measurements of black 

carbon wet deposition and surface-atmosphere exchange fluxes over the Southern Great Plains 

site in Oklahoma allowed us to quantify the relative importance of wet versus dry deposition. In 

that work, we observed that wet deposition dominated dry deposition at the site during the 

campaign, resulting in dry deposition accounting for about 6% of the loss and a net lifetime for 

BC of 7-11 days (70). However, these observations were limited to one location over just a few 

weeks, and many more measurements over many environments are essential for more generally 

constraining the importance of, and mechanisms behind, particle dry deposition.  



 

While measurements over terrestrial ecosystems have increased in number over the past two 

decades, the Earth’s surface is complex, and fundamentally improving our understanding of 

deposition – and thus our capacity to model it – requires additional observations over the 

cryosphere, water surfaces, urban systems and the biosphere. 
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Figures and Tables 
 
 

 
Figure 1: Primary emissions and secondary chemistry are key sources of aerosols in the 
atmosphere. Wet deposition and dry deposition remove particles, determining the lifetime of 
aerosols in the atmosphere. Deposition surfaces include forests, grasslands, ice, water and urban 
environments, with each surface type removing particles at different size-dependent and 
turbulence-dependent rates. 
  



 

 
Figure 2: Dry deposition velocities of particles are a function of particle diameter, and driven by 
a combination of processes including Brownian diffusion (a, blue), gravitational settling (b, 
yellow), interception (c, orange), and impaction (d, pink). The relative importance of these 
processes varies with particle size and surface type. 



 
Figure 3. Compilations of multiple size-resolved particle flux observations as deposition velocity 
as a function of size over grasslands (a), forests (b), water surfaces (c) and the cryosphere (d). 
These datasets are not normalized for friction velocity (u*), which is established to strongly 
influence flux. 
  



Table 1. Size-resolved particle flux observations, separated by land use type, method, size range 
and typical deposition velocity. We exclude urban fluxes (see Section 6.3). 

Land Use 
Type 

Site Location 
and Details  

Method Size Range 
(μm) 

Vdep 
(cm/s) 

Study 

Grass  Grass and Filter 
paper 

Gradient 0.08 – 32 0.01 – 
7.2  

Chamberlain 
and Spence 
1967 (106) 

Moss (Hypnum 
cupressiforme) 
and Italian rye 
grass 

Wind tunnel 
experiment 

0.5 0.024 Clough 1975 
(107) 

Wood River 
refinery com- 
plex 
Illinois, USA 

Eddy covariance 0.05 – 0.1  0.6 ± 0.4 Wesely et al. 
1977 (108) 

Grass Gradient 0.05 – 1 0.525 Garland and 
Cox 1982 
(109) 

Mount St. 
Bernard Abbey 
near Coalville, 
Leicestershire, 
England 

Gradient 5 – 30 2.4 – 7.0  Dollard and 
Unsworth 
1983 (110) 

Champaign 
Illinois, USA 

Eddy covariance 0.15 – 2.5  Negative Katen and 
Hubbe 1985 
(111) 

Champaign 
Illinois, USA 

Eddy covariance ~ 0.1 – 1 0.22 ± 
0.06 

Wesely et al. 
1985 (112) 

South Charleston 
Ohio, USA 

Eddy covariance < 1  0.4 – 0.8  Hicks et al. 
1986 (113) 

Great Dun Fell, 
England 
Moorland with 
Eriophorun and 
Juncus species 

Gradient 5 – 31  0.5 – 8.9 Gallagher et 
al. 1988 (114) 

Great Dun Fell, 
England 
Moorland with 
Eriophorun and 
Juncus species 

Gradient 2 – 30  2.1 – 3.9  Fowler et al. 
1990 (115) 

Sport fields at the 
University of 
Essex 
Colchester, 
England 

Gradient 0.1 – 2  0.10 ± 
0.03 

Allen et al. 
1991 (116) 



Auchencorth 
Moss field site, 
South East 
Scotland 
Transitional 
lowland raised 
bog, Sphagnum 
species 

Eddy covariance 0.1 – 3  0.007 – 
1.2  

Nemitz et al. 
2002 (117) 

Shedd, Oregon 
Field of rye grass 

Eddy covariance 0.52  0.16 – 
0.44 

Vong et al. 
2004 (118) 

Southern Great 
Plains (SGP) site  
Lamont, 
Oklahoma, USA 
Alfalfa 
(Medicago sativa) 
field  

Eddy covariance 0.07 – 0.6  0.03 ± 
0.02 

Emerson et al. 
2018 (70) 

Grass cuttings and 
synthetic 
commercial grass 

Gradient 0.24 – 7.8  0.046 – 
2.3  

Connan et al. 
2018 (119) 

Forest      
Solling forest 
(Spruce and beech 
trees) 

Gradient 0.26 – 2.4 0.7  – 
1.8 

Hofken 1982 
(120) 

Königstein 
Frankfurt, 
Germany 

Gradient 0.1 – 10  1.4 – 1.9  Grosch and 
Schmitt 1988 
(121) 

Spruce forest Gradient 0.5 – 10  0.8 – 1.6  Waraghai  et 
al. 1989 (122) 

Pine plantation Gradient 0.5 – 5  0.34 – 
0.92  

Lorenz and 
Murphy 1989 
(123) 

Speulderbos 
Holland, 
Netherlands 
Douglas fir forest 

Eddy covariance 0.1 - 3 0.02 - 11 Gallagher 
1997 (124) 

Scots Pine forest 
(SMEAR II 
station), Hyytiäälä 
Finland 

Eddy covariance 0.012 – 1   Buzorius et al. 
1998 (47) 

Scots Pine forest 
(SMEAR II 
station), Hyytiäälä 
Finland 

REA 0.05 0.43 ± 
0.06 

Gaman et al. 
2004 (40) 

Norway spruce 
forest (Waldstein 

Eddy covariance 0.003 – 0.8 -0.23 - 
0.37  

Held et al. 
2006 (125) 



research site, 
Germany) 
CarboEuroFlux 
experimental 
forest site 
Sorø, Denmark 
Beech forest 

Eddy covariance 0.02 – 0.07 0.15 – 
0.45  

Pryor et al. 
2006 (126) 

Scots Pine forest 
(SMEAR II 
station), Hyytiäälä 
Finland 

REA 0.008 – 0.15 0.6-2.1 GröNholm et 
al. 2007 (57) 

Sorø, Denmark 
Beech forest & 
Scots Pine forest 
(SMEAR II 
station), Hyytiälä, 
Finland 

Eddy covariance 
and REA 

0.01 – 0.1 0.2 – 0.5  Pryor et al. 
2007 (33) 

Reserva Biológica 
do Cuieiras 
Manaus, Brazil 

Eddy covariance 0.01 – 0.1  Ahlm 2009 
(105) 

Scots Pine forest 
(SMEAR II 
station), Hyytiälä, 
Finland 

Eddy covariance 0.01 – 0.06  0.06 – 
0.5 

GröNholm et 
al. 2009 (127) 

Morgan‐Monroe 
State Forest 
(MMSF) Indiana, 
USA 
Mixed deciduous: 
sugar maple, tulip 
poplar, sassafras, 
white oak, and 
black oak  

Eddy covariance 0.008 – 0.1 0.06 – 
0.3 

Pryor et al. 
2009 (10) 

Wet tropical 
rainforest 
(Amazonia, 
Brazil) 

Eddy covariance 0.25-2.5  Ahlm et al. 
2010 (36) 

Cuieiras 
Manaus, Brazil 

Eddy covariance 0.01 – 0.3 Reports 
flux 

Rizzo et al. 
2010 (35) 

Ponderosa pine 
plantation 

Eddy covariance 0.25 – 1.0  0.2-0.6 Vong et al. 
2010 (11) 

Borden Forest 
Research Station 
Ontario, Canada 

Eddy covariance 0.018 – 0.452 0.08 – 
0.6 

Gordon et al. 
2011 (128)  



Mix of hardwood 
and coniferous 
trees 
SMEAR II station 
Hyytiälä, 
Southern Finland 
Scots pine forest 

Eddy covariance 0.01 – 0.3 0.07 – 
0.4 

Mammarella 
et al. 2011 
(99) 

Yatir Forest 
Research Station, 
Israel 
Aleppo pine trees 

Eddy covariance 0.25 – 0.65  Lavi et al. 
2013 (39) 

Lab Wind tunnel 
experiment 

0.5 – 200  0.9 - 13 Zhang 2014 
(129) 

Norway spruce 
forest (Waldstein 
research site, 
Germany) 

Eddy covariance 0.006 – 1.4  -0.27 Deventer et al. 
2015 (130) 

Ontario, Canada 
Temperate 
broadleaf forest 

Eddy covariance 0.05 – 0.5  Petroff et al. 
2018 (12) 

Water Lab Wind tunnel 
experiments 

0.04 – 1.5 0.01 – 
0.04  

Möller and 
Schumann 
1970 (131) 

Lab Wind tunnel 
experiments 

0.3 – 28  0.004 – 
38  

Sehmel and 
Sutter 1974 
(132) 

Lab Wind tunnel 
experiments 

0.1 - 1  Larsen et al. 
1995 (133) 

Southwest coast 
of Sweden, near 
Falkenberg 

Gradient  0.05 – 10   Gustafsson 
and Franzen 
1996 (134) 

Lake Michigan Gradient 0.25 – 100 0.06 – 5  Zufall et al. 
1998 (135) 

Lake Michigan Physical 
sampling 

0.05 – 50  0.004 – 
11  

Caffrey et al. 
1998 (136) 

Baltic Sea Gradient 1 – 20  Only 
report 
flux 

Petelski 2003 
(137) 

Surf zone on the 
island of 
Østergarnsholm, 
Sweden 

Physical 
sampling 

0.5 – 20   Pryor et al. 
2008 (138) 

Northwest Pacific 
Ocean: The 
Yellow Sea and 

Physical 
sampling 

~0.5 – 35   Zhang et al. 
2007 (139) 



the East China 
Sea 
Yellow Sea Physical 

sampling 
~0.5 – 11   Shi et al. 2013 

(140) 
Lab Wind tunnel 

experiments 
 6x10-5 – 

0.004 
Calec et al. 
2017 (141) 

Marginal Seas of 
China (Yellow 
Sea, Bohai Sea, 
East China Sea, 
and South China 
Sea) and the 
Northwest Pacific 
Ocean 

Physical 
sampling 

~0.5 – 11 0.0052 – 
6.97 

Qi et al. 2020 
(142) 

Snow and 
Ice 

Snow field Physical 
sampling 

0.7 – 7  0.035 – 
0.14 

Ibrahim et al. 
1983 (90) 

Pennsylvania 
State University 
Agricultural 
Research Farm  
Rock Springs, PA 
Snow covered 
field 

Eddy covariance 0.15 – 1  0.021 – 
0.034 

Duan et al. 
1988 (89) 

Dunslair Hights, 
Scotland 
Snow covered 
Sitka spruce 
forest 

Eddy covariance 3 – 31  - 4.4 – 
50.9 

Gallagher et 
al. 1992 (93) 

Arctic Ocean Ice 
floe 

Eddy covariance 0.01 – 1 0.05 – 
0.14 

Nilsson and 
Rannik 2001 
(91) 

Dronning Maud 
Land (DML), 
Antarctica 
Smooth snow 
surface 

Eddy covariance 0.01 – 0.85  0.08 – 
1.89  

Grönlund et 
al. 2002 (92) 

Nansen Ice Sheet, 
Antarctica 
Iced branch of the 
Ross Sea 

Eddy covariance 0.01 - 1 0.06 ± 
0.09 

Contini et al. 
2010 (88) 

Neil Trivett 
Global 
Atmosphere 
Watch 
Observatory 
Alert, Nunavut 

Physical 
sampling 

0.07 – 0.5  0.03 ± 
0.09 

Macdonald et 
al. 2017 (94) 
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