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Abstract 
Landcover geometry perturbs atmospheric aerosol loading and hence the Earth’s energy budget 

through aerosol dry deposition (ADD). However, this climate effect remains elusive due to the 
knowledge gap in the relationship between landcover geometry and ADD. Here, we integrate 
remote sensing, ground observations and laboratory experiments to show that ADD is enhanced 
first and then weakened with increasing total geometric area of soil(water), vegetations and 
buildings per unit ground (i.e., AL). This “area law” for ADD cannot be explained by the resistance 
model prevailing for half a century. We therefore develop phase-wise migration theory by 
reconstructing ADD physical framework from multi-scale fluid dynamics and aerosol dynamics. 



All parameters in the reconstructed framework have definite physical meaning and are measured 
or theoretically derived, making the framework capable of predicting ADD velocity without any 
fitting to observed ADD velocity. This new paradigm completely supported by fundamental 
dynamics surpasses the current semi-empirical paradigm where resistance model predicts ADD 
velocity only after fitting itself to observed ADD velocity. As a result, our theory not only well 
explains the observed “area law” but also decreases observation-prediction discrepancy in ADD 
velocity from factors of 50-100 to a factor of 8. Coupling the new framework into the Community 
Earth System Model reveals that considering landcover geometry changes ADD velocity to 0.16-
23 times the original value, which further changes mean terrestrial aerosol cooling effect by 30%-
60%. Our findings may provide new perspectives for land-based climate adaptation which almost 
always introduces landcover geometric modification.  

 

Introduction 

Landcover geometry, such as leaf area or leaf surface roughness, modulates atmospheric aerosol 
loading and ecosystem nutrient input through aerosol dry deposition (ADD)1-4. Thus, figuring out 
the relationship between landcover geometry and ADD is crucial for an advanced understanding 
of ecosystem productivity, air pollution, and climate system. However, although existing research 
has revealed the dependence of ADD on aerosol diameter and in-situ friction velocity5-7, how 
landcover geometry influences ADD has remained elusive for almost half a century since ADD 
was widely concerned.  

Exploration of the relationship between ADD and landcover geometry has been persistently 
impeded by two bottlenecks: noises from other ADD drivers and challenges in clarifying dynamics 
underlying ADD. Measuring ADD velocity from aerosol flux observations for real landcover is a 
significant way to study ADD. However, under such uncontrolled conditions, ADD velocity is 
simultaneously influenced by aerosol diameter, in-situ friction velocity, and landcover geometry8,9. 
As a result, remarkable noise from uncontrolled aerosol diameter and in-situ friction velocity 
buries the true relationship between ADD and landcover geometry. Another promising avenue lies 
in resolving the mechanistic link between landcover geometry and ADD through governing 
dynamics. However, complexity of multi-scale aerosol motions driven by multiple mechanisms 
during deposition makes the establishment of an ADD physical framework a daunting challenge. 
The currently prevalent ADD framework established by Slinn et al. 1982 (i.e., resistance model) 
contains substantial uncertainty as it was built on an over-simplified physical scenario and several 
improper empirical analogies10. This model analogizes ADD to electrical circuits where ADD flux 
is regarded as “current” and is determined by “resistance”. However, the most important parameter 
in the resistance model, surface resistance, can only be obtained by fitting the model to observed 
ADD velocity10-12. Although some researchers have been tuning the surface resistance based on 
different ADD velocity observations over the past half century11-14, the resistance model still fails 
to reveal the true relationship between landcover geometry and ADD due to the inherent limitations 
of its semi-empirical framework. 

Here, we provide a comprehensive understanding of the role that landcover geometry plays in 
ADD from angles of both data and basic dynamics. On the data front, we synthesize atmospheric 
aerosol flux observations, landcover geometry data, and controlled laboratory deposition 



experiments to unmask the hidden relationship between landcover geometry and ADD. On the 
dynamics front, we develop phase-wise migration theory (PWM theory) by reconstructing ADD 
physical framework from aerosol dynamics and multi-scale fluid dynamics. The new ADD 
framework successfully explains the observed relationship between landcover geometry and ADD 
at a fundamental level. In the end, multiple implications of our findings for the climate system, 
ecosystem and air pollution are also discussed.  

 

Result 
Unmasking the hidden relationship between aerosol dry deposition and landcover geometry 
from multi-type data 

Landcover can be approximately described as a geometric structure composed of soil (water), 
vegetations and buildings. Here, we characterize landcover geometry through two parameters, 
landcover geometric area per unit ground (AL, m2 m-2) and landcover micro roughness (kL, mm). 
Landcover geometric area refers to the total external surface area of soil (water), vegetations and 
buildings. Thus, AL highly depends on vegetation geometric area per unit ground (Av, Methods) 
and building geometric area per unit ground (Ab, Methods). Typically, AL values for bare land, 
forest and urban are 1, 1.1-13, and 1.1-3. Landcover micro roughness, kL, refers to the average size 
of tiny bumps smaller than viscous scale (i.e., total thickness of viscous sublayer and buffer layer, 
several millimeters under typical atmospheric conditions) in the external surface of soil (water), 
vegetations or buildings. In this study, values of kL are obtained from reported surface data of 
different materials. Typically, kL values for bare land, forest and urban are 1-1000 μm (ranging 
from clay to asphalt)15, 5-30 μm (a typical range for leaves)16,17, and 50-200 μm (a typical range 
for building exterior walls)18. The geometric characterization for different landcover types is 
shown in Extended Data Fig. 1. 

Landcover includes canopy-free landcover (such as water/bare land) and canopy-containing 
landcover (such as forest or urban). For canopy-free landcover, the impact of landcover geometry 
on ADD has been directly observed in controlled laboratory deposition experiments. Geometry of 
canopy-free landcover is primarily characterized by kL (i.e., AL keeps ~1) and generally 
represented by inner surfaces of wind tunnels with different micro roughness in reported controlled 
deposition experiments (Methods). Some experimental results show that increasing kL can 
remarkably enhance ADD velocity by a factor of ~10 19,20 (Extended Data Fig. 2). For canopy-
containing landcover, however, directly observing the impact of landcover geometry on ADD in 
controlled experiments is practically unfeasible due to difficulties in modeling canopies (such as 
forests or cities) in a laboratory. Consequently, empirical researches in the relationship between 
landcover geometry and ADD relied almost exclusively on atmospheric aerosol flux observations. 
In such observations, however, ADD is also significantly influenced by aerosol diameter (Dp) and 
in-situ friction velocity (u*). As Fig.1a shows, Dp is able to cause observed ADD velocity to vary 
by a factor of up to ~100 in existing atmospheric aerosol flux observations. As a result, remarkable 
noise from uncontrolled Dp and u* in atmospheric observations buries the true relationship between 
ADD and landcover geometry.    

To overcome this difficulty, we introduce denoised ADD intensity which is defined as the ratio 
of ADD velocity over targeted landcover to that over reference landcover at the same Dp and u*. 



This indicator substantially reduces noise from Dp and u* through fixing the two ADD drivers. 
Because ADD over canopy-free landcover has been well researched in controlled deposition 
experiments (Methods), the reference landcover is determined as a specific canopy-free landcover 
(AL=1, kL=1 μm) in this study. The ADD velocity over reference landcover at various Dp and u* is 
obtained from a one-dimensional Eulerian ADD model (Methods), which well predicts observed 
dependence of ADD velocity on kL, Dp and u* in laboratory studies (Extended Data Figs. 2-4). 

In this study, observation-based denoised ADD intensity is calculated for 14 sites around the 
world where canopies exist and aerosol flux observations (size-resolved) are available. To the best 
of our knowledge, the calculation includes all published atmospheric aerosol flux measurements 
(size-resolved) with available landcover geometry data. Observed ADD velocity for calculating 
denoised ADD intensity is shown in Fig. 1a. ADD velocity values in site 1 are obtained from the 
first aerosol flux observation over a built-up region conducted in this study while ADD velocity 
values in other sites are collected from published aerosol flux observations over vegetated regions 
(Methods). Values of AL for the 14 sites are calculated based on five remote sensing data sets and 
ground observations (if existing), to make our findings robust. As shown in Fig. 1b, the observed 
denoised ADD intensity highly depends on AL. It is found that the observed denoised ADD 
intensity rapidly increases from ~1 to ~35 as AL goes up from ~1.4 at a grass land in Britain to 
~3.5 at a needle leaf forest in Israel. However, the observed denoised ADD intensity then decreases 
to ~1.8 with continued increase of AL to ~10.3 at a needle leaf forest in America. We also find that 
the observed denoised ADD intensity of a built-up region is relatively larger than that of a 
vegetated region at similar AL values, which should be attributed to larger kL of the built-up region 
(building external surfaces are generally much rougher than vegetation external surfaces). 

Almost all ADD modules in current atmospheric/Earth system models14,21,22 adopt Slinn’s 
resistance model where eight free parameters are obtained by fitting the model to observed ADD 
velocity (mainly including atmospheric flux observations, with limited laboratory data being 
chosen). An introduction of the resistance model is provided in Methods. Conventional parameters 
provided by Zhang et al. 200111 are the default option in most existing atmospheric/Earth system 
models while refitted parameters recently provided by Emerson et al. 2020 12 are also increasingly 
used. However, whether with conventional parameters or refitted parameters, resistance model 
fails to explain the observed remarkable dependence of ADD on kL and AL (Extended Data Fig.2 
and Fig. 1b). This failure, which is rooted in the semi-empirical nature of the model itself rather 
than in parameter uncertainty, emphasizes the necessity of understanding ADD at a fundamental 
level. 

 

Phase-wise migration theory 

We propose phase-wise migration (PWM) theory to fundamentally understand the observed 
dependence of ADD on landcover geometry. Derived from aerosol dynamics and multi-scale fluid 
dynamics, this theory reconstructs ADD physical framework and describes how AL and kL regulate 
aerosol trapping sites and atmospheric motion to intervene aerosol migration ranging from sub-
millimeter scale to tens of meters scale. The core conception of the reconstructed framework is to 
divide the whole ADD process into different phases based on dominant aerosol motion 
mechanisms. ADD is driven by force field and aerosol collisions with ambient air molecules. In 



real atmosphere, gravitational field is the primary force field relevant to ADD and induces an 
aerosol motion mechanism named gravitational settling23. This mechanism is dictated chiefly by 
aerosol diameter. In contrast, the aerosol collisions with ambient air molecules induce three aerosol 
motion mechanisms named air entrainment, Brownian motion, and turbophoresis respectively23,24. 
Air entrainment refers to the aerosol motion driven by aerosol-air collisions induced by the 
directional motion of air molecules (i.e., advection and turbulence). This mechanism is mainly 
determined by atmospheric motion. Brownian motion refers to the aerosol motion driven by 
aerosol-air collisions induced by thermal motion of air molecules. This mechanism is governed 
primarily by aerosol diameter. Turbophoresis refers to the aerosol motion driven by imbalanced 
collisions from air molecules in heterogeneous turbulence, that is, the phenomenon that air 
molecules from stronger turbulence transfer more momentum to aerosols by collisions and 
therefore force aerosols to move along the direction where turbulence weakens. This mechanism 
is mainly determined by both aerosol diameter and atmospheric motion. 

Atmospheric motion remarkably varies along an ADD path25, significantly influencing 
dominant aerosol motion mechanisms in the path. Thus, we divide the whole ADD into three 
phases according to differences in dominant aerosol motion mechanisms: ADD in inertial sublayer, 
ADD in drag domain, and ADD in viscous domain (Fig. 2a, drag domain and viscous domain are 
collectively referred to as roughness sublayer). Drag domain and viscous domain are the subspaces 
of roughness sublayer (bottom of surface layer) defined in this study. Inertial sublayer includes the 
space above landcover where Monin-Obukhov similarity theory is valid and atmosphere motion is 
characterized by constant turbulent stress. Drag domain only exists when landcover includes 
canopies. We define drag domain as the space unoccupied by vegetations/buildings in a canopy 
where atmospheric motion is dominantly driven by turbulent stress and drag force induced by 
vegetations/buildings. Viscous domain includes viscous sublayer and buffer layer (millimeter-
scale in general) on the external surfaces of ground/vegetations/buildings, where atmospheric 
motion is dominantly driven by turbulent stress and viscous stress. Dominant aerosol motion 
mechanisms for the three phases are determined by scale analysis (Methods and Extended Data 
Fig. 5). According to the new ADD physical framework (Fig. 2a), we provide a new mathematical 
expression of ADD velocity and its derivation (Methods, Extended Data Fig. 9, and 
Supplementary). It should be noticed that mentioned one-dimensional Eulerian ADD model is a 
special case of the proposed framework. 

One critical contribution of PWM theory is to reveal the physical origin of ADD dependence on 
AL and kL. Increasing kL value can shorten aerosol migration distance in viscous domain by 
adjusting position of trapping sites (Fig. 2a), which effectively enhances ADD. This effect 
satisfactorily accounts for the observed ADD dependence on kL (Extended Data Fig. 2). Compared 
with kL, the AL effect on ADD is much more complicated. On the one hand, increasing AL enhances 
ADD by directly increasing trapping sites; On the other hand, increasing AL weakens ADD by 
suppressing atmospheric motion in drag domain and viscous domain (hence slowing down aerosol 
migration in the two phases). This double effect well explains the observed ADD dependence on 
AL (Fig. 1c). The suppression effect of AL on atmospheric motion is characterized by wind 
attenuation coefficient (Extended Data Fig. 6). Larger wind attenuation coefficient means stronger 
suppression effect (Supplementary, section 3). For vegetated regions, the double effect of AL (only 



contributed by ground and vegetations) causes denoised ADD intensity to rise first and then fall as 
AL increases. For built-up regions, however, our framework predicts that denoised ADD intensity 
decreases with increasing AL (only contributed by ground and buildings). The reason is that the 
stronger effect of added buildings on suppressing atmospheric motion overwhelms their effect on 
providing aerosol trapping sites, which can be supported by higher wind attenuation coefficient of 
buildings at given AL values (Fig. 1c). 

The comparison between performance in predicting ADD velocity of the proposed ADD 
framework and resistance model are presented in Fig.2 b-d. Compared to resistance model, the 
new framework decreases observation-prediction discrepancy (including both controlled 
laboratory deposition experiments and atmospheric flux observations) from factors of 50-100 to a 
factor of 8 and increases observation-prediction consistency from R2=0.09-0.41 to R2=0.78. These 
results highlight the importance of landcover geometry and fundamental understanding of ADD. 
In addition, considering that previous works focused extensively on modeling dependence of ADD 
over real landcover on aerosol diameter, we specifically present the relevant performance of the 
proposed framework in Supplementary Fig. S1 and Supplementary Fig. S2. Besides these 
quantitative improvements, more importantly, PWM theory turns the way of understanding ADD 
from a semi-empirical paradigm to a paradigm completely supported by fundamental dynamics. 
All parameters in our ADD framework have definite physical meanings and are measured or 
theoretically derived (Extended Data Table 1), making the framework capable of predicting ADD 
velocity without any fitting to observed ADD velocity. In contrast, resistance model predicts ADD 
velocity only after fitting itself to observed ADD velocity. Thus, PWM theory possesses stronger 
ability to explain and predict ADD than the resistance model. Furthermore, PWM theory also 
provides a much more open framework to understand ADD (Fig. 3). According to the old 
framework from resistance model, progress of ADD understanding could only come from one path: 
more atmospheric flux observations to fit better empirical parameters in this model. In contrast, 
our new framework opens up additional five independent yet convergent avenues. In addition to 
direct flux observations, advances in macroscale landcover observations (e.g., leaf area index, 
building height), microscale landcover characterization (e.g., surface roughness of different 
materials), multi-scale fluid dynamics, aerosol dynamics, and controlled deposition experiments 
will all directly contribute to improving the understanding of ADD. 

Despite these advantages, the remaining observation-prediction discrepancy of a factor of ~8 
indicates the necessity to further clarify ADD physics. This discrepancy likely stems from 
uncertainty in measurements or in theoretical calculations for parameters in the proposed 
framework (Extended Data table 1). For example, indirect micro roughness measurements 
(obtained from reported measurements of different materials) or limitations in remote sensing 
technique (such as cloud interference) may introduce uncertainty to kL and AL while inadequate 
knowledge in aerosol dynamics (such as the precise expression of turbophoresis) and multi-scale 
fluid dynamics (such as in-canopy thermal turbulence) likely introduce uncertainty to parameters 
characterizing aerosol motion in roughness sublayer (such as ε or parameters in 𝑉௧௖+, see Extended 
Data Table 1 and Supplementary). This means single discipline can no longer cope with current 
challenges in understanding ADD and interdisciplinary cooperation is necessary. In such a context, 
the proposed framework is a powerful tool for integrating future progresses of multiple related 



disciplines such as land observation, surface property of different materials, aerosol dynamics, and 
multi-scale fluid dynamics. 
Multiple implications 

To further explore the role of landcover geometry in the Earth system, we develop a new ADD 
module underlain by PWM framework and couple it into the Community Earth System Model 
(CESM). By leveraging this proposed module, we quantify multiple influences of landcover 
geometry on global ADD velocity, global column aerosol mass, and global aerosol forcing (RFa) 
in Fig. 4. These results are obtained by comparing the scenario considering landcover geometry 
predicted by the new ADD module with the scenario ignoring landcover geometry predicted by 
the traditional ADD module (i.e., resistance model). All simulations are performed by using 
emission conditions, meteorological conditions and landcover conditions during 2018-2020. 
Given that major climate reports (e.g., IPCC AR6) are based on the traditional ADD module with 
conventional parameters, we employ this baseline scheme to simulate the scenario omitting 
landcover geometry (Fig. 4). We also provide the simulation in which the scenario ignoring 
landcover geometry is predicted by the traditional ADD module with refitted parameters (Extended 
Data Fig. 7). Fig. 4 only presents the optimal estimation of multiple impacts of landcover geometry. 
The optimal estimation means that input landcover geometry parameters in the new ADD module 
meet: (1) values of AL are taken as averages of results calculated from different remote sensing 
data sets; (2) values of kL for ground, vegetations or buildings are taken as the optimal values that 
generate modeled ADD velocity agreeing best with observations within the measured kL range of 
corresponding materials. Multiple impacts of landcover geometry most favorable or unfavorable 
to ADD under observational constraint are estimated to quantify the uncertainty arising from 
landcover geometry input (Fig. S7 and Fig. S8). To ensure that the estimated multiple impacts of 
landcover geometry represent real physical feedback rather than numerical artifacts from model 
coupling, we compare the ground-level PM2.5 concentrations simulated by both the new and 
traditional ADD modules with satellite retrievals26. The PM2.5 concentrations simulated by the new 
ADD module correlate reasonably well with satellite observations (R2=0.36, Fig. S9), comparable 
to the traditional module (R2=0.32). This reasonable consistency between simulations and 
observations supports the physical rationality of our simulations. 

As shown in Fig. 4a, landcover geometry causes global ADD velocity values to vary 
dramatically, reaching 0.16-23 times the original values. The most remarkable enhancement of 
ADD velocity induced by landcover geometry occurs within the forest zone ranging from 40°N to 
60°N in Eurasia. AL here is distributed between 3 and 7 m2 m-2 where landcover geometry is most 
favorable to ADD (Fig. 1c). In contrast, the most remarkable suppression of ADD velocity induced 
by landcover geometry occurs at the Amazon forest and Greenland. AL here is distributed between 
9 and 13 m2 m-2 or between 0 and 2 m2 m-2, where landcover geometry is most unfavorable to 
ADD (Fig. 1c). Considering that ADD controls nutrient input into ecosystems (nutrient input from 
ADD is changed by a range from -85% to 768% when landcover geometry is considered), our 
work may facilitate a more comprehensive understanding of global biodiversity27, ecosystem 
productivity28, and ecosystem stability29. The remarkable changes in global ADD velocity induced 
by landcover geometry directly lead to variations in global column aerosol mass by a range from 
-83% to +13% (Fig. 4b) and variations in ground level PM2.5 concentration by a range from -73% 



to +139% (Fig. S10). This may imply a potential relationship between regional haze pollution and 
landcover geometry. The remarkable changes in global aerosol loading further result in significant 
changes in global aerosol forcing (RFa). Fig. 4c shows the absolute changes in global RFa induced 
by landcover geometry. It is found that noticeable changes larger than +4W m-2 occur in Northern 
Africa, East Asia, Southeast Asia, and Australia. Overall, the mean terrestrial aerosol cooling effect 
is reduced by 46%, with a variation range from 30% to 60% caused by landcover geometry 
uncertainty (Fig. S7 and Fig. S8). Fig. 4d shows the relative changes (the relative changes only 
reflect the degree of change, not the increase or decrease) in global RFa induced by landcover 
geometry. It is found that global RFa at the grid scale (2.5°×1.9°), a scale relevant to extreme 
weather, can change by more than 1000%. Given that the local radiative budget plays a significant 
role in extreme weather30,31, landcover geometry may be a critical driver for extreme weather.  

We emphasize that the estimated 30%–60% change in mean terrestrial aerosol forcing does not 
necessarily invalidate current mainstream estimates (e.g., IPCC AR6), which also integrate multi-
platform observational constraints. Furthermore, the absolute magnitude of modeled aerosol 
forcing is subject to compounded uncertainties across various modules, such as emissions, 
transport, aerosol-cloud interactions, wet deposition and radiative transfer. However, rather than 
claiming an absolute value of aerosol forcing, our modeling experiments serve as a targeted 
sensitivity test to quantify the isolated impact of a previously missing physical mechanism. By 
holding other modules constant, we find that landcover geometry modulation of atmospheric 
motion and aerosol trapping sites dramatically change terrestrial aerosol forcing by 30%–60%. 
This high sensitivity of the Earth’s energy budget to landcover geometry has been entirely 
overlooked in traditional land-atmosphere interaction frameworks. This finding is particularly 
crucial for future climate adaptation. Currently, nature-based solutions, such as working land 
management, afforestation, wetland expansion and green-infrastructure investment, are considered 
a promising path for climate adaptation in the warming future. Implementation of a nature-based 
solution almost always brings changes in landcover geometry, which either enhance or weaken the 
effectiveness of the implemented nature-based solution. However, the influence of landcover 
geometry on the effectiveness of nature-based solutions has never been considered. For example, 
Girardin et al. 202132 argue that conventional nature-based solutions are able to cause ~0.3°C 
reduction in mean global temperature toward the end of this century if temperature rise since 
preindustrial times peaks at 2°C. This estimation likely deviates from the real effectiveness of 
conventional nature-based solutions due to ignoring landcover geometry changes. Our findings 
not only significantly improve current understanding of the Earth system but also provide new 
perspectives for climate adaptation. 

 

 

 

 

 

 

 

 



Method 

 

Calculation of vegetation geometric area per unit ground 

Vegetation geometric area per unit ground (AV, m2 m-2) refers to total external surface area of 
leaves, stems and branches of vegetations per unit ground. However, published ecological 
measurements have shown that leaf area33 dominates AV. Thus, in this work, we assume AV is 
dominated by leaf area and express it as: AV = 2*LAI. LAI denotes leaf area index which is defined 
as one-sided leaf surface area per unit ground. There are two types of the LAI data, ground 
observations and satellite remote sensing. The ground observation data are more accurate but have 
extremely low spatial/ temporal coverage, while the satellite remote sensing data have relatively 
lower accuracy but high spatial/temporal coverage. Currently, state-of-the-art remote sensing LAI 
products agree well with ground observations, with deviation generally less than 100%. In this 
study, LAI data form both ground observations (only for aerosol flux observation sites, if exists) 
and satellite remote sensing are used. Satellite remote sensing LAI data used in this work come 
from three widely used LAI products, named GLASS34, MUSES35, and GEOV236, to ensure 
robustness of our results. The three products use machine leaning techniques to fuse LAI data 
calculated from different sensors and radiative transfer models, therefore performing better than 
LAI products from single sensor and radiative transfer model (e.g., MODIS37, CYCLOPES38, or 
GLOBCARBON39). Spatial resolutions of LAI products used for calculating AV or AL of aerosol 
flux observation sites are 500m, 500m, and 1000m for GLASS, MUSES, and GEOV2 respectively. 
The reason for this chose is that the effective region influencing measured ADD velocity of an 
observation site covers 300-3000m radius around the site (See explanation later in section 
“Calculation of effective landcover geometric area per unit ground for an observation site”). 
 

Calculation of building geometric area per unit ground 

Building surface area (Ab, m2 m-2) refers to the total external surface area of buildings per unit 
ground. This parameter is estimated based on high-resolution building height data in this study. 
We use two remote sensing datasets of building height to obtain robust estimation of Ab. To the 
best of our knowledge, the selected data sets are the only two building height data sets which cover 
the whole China and have a high spatial resolution of less than or equal to 100m (a scale smaller 
than or comparable to individual buildings). The first dataset is provided by Wu et al. 202340. This 
dataset has a spatial resolution of ~10m and is generated by a random forest regression model 
trained by building height reference data, radar data, optical data, night-time light data, population 
data and topographic data. The building height reference data used for training are established 
based on building floor number for 62 cities in China for the year 2018 from Baidu map services. 
Other training data are mainly remote sensing information from Sentinel-1, Sentinel-II, Phased 
Array Type L-band Synthetic Aperture Radar (PALSAR) and LUOJIA 1–01(the nighttime light 
data satellite). The second building height dataset are provided by Li et al. 202441. This data set 
has spatial resolution of ~100 m and is generated by a multi-task deep learning model trained by 
other building height reference data and satellite images. The building height reference data used 
for training are generated through a radar-based global digital elevation model (TDX-DEM) and 
urban area outlined by the Gridded Population of the World, Version 4(GPWv4) dataset and the 



Global Human Settlement-Urban Centre Database (GHS-UCDB). The training satellite images 
include (1) VV and VH polarizations from Sentinel-1 Ground Range Detected (GRD) data and (2) 
red, green, blue and the near infra-red (NIR) band from Sentinel-2 Bottom-Of-Atmosphere (BOA) 
reflectance data. We approximate building groups in an interested region as a combination of 
numerous cuboids whose bottom areas equal resolution of used building height data set (10 m×10 
m or 100 m×100 m) and heights equal building heights at corresponding pixels (a pixel is 10 
m×10 m or 100 m×100 m). Thus, Ab is the total external surface area of these cuboids per unit 
ground and can be expressed as: 
௕ܣ  = ∑ ∑ (ௗு−10 +ௗு10+ௗு0−1+ௗு01)ఞೝ+ ௌ೟೚೛೘ೕ=1೙೔=1 ௡∙௠∙ఞೝ2 ௔௕ܪ݀   = max ௜,௝ܪ)) − ,(௜+௔,௝+௕ܪ 0)  

ܵ௧௢௣ = {߯௥2,    ܪ௜,௝ ≠ ௜,௝ܪ   ,00 = 0   

 

Where i and j are the horizontal position of pixels in an interested region. Symbols n and m 
characterize the size of the interested region. H is the building height at corresponding pixels. ߯௥ 
is the spatial resolution of building height data (10m or 100m). ܵ௧௢௣ is the top area of buildings.  

 

Calculation of effective landcover geometric area per unit ground for an observation site 

The key point of calculation effective landcover geometric area per unit ground (AL) for an 
observation site is to determine the region where landcover geometry can significantly influence 
observed ADD velocity of the site. An observed ADD velocity of an observation site represent the 
mean condition of air mass passing through the site within a sampling time interval (30 min in 
general). The sampled air mass during a sampling time interval includes all air within a certain 
distance upwind of the site. The certain distance, Lair, can be expressed as Um∙Δt, where Um and Δt 
refer to the mean wind speed and sampling time interval respectively. We use Df(x) to denote the 
fraction of deposited aerosols of a sampled air mass within x meter upwind of an observation site 
to total deposited aerosols of the sampled air mass. Assuming ADD velocity (Vd) and aerosols 
concentration (Ca) do not significantly vary within Lair upwind of the site, we have: 
 ௗ஽೑ௗ௫ = ಽೌ೔ೝ−ೣೆ೘ ௏೏஼ೌ∫ ಽೌ೔ೝ−ೣೆ೘ ௏೏஼ೌௗ௫ಽೌ೔ೝ0 =  2(௅ೌ೔ೝ−௫)௅ೌ೔ೝ2   

 

Where ௗ஽೑ௗ௫  denotes the fraction of deposited aerosols of a sampled air mass within unit distance 

at the point x meter upwind of an observation site (to total deposited aerosols of the sampled air 
mass). Equation (2) reveals that landcover near an observation site has larger impact on observed 
ADD velocity. According to equation (2), Df(x) can be expressed as: 

(1) 

(2) 



(ݔ)௙ܦ  = 2௅ೌ೔ೝ2 ݔ௔௜௥ܮ) − ௫22 )  

 

According to equation (3), we define the effective radius (reff) of an observation site as 0.29 Lair, 
within which deposited aerosols of a sampled air mass contribute to 50% total deposited aerosols 
(i.e., Df (reff)=50%). The effective radius for 14 observation sites mentioned in main text ranges 
from ~300m to ~3000m. Thus, effective AL for an observation site is defined as averaged AL within 
effective radius of the observation site. AL is the sum of Av, Ab, and uncovered soil/water per unit 
ground. For simplicity, uncovered soil/water per unit ground is set to be 1 m2/m2. This 
simplification should introduce small uncertainty as aerosols are mainly trapped by upper part of 
a canopy (75%~90%)42.  

 

Global canopy height and tree density 

Canopy height and tree density are the necessary inputs for our new framework to predict ADD 
velocity. Canopy height data used in this study are obtained from Satellite-Based Global Land 
Surface Datasets for Earth System Model Applications (NCEI Accession 0295750, 
https://www.ncei.noaa.gov). This dataset includes key land surface properties based on various 
operational satellite measurements (e.g. MODIS, VIIRS and GEDI). They include the land surface 
type, vegetation clumping index, leaf area index, vegetative canopy height, and green vegetation 
fraction. Critical processing steps are taken to extend the surface properties for full global coverage, 
as well as gap-filling. All variables are gridded to universal global latitude/longitude gridded 
coordinates (-90° - 90° in latitude and 0° - 360° in longitude) with a consistent spatial resolution 
of 0.01° (~ 1 km). Tree density data used in this work are obtained from Crowther et al. 201543. 
These data are generated by generalized linear regression models trained by ground-sourced 
measurements of tree numbers and geographic information systems (GIS) data. Total 429775 
ground-sourced measurements are collected from international forestry databases, including the 
Global Index of Vegetation-Plot Database (GIVD http://www.givd.info), the Smithsonian Tropical 
Research Institute (http://www.stri.si.edu), ICP-Level-I plot data which cover most of Europe 
(http://www.icp-forests.org), and National Forest Inventory (NFI) analyses from 21 countries, 
including the USA (http://fia.fs.fed.us/) and Canada (https://nfi.nfis.org/index.php). The GIS data 
for developing predictive regression models are derived through satellite-based remote sensing 
and ground-based weather stations, and can be loosely grouped into four categories: topographic, 
climatic, vegetative or anthropogenic. Topographic covariates include elevation, slope, aspect (as 
northness and eastness), latitude (as absolute value of latitude) and terrain roughness index (TRI). 
Climatic covariates include annual mean temperature, temperature annual range, annual 
precipitation, precipitation of driest month, precipitation seasonality (coefficient of variation), 
precipitation of driest quarter, potential evapotranspiration per hectare per year, and indexed annual 
aridity. Vegetative covariates include, enhanced vegetation index (EVI), leaf area index (LAI), 
dissimilarity, contrast, and angular second moment. anthropogenic covariate is proportion of urban 
and/or developed land cover. Predictive regression models are separately generated for the forested 
areas in each of the 14 biomes as defined by The Nature Conservancy (http://www.nature.org). 

(3) 



Spatial resolution of this data set is 0.01° (~ 1 km). 
 

Atmospheric aerosol flux observations 

We introduce the principle of atmospheric aerosol flux observations first. In the view of Reynolds 
Averaging, vertical fluxes of aerosols (Fa) can be expressed as: 
௔ܨ  = ′௔ܥ′ݓ = 1௡ ∑ ௜ݓ) − ௔௜ܥ)(ݓ − ௔)௡௜=1ܥ   

 

Where w is the vertical component of wind. Ca is the aerosol concentration. Thus, one can measure 
Fa at single site with high frequency wind data and aerosol concentration data, which is named 
eddy covariance technique (EC). The high frequency wind data are usually measured by an 
ultrasonic anemometer, while the high frequency particle concentration data are generally 
measured by a condensation particle counter (CPC) or a fast mobility particle sizer (FMPS). 
Negative Fa refers to deposition and positive Fa refers to emissions. In case of negative Fa, ADD 

velocity is expressed as ܨ௔/ܥ௔. ADD velocity can be calculated over varying timescales, but 30 

min is typically used in published measurements. 
  During the past half century, published atmospheric aerosol flux measurements mainly focused 
on deposition over vegetated regions, with several studies measuring ADD over water. All studies 
over water9,44 and studies over vegetated region with available landcover geometry data (i.e., leaf 
area index)6,8,12,42,45-53 are chosen either for presenting the “area law” in main text or validating 
proposed ADD framework. However, there is still no atmospheric aerosol flux measurement over 
built-up regions so far.  

To fill this gap, we conduct the first atmospheric aerosol flux measurement over a Chinese 
megacity, Guang Zhou, during 2024/9/27/-2024/11/10. The observation site is selected at 23 floors 
(118m) of Guangzhou Tower (total 600 m, 23°6΄N, 113°18΄E) in Haizhu district, a highly 
developed region in Guang Zhou, to ensure ~twice the height of surrounding buildings (~50m). In 
this observation campaign, three-dimensional high-frequency (20 Hz) windspeed data were 
collected by a Gill WindMaster ultrasonic anemometer. Aerosol size distributions were measured 
by a SMPS consisting of a soft X-ray neutralizer (TSI Inc., model 3088), a differential mobility 
analyzer (DMA, TSI Inc., model 3081A) and an ultrafine condensation particle counter (UCPC, 
TSI Inc., model 3756) with time resolution of 5 minutes. High frequency data (10 HZ) about the 
concentration of aerosols larger than ~6nm were measured by another condensation particle 
counter (CPC, TSI Inc., model 3750). Time scale for flux calculation is 30 minutes. 

To derive size-resolved aerosol fluxes, we designed two sampling lines. During 2024/9/27-
2024/11/1, the first sampling line was made of a ~10m length and 1/4 in. outer diameter Teflon 
tube with flow rate of ~2.5 L min-1. The sample line was separated into 2 paths ~10cm away from 
CPC/SMPS, with one path of 1.5 L min-1 flow rate for SMPS and another path of 1 L min-1 flow 
rate for CPC. A Nafion dryer (Perma Pure, MD-700−24F-3) was set in front of CPC/SMPS to 
ensure <40% relative humidity (RH) during sampling. The aerosol residence time in this sample 
line was estimated as ~10s. Size-resolved aerosol fluxes were obtained by matching geometric 

(4) 



mean diameters of measured mean aerosol size distributions during 30 minutes to measured 
aerosol fluxes. According to Pryor et al. 200750, this approximation is only valid for unimodal 
aerosol size distributions. The measured geometric mean diameters ranged from ~20 nm to ~100 
nm during this period. Thus, we need obtain aerosol fluxes of larger size through another way. 
During 2024/11/2-2024/11/10, the second sampling line was made of a ~10m length and 1/4 in. 
outer diameter Teflon tube with flow rate of ~1.5 L min-1 and was only linked to SMPS. A Nafion 
dryer is also used to keep RH below 40%. In this period, we keep constant DMA voltage to get 
high frequency aerosol concentration at single bin (98~102 nm, 194~202 nm, 299~311 nm, 
399~414 nm and 478~496 nm), which can be directly used to calculate size-resolved aerosol fluxes. 
Aerosol residence time in this sample line was estimated as ~10s. 
  We ensure quality of the final aerosol flux data by conducting three necessary steps: timelag 
correction, spectral analysis and uncertainty estimation. A timelag of ~10 s was considered when 
we matched high frequency aerosol concentration data to high-frequency windspeed data for 
calculating aerosol fluxes. The timelag stemmed from ~10 s distance for sampled flow between 
the ultrasonic anemometer and SMPS/CPC. Because aerosol fluxes are dominantly contributed by 
energy-containing range and inertial subrange of turbulence, measured covariance of vertical wind 
and aerosol concentration should cover the two ranges. This can be tested by spectral analysis. 
Two example cospectra in 2024/10/25 (Supplementary Fig. S6a) and 2024/11/4 (Supplementary 
Fig. S6b) represent abovementioned two measurement period. Characteristic inertial subrange 
(f−4/3) predicted by Kolmogorov theory or Kaimal’s empirical model54 is observed at 1.2~14 Hz 
(i.e., f=72~840) for the first period and 3~20 (i.e., f=180~ 1200) Hz for the second period, which 
demonstrates a sufficient frequency range of measured covariances. Although multiple reasons 
will lead to uncertainty of EC technique, we only consider three well-understanded uncertainty 
sources of measured aerosol fluxes, namely instrument uncertainty, sampling uncertainty and 
electronic noises. Reported instrument uncertainties of ultrasonic anemometer and SMPS/CPC is 
~3% and 10% respectively. Thus, overall instrument uncertainty is estimated as 10% during this 
campaign. Sampling uncertainty is caused by the fact that limited samples collected for calculating 
fluxes cannot characterize overall flux of a large region. According to the method proposed by 
Finkelstein et al. 200155, sampling uncertainty in this study was estimated as 25%. Electronic 
noises are significant influenced by the environment where the instruments are running. For EC 
technique, electronic noises can be calculated by differences between theoretical cospectrums and 
measured cospectrums at high frequency region. Estimated electronic noise in this study is less 
than 1%. Thus, the total uncertainty for measured aerosol fluxes is ~35%. 
 

Controlled aerosol deposition experiments in a laboratory 

Characterizing ADD in a laboratory at controlled conditions provides a perfect way to investigate 
influences of single variable on this process. Laboratory studies about ADD are usually conducted 
in a duct. Measured ADD velocities (Vd) can be calculated by aerosol penetration (p), the ratio of 
aerosol concentration at the duct outlet to that at the duct inlet. Measured Vd characterizes 
deposition at all parts of a duct (ceiling, ground and walls). As gravity-induced suppression for 
aerosol deposition at ceiling is expected to offset gravity-induced enhancement for aerosol 
deposition at ground, the measured Vd is only caused by air-aerosol collision. Several studies 



measuring ADD velocity through fluorescent techniques are also included in our analysis, with 
experimental details presented elsewhere19,56. The reported deposition experiments19,20,56-66 are 
summarized in Extended Data Fig. 2-4 and Supplementary Table 2. To the best of our knowledge, 
all published laboratory studies of ADD over the past half century in which ADD velocity was 
measured were included. Most experiments were conducted in ducts made of single smooth 
material (e.g., glass, wax coated, or metals), whose micro roughness typically ranges from 0.5 to 
5 μm according to reported measurements for these materials67-71 
(https://www.alleima.ph/en/products/strip-steel/surfaces/; 
https://www.raychemrpg.com/customised/build-to-print/sheet-metal-fabrication). Only two 
study19,20 reported ADD velocity over different surfaces made of glass, roughened brass or diverse 
sandpapers (measured micro roughness of 70, 100, 150, and 250 μm). Friction velocity in most 
reported experiments was not directly measured but was estimated based on different empirical 
methods. Thus, for comparability and consistency of these reported data, we recalculated friction 
velocity in these experiments by a unified classic method from Liu et al. (1974)60 and White et al. 
(1986)72: 
∗ݑ  =   ௙2√ݑ̅

1√௙ = −3.6log (6.9ோ೐ + ( ௞3.7஽ℎ))  

 

Where ݑ∗ is the friction velocity. ̅ݑ is the mean wind speed in a duct. f is the friction factor. Re 
is the Reynolds Number. k is the micro roughness of duct inner surface. Dh is the duct diameter. 
Equations (5) are obtained from a series of wind tunnel experiments for turbulence. These reported 
data spanning more than half a century indicate that ADD over canopy-free landcover is 
significantly influenced by in-situ fiction velocity (u*, Extended Data Fig. 4), aerosol diameter (Dp, 
Extended Data Fig. 3) and landcover micro roughness (kL, Extended Data Fig. 2). 
 

One-dimensional Eulerian ADD model 
The used ADD model for canopy-free landcover is improved form several published one-
dimensional Eulerian ADD models73-76, which explicitly describe aerosol motion in viscous 
sublayer and buffer layer driven by different mechanisms. The differences between these published 
models lie in aerosol motion mechanisms considered and the corresponding expressions. 
Considered aerosol motion mechanisms in these published models include turbulent entrainment, 
Brownian motion, gravitational settling and turbophoresis. ADD velocity in viscous sublayer or 
buffer layer induced by the four mechanisms can be derived from the following aerosol motion 
equation:  

ܬ  = ௣ߵ) + (ܦ డ஼డ௬ +  𝑉௧௨௥ܥ + 𝑉௚ܥ  

 

(6) 

(5) 



Where J is the aerosol flux within viscous sublayer or buffer layer. ߵ௣ is the turbulent diffusion 
coefficient for aerosols. D is the Brownian diffusion coefficient for particles. Vtur is the 
turbophoresis velocity. Vg is the gravitational settling velocity. y is the distance away from 
landcover. Landcover micro roughness (kL) influences predicted ADD velocity by changing 
boundary condition to solve equation (6). In published models, ߵ௣ is derived from experiments 
or direct numerical simulation (DNS) of Navier-Stokes Equation77 while D, Vg, and Vtur are 
derived from aerosol dynamics23. In the steady-state condition (i.e., J is independent of y), the 
analytical solution of ADD velocity can be derived from equation (6)74,75.  

  We make two modifications based on these published models. The first modification is the 
expression of Vtur. The expression of Vtur used in published models is derived under several 
untested assumptions24. We therefore modify the expression of Vtur with recent published 
numerical simulations of multiphase flow (see Supplementary, equation 71)78. The second 
modification is to add aerosol motion in inertial sublayer. Earth science concerns ADD velocity in 
inertial sublayer, while original models only predicted ADD velocity within viscous sublayer and 
buffer layer. We related ADD velocity in inertial sublayer to ADD velocity at the outer edge of 
buffer layer by (see proof in Supplementary, section 1.1): 
 𝑉ௗூௌ௅ = 𝑉௚ + 1Гೠ∗+ 1ೇ೏ಳಽ−ೇ೒  

 

Where 𝑉ௗூௌ௅ is the ADD velocity in inertial sublayer. u* is the in-situ friction velocity. Г is the 
parameter related to atmospheric thermal condition. 𝑉ௗ஻௅ is the ADD velocity at the outer edge of 

buffer layer and is obtained by solving equation (6). We define 𝑉ௗ஻௅ − 𝑉௚ as the third collisional 

deposition velocity (Vtc), a concept further used in proposed ADD framework. The two 
modifications make our improved model agree better with controlled deposition experiments than 
original models. Although well explaining ADD over canopy-free landcover, existing one-
dimensional Eulerian ADD models have never been used to predict ADD in real atmosphere. This 
should be attributed to the fact that vegetation (i.e., canopies) covers 60-80% of the global land.  

 

Core mathematical expression of ADD velocity in PWM theory 

The conceptional introduction of proposed ADD framework and detailed mathematical derivation 
of ADD velocity are provided in main text and Supplementary respectively. Here we only 
introduce the core mathematical expression of ADD velocity (Vd). For canopy-free landcover or a 
homogenous canopy (a homogenous canopy contains either vegetations or buildings and all 
vegetations or buildings have the same micro roughness. A heterogenous canopy can be generally 
divided into several homogeneous canopies), we have: 
 𝑉ௗ  = 𝑉௚ + 𝑉௙௖  𝑉௙௖ = 1Гೠ∗+ 1ೇೞ೎  

(7) 

(8) 



𝑉௦௖ = (௏೟೎೒,+(1−௧௔௡ℎ(2ഁ))1+௧௔௡ℎ(2ഁ) + ఌ∙క∙஺೎∙௏೟೎೎,+̃∙௧௔௡ℎ(2ഁ)
2ഁ(1+௧௔௡ℎ(2ഁ)) ) ∙   ∗ݑ

𝑉௧௖௚,+ = 𝑉௧௖+(ܦ௣,   ݇௚௥௢௨௡ௗ,   ݁−ఉݑ∗)  

𝑉௧௖௖,+̃ = 𝑉௧௖+ ,௣ܦ)   ݇௖௔௡௢௣௬, (1−  ௘−ഁ222ఉ2 )   (∗ݑ

𝑉௧௖(ܦ௣, ݇, (∗ݑ = 𝑉௧௖+(ܦ௣, ݇, (∗ݑ ∙   ∗ݑ

 

Where Vfc is defined by us as the first collisional deposition velocity which refers to the ADD 
velocity caused by air-aerosol collisions at an observation site (in inertial sublayer). Vsc is defined 
by us as the second collisional deposition velocity which refers to the ADD velocity caused by air-
aerosol collisions at the top of roughness sublayer. Vtc is defined by us as the third collisional 
deposition velocity which refers to the ADD velocity caused by air-aerosol collisions at the outer 
edge of viscous domain (i.e., the outer edge of buffer layer). Illustration of Vfc, Vsc, and Vtc is 
shown in Extended Data Fig. 8. As mentioned before, Г is the parameter related to atmospheric 
thermal condition. Vg is the gravitational settling velocity. β is the wind attenuation coefficient 
which characterizes the suppression of wind by a canopy. ε is the enrichment coefficient which 
characterizes aerosol enrichment degree at external surface of canopy structures (e.g., leaf external 
surface or building external surface). ξ is the effective area correction coefficient which 
characterizes the sheltering effect of outer leaves on inner leaves. Ac is the canopy geometry area 
per unit ground (For homogeneous canopy, Ac=Av or Ab). u* is the in-situ friction velocity. Dp is 
the aerosol diameter. kground and kcanopy are the micro roughness for ground and external surface of 

canopy structures respectively. 𝑉௧௖௚,+ and 𝑉௧௖௖,+̃ are the dimensionless third collisional deposition 

velocity for ground and canopies. All these parameters are theoretically or experimentally 
determined and are detailed in Supplementary, section 1.4. When Ac=0, the proposed framework 
is simplified to the form of mentioned one-dimensional Eulerian ADD models for canopy-free 
landcover (Supplementary, equation 67 and the following text). Thus, our framework is able to 
predict ADD velocity over landcover with any geometry. In addition, although more complicated 
than resistance model, ADD velocity in the new framework is still explicitly formulated. 
According to our test in CESM, the proposed framework barely increases computational cost 
compared to resistance model. As a result, the substantial improvement in ADD prediction 
(especially the first established connection between ADD and landcover geometry), achieved 
without increasing computational cost, makes our new ADD framework a better choice than 
resistance model for next-generation Earth-system models. 
 

Scale analysis of aerosol motion 

To derive an explicit expression of ADD velocity, simplifying aerosol motion equations based on 
scale analysis is necessary. Air entrainment (advection entrainment and turbulent entrainment), 



turbophresis, Brownian motion, and gravitational settling are the four mechanisms driving aerosol 
deposition. We characterize the four mechanisms by five characteristic time scales (air entrainment 
are characterized by two time scales) respectively: advection entrainment drift time (߬௔௘), turbulent 
entrainment drift time ( ߬௧௘ ), Brownian drift time ( ߬௕ ), gravitational drift time ( ߬௚ ), and 
turbophoresis drift time (߬௧௨௥). ߬௔௘, ߬௧௘, ߬௕, ߬௚, and ߬௧௨௥ are defined as the times required for 
the corresponding mechanisms (advection entrainment, turbulent entrainment, Brownian motion, 
gravitational settling and turbophresis) to drive aerosols to move one meter. ߬௔௘, ߬௧௘, ߬௕, ߬௚, and ߬௧௨௥ are expressed as 1௠௨೙̃ , (1௠)2௄೛̃ , (1௠)2஽ , 1௠௏೒ , and 1௠௏೟ೠೝ. ݑ௡̃ is the component of mean wind speed 

toward landcover external surface in inertial sublayer, drag domain, or viscous domain. ܭ௣̃ is the 

aerosol turbulent diffusion coefficient in inertial sublayer, drag domain, or viscous domain, which 
is approximated as momentum turbulent diffusion coefficient ܭ௠̃. D is the Brownian diffusion 
coefficient for aerosols. Vg is the gravitational settling velocity. Vtur is the turbophoresis velocity. 
The scale analysis of aerosol motion based on the five characteristic time scales under typical 
surface layer conditions is presented in Extended Data Fig. 5 (typical surface layer conditions are 
detailed in Supplementary Table 1). The larger the time scale, the less important the corresponding 
mechanism. Thus, Brownian motion, turbophoresis, gravitational settling, and turbulent 
entrainment dominate aerosol migration in viscous domain (Extended Data Fig. 5a); Gravitational 
settling, turbulent entrainment, and advection entrainment dominate aerosol migration in drag 
domain (Extended Data Fig. 5b); Turbulent entrainment and gravitational settling dominate aerosol 
migration in inertial sublayer (Extended Data Fig. 5c). 
 

Simulations of global aerosol loading and aerosol forcing 

A new ADD module based on proposed ADD physical framework are developed and coupled into 
Community Atmospheric Model Version 6 (CAM6). The mathematical form of the new ADD 
module is provided in Supplementary, section 1.4. Compared to traditional ADD module, 
additional inputs of landcover data including vegetation geometric area per unit ground (Av), 
building geometric area per unit ground (Ab), building height, vegetation height, and tree density 
are necessary for our new module. The needed landcover data are read in the new module from 
outside the CAM, with their sources presented in previous sections. Considering that total urban 
area only accounts for <1% continental aera, Ab is set to 0.8 m2 m-2 for each urban region for 
simplicity. The dimensionless third collisional deposition velocity (𝑉௧௖+ ) required for the new 
module is also read outside the CAM from a look-up table, which is calculated based on equation 
(81) in Supplementary, section 1.4. The new ADD module and the corresponding coupling file in 
Fortran version are provided in Zenodo (https://zenodo.org/records/21807286). Global simulations 
with the new ADD module and conventional modules (i.e., resistance model with conventional 
and refitted parameters) are conducted respectively, to evaluate influence of landcover geometry 
on global climate. All simulations are configured with a spatial resolution of 1.9° × 2.5° for the 
latitude and longitude grid and 32 hybrid pressure levels and are conducted for the period during 
2018-2020. 
CAM6 used in our simulation was released by NCAR as the atmospheric component of the 



Community Earth System Model (CESM) version 2 with the CMIP6-based emissions for aerosol 
and precursor gases21. A new 4-mode modal aerosol module (MAM4) in CAM6 categorizes 
various aerosols into four modes: the Aitken mode, accumulation mode, coarse mode, and primary 
carbon mode. MAM4 contains six chemical components (sulfate, secondary organic matter, sea 
salt, primary organic matter, BC and dust) and simulate the mass concentration of each component 
and the number concentration of each mode. Regarding aerosol mixing states, CAM6 assumes 
internal mixing within modes and external mixing between modes. The size distribution is 
represented by a lognormal distribution within each mode, with sizes ranging from 0.015 μm to 
0.053 μm (Aitken mode), 0.058 μm to 0.48 μm (accumulation mode), 0.4 μm to 40 μm (coarse 
mode), and 0.06 μm to 0.3 μm (primary carbon mode)79,80. The shortwave radiative transfer 
calculation is provided by the Rapid Radiative Transfer Model for General circulation models 
(RRTMG)81. In the radiative module, the AOD, SSA and asymmetry factor are the parameters that 
determine the aerosol radiative properties. The solar spectrum is divided into 14 wave intervals 
from 0.2 to 12.2 micrometers.  

 

Introduction of the resistance model 
The semi-empirical expression of ADD velocity (Vd) in the resistance model is10: 
 𝑉ௗ = 𝑉௚ + 1ோೌ+ோೞ  ܴ௦ = 1ఌ0௨∗(ா್+ா೔೘+ா೔೙)  ܧ௕ = ௜௠ܧ  1ܵ௖௣2݌ = 3݌ ( ௌ೟௣4+ௌ೟)௣5

௜௡ܧ   = 6݌ (஽೛௣7)௣8
  

 

Where Vg is the gravitational settling velocity. Ra is the atmospheric resistance. Rs is the surface 
resistance. Although Vg and Ra are derived from aerosol dynamics and Monin-Obukhov similarity 
theory, Rs generally dominates Vd and is completely determined by empirical methods. The 
mathematical expression of Rs is proposed by analogizing empirical formulas of filter capture 
efficiency. Eb, Eim and Ein are aerosol empirical loss efficiency in filters induced by Brownian 
motion, impaction and interception. It should be noticed that Brownian motion, impaction and 
interception in the context of a filter are defined based on streamlines which means laminar flow82. 
Thus, such analogy is improper for real atmosphere where turbulence generally exists. Eight free 
parameters in Rs, p1-p8, can only be obtained by fitting observed ADD velocity. One may notice 
the similarity between the most external Vd expressions of PWM theory and the resistance model. 
This is because they both explicitly describe aerosol motion in inertial sublayer. However, aerosol 
motion within roughness sublayer generally dominates the whole ADD process. Failing to clarify 
aerosol motion in the most important ADD phase, resistance model had to empirically and 
ambiguously express this ADD phase with Rs. In contrast, our new framework fundamentally 

(9) 



elucidates aerosol motion within roughness sublayer according to aerosol dynamics and multi-
scale fluid dynamics. Therefore, resistance model can be regarded as a highly empirical 
simplification of PWM theory.  

 

Data availability 

Core data supporting this paper are available on Zenodo at https://zenodo.org/records/21807286. 

 

Code availability 

Core codes supporting this paper are available on Zenodo at https://zenodo.org/records/21807286. 
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Main Figures 

 

 

Fig. 1| The relationship between ADD and landcover geometry. a, Global observations of ADD 
velocities. Our measurements over a built-up region are presented in panel 1 as red circles, while 
published measurements over different vegetated regions are presented in rest panels as blue 
circles. b, The observed and resistance-model-predicted relationships between denoised ADD 
intensity and landcover geometry. AL is calculated based on five remote sensing data sets and 
ground observations (Methods). The red triangle refers to the observed denoised ADD intensity of 
the built-up region and the blue triangles refer to the observed denoised ADD intensity of different 
vegetated regions. The vertical error bars of triangles reflect variation of observed ADD velocity 
in a. The horizontal error bars of triangles refer to AL uncertainty caused by different data sets used 



for calculating the parameter. The pink and green dashed lines are the resistance-model-predicted 
denoised ADD intensity with refitted and conventional parameters respectively. Shaded areas 
indicate the uncertainties introduced by different land use categories in the resistance model. c, 
The observed and PWM-theory-predicted relationships between denoised ADD intensity and 
landcover geometry. Triangles and error bars have the same meaning as in b. Size of a triangle 
refers to the wind attenuation coefficient of the corresponding landcover. The blue and yellow 
shaded areas are the theoretical ranges of denoised ADD intensity predicted by PWM theory for 
vegetated regions (with kL ranging from 5 to 30 μm, a typical value for leaves) and built-up regions 
(with kL ranging from 50 to 200 μm, a typical value for building exterior wall tiles). The red and 
blue dashed lines indicate the optimal predictions for built-up regions (kL=80 μm) and vegetated 
regions (kL=13 μm). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Fig. 2| Illustration and performance of the new ADD physical framework. a, Phase-wise 
migration of aerosols during dry deposition. The whole ADD includes aerosol migrations in 
inertial sublayer, drag domain (if canopies exist), and viscous domain. Aerosol migrations are 
driven by gravitational settling, air entrainment (turbulence & advection), Brownian motion, and 
turbophoresis. Macro landcover geometry (mainly referring to AL) influences aerosol migrations 
in drag domain and viscous domain by modulating atmospheric motion and the number of aerosol 
trapping sites within canopy, while micro landcover geometry (i.e., kL) affects the aerosol 
migration in viscous domain by changing positions of aerosol trapping sites. b, Comparison 
between ADD velocity from observations and the new ADD framework. c, Comparison between 
ADD velocity from observations and the resistance model with refitted parameters. d, Comparison 
between ADD velocity from observations and the resistance model with conventional parameters. 
Red and blue dots in b, c and d indicate observations from atmospheric flux measurements and 
controlled laboratory deposition experiments respectively. The grey shaded area covers 95% points. 
 

 

 

 

 

 



 
 

Fig. 3| Different paths to understand ADD in the new ADD framework. According to the new 
framework, progresses in understanding ADD comes from six paths: advances in atmospheric flux 
observations, muti-scale fluid dynamics, observations of macro landcover geometry, observations 
of micro landcover geometry, controlled laboratory deposition experiments, and aerosol dynamics. 
In contrast, progresses in understanding ADD can only come from the advance in atmospheric flux 
observations under current paradigm supported by the resistance model (the blue box). 
 

 

 

 



 

 

Fig. 4| Multiple influence of landcover geometry. a, Influence of landcover geometry on global 
ADD velocity. b, Relative changes of global column aerosol mass induced by landcover geometry 
(%). c, Absolute changes of global aerosol forcing induced by landcover geometry (W/m2). d, 
Relative changes of global aerosol forcing induced by landcover geometry (%). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Extended Data Table 1| Description and determination of parameters in PWM theory. More 
detailed expressions and derivation of these parameters are provided in Supplementary.   

 

Parameters Description Determination 

u* Friction velocity in inertial sublayer 
Obtained from in-situ measurements or 

 theoretical calculation from ESMa 

Dp Aerosol diameter 
Obtained from in-situ measurements or 

 theoretical calculation from ESMa 

kground/kcanopy 
Surface micro roughness of  

ground/a canopy 

Obtained from in-situ measurements or 

published measurement reports of different 

materials 

Ac(Av or Ab) 
Canopy (vegetation or building) 

geometric area per unit ground 

Obtained from in-situ measurements,  

remote sensing, or theoretical calculation 

from ESMa 

Г 
A parameter characterizing  

atmospheric thermal condition 

 Theoretically derived from  

Monin-Obukhov similarity theory 

β 

Wind attenuation coefficient,  

characterizing the ability of a canopy 

to suppress in-canopy atmospheric 

motion 

Derived from canopy meteorology and 

measured wind profiles in different forests 

and wind tunnel experiments 

ε 

Enrichment coefficient, 

characterizing aerosol enrichment 

degree at external surface of canopy 

structures 

Theoretically derived from aerosol dynamics  

and canopy meteorology 

ξ 

Effective area correction coefficient,  

 characterizing the sheltering effect 

of outer leaves on inner leaves 

Theoretically derived from allometry 

equations 

Parameters in 𝑉௧௖+ 
A series of parameters influencing 

aerosol motion in viscous domain 

Derived from known aerosol dynamics, 

reported CFDb simulations, and reported 

turbulent structure near wall 
a Note: ESM refers to Earth System Model 
b Note: CFD refers to Computational Fluid Dynamics 

 



 

Extended Data Fig. 1| The geometric characterization for different landcover types. The blue, 
brown, grey, and green marks represent water, desert, built-up land and vegetated land respectively. 
Built-up land only considers buildings. In a geometric view, substantial differences exist both 
between and within these landcover types. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Extended Data Fig. 2| The dependence of ADD velocity on landcover micro roughness. The 
colorful dots are observed ADD velocity in a chamber deposition experiment. Chamber walls 
adhered with different sandpaper are used to model canopy-free landcover with different micro 
roughness. In the experiment, aerosols ranging from 1 to 5 μm are selected and friction velocity 
(u*) is set to ~2.5 cm s-1. The black line shows predicted ADD velocity through the one dimensional 
Eulerian ADD model while grey line and dashed line show modeled ADD velocity through the 
resistance model with refitted and conventional parameters. Aerosol diameter (Dp) is set to 3 μm 
for all simulations. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Extended Data Fig. 3| The dependence of ADD velocity on aerosol diameter. a, Under strong 
turbulence condition (u*=40-70 cm s-1). b, Under moderate turbulence condition (u*=10-30 cm s-

1). c, Under weak turbulence condition (u*=<10 cm s-1). Different symbols indicate observed ADD 
velocity over a smooth surface from published controlled laboratory studies over the past half 
century. These experiments were mainly conducted in ducts made of metal or glass, whose micro 
roughness typically ranges from 0.5 to 5 μm according to reported measurements for these 
materials (Methods). The black lines show predicted ADD velocity by the one dimensional 
Eulerian ADD model. The wall micro roughness (kL) is set to 1 μm for all simulations. u* is set to 
50, 20, and 5 cm s-1 for strong, moderate, and weak turbulence conditions for corresponding 
simulations. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Extended Data Fig. 4| The dependence of ADD velocity on friction velocity. a, For Aitken mode. 
b, For accumulation mode. c, For coarse mode. Different symbols indicate observed ADD velocity 
over a smooth surface from published controlled laboratory studies over the past half century. 
These experiments were mainly conducted in ducts made of metal or glass, whose micro roughness 
typically ranges from 0.5 to 5 μm according to reported measurements for these materials 
(Methods). The black lines show predicted ADD velocity by the one dimensional Eulerian ADD 
model. The wall micro roughness (kL) is set to 1 μm for all simulations. Aerosol diameter is set to 
0.05, 0.5, and 5 μm for Aitken, accumulation, and coarse modes for corresponding simulations. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Extended Data Fig. 5| The scale analysis of aerosol motion. a, In viscous domain. b, In drag 
domain. c, In inertial sublayer. ߬௔௘, ߬௧௘, ߬௕, ߬௚, and ߬௧௨௥ are defined as the time required for 
the corresponding mechanisms (advection entrainment, turbulent entrainment, Brownian motion, 
gravitational settling and turbophoresis) to drive aerosols to move one meter. The larger the time 
scale, the less important the corresponding mechanism. Grey boxes show ignored mechanisms in 
reconstructing ADD physical framework. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

Extended Data Fig. 6| The relationship between wind attenuation coefficient and landcover 
geometric area per unit ground. a, For built-up land. b, For vegetated land. Observed wind 
attenuation coefficient β is calculated from measured wind profiles in wind tunnel experiments (a) 
and real forests (b). λf refers to landcover front area per unit ground, which equals 2*AV/π and 
2*Ab/π for vegetated land and built-up land respectively (Supplementary, section 2). 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

Extended Data Fig. 7| Multiple Influences of landcover geometry calculated based on the 
resistance model configured with refitted parameters. a, Influence of landcover geometry on 
global ADD velocity. b, Relative changes of global column aerosol mass induced by landcover 
geometry (%). c, Absolute changes of global aerosol forcing induced by landcover geometry 
(W/m2). d, Relative changes of global aerosol forcing induced by landcover geometry (%). These 
results are obtained by comparing the scenario considering landcover geometry predicted by PWM 
theory with the scenario ignoring landcover geometry predicted by the resistance model configured 
with refitted parameters. According to this calculation method, terrestrial aerosol cooling effect is 
reduced by 38%. Only the optimal estimation of multiple impacts of landcover geometry are 
presented here. The optimal estimation means input landcover geometry parameters meet: (1) 
values of AL are taken as averages of results calculated from different remote sensing data sets; (2) 
values of kL for ground, vegetations or buildings are taken as the optimal values that generate 
modeled ADD velocity agreeing best with observations within the measured kL range of 
corresponding materials. 
 

 

 

 

 

 

 

 

 

 



 
 

Extended Data Fig. 8| Illustration of ࢉ࢙ࢂ ,ࢉࢌࢂ, and ࢉ࢚ࢂ. a, Situation for canopy-free landcover. 

Roughness sublayer in this case only includes viscous domain (grey area). b, Situation for canopy-
containing landcover. Roughness sublayer in this case includes viscous domain (grey area) and 
drag domain (light green area). 
 

 

 

 

 

 

 

 

 

 



 
 

Extended Data Fig. 9| The outline of the derivation of ADD velocity. Red symbols highlight 
the role of aerosol dynamics. Bule symbols and boxes highlight the role of multi-scale fluid 
dynamics. Green and pink boxes highlight the role of landcover geometry. See mathematic details 
in Supplementary. 
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    V  t c +


    V  d =   V  g +  1    R  a +   R  s


    R  s =  1    𝜀 0   u ∗  (   E  b +   E  i m +   E  i n )


    E  b =   p 1     S  c    p 2


    E  i m =   p 3    (     S  t    p 4 +   S  t )    p 5


    E  i n =   p 6    (     D  p    p 7 )    p 8


    V  t c +


    𝜏  a e


    𝜏  t e


  d   H  a  b =  max ⁡   (  (     H  i , j − H  i + a , j + b ) ,   0 )


    𝜏  b


    𝜏  g


    𝜏  t u r


    𝑽  𝒇 𝒄


    𝑽  𝒔 𝒄


    𝑽  𝒕 𝒄


    S  t o p =  {        𝜒  r 2 ,           H  i , j ≠ 0   0 ,         H  i , j = 0


    𝜒  r

