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This paper presents a theoretical modeling study of dust emission from aerodynamic
entrainment and saltation including an implementation of the surface renewal mecha-
nism. Specifically, a parameterization of the free dust layer and a soil moisture trans-
port module are developed and incorporated. The model simulated dust emission
rates are compared with the observations from a field study. It is an interesting mod-
eling study, as it illustrates the time evolution of dust emission rates on the process
level, governed by the ambient conditions such as surface wind speeds and soil mois-
ture. The effects of wind erosion and soil moisture changes due to evaporation are
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modeled in both aerodynamic entrainment and saltation processes. While the quan-
titative results may depend on the model specifications, it characterizes the relative
importance and temporal dependence of the surface wind and soil properties in dust
emission processes. However, the manuscript needs major revisions in model descrip-
tion and evaluation before it could be considered for publication. There are two major
concerns. First, a main contribution of this work is the development of this process
model for dust emission. But the discussions about the model formulation and uncer-
tainties in parameters are insufficient (detailed below in specific comments), making it
difficult to determine if the results/conclusions are reasonable and where the model is
applicable (or not). Further, the model evaluation includes one case study only com-
paring the simulated dust emission fluxes with a dust experiment. And the analysis of
the model-data comparison is ad hoc and insubstantial.

Response: Thanks for the positive comments and useful suggestions. According to
the reviewer’s suggestions, we had discussed more about the model formulation and
uncertainties in parameters, provided more data and explanations, and improved the
quality of whole manuscript. Please see the responses to the following questions.

Specific comments are given below: 1. The parameterization of the free dust area in
Equation (1) is introduced the first time by this study. It is not justified how it is formu-
lated: is it physically based or empirically fitting based on the experimental data? The
equation implies a sharp decrease in available free dust fraction close to the surface.
Since the predicted changes of dust emissions due to the aerodynamic entrainment is
sensitive to the function, verification of the predicted free dust area with the experimen-
tal data or theoretical justification is necessary.

Response: Thanks for the comment and suggestion. The parameterization of the free
dust area in Equation (1) is physically based. According to the reviewer’s suggestions,
we added the sentence “we simplify the soil aggregate particles to spheres, and the
free fine dust grains are filled in the particle gaps” in lines 69 of the revised manuscript.
We added the verification of the predicted free dust area with the experimental data

C2

https://acp.copernicus.org/preprints/
https://acp.copernicus.org/preprints/acp-2020-1021/acp-2020-1021-AC1-print.pdf
https://acp.copernicus.org/preprints/acp-2020-1021


ACPD

Interactive
comment

Printer-friendly version

Discussion paper

in lines 245-271, in which the aerodynamic entrainment caused by fine dust is accord
with the wind tunnel experiments by Zhang et al. (2016):

Figure 5: Sensitivity of dust emission flux F to friction velocity, specific humidity and
initial soil moisture content. Three main phases in dust emission process: (i) aerody-
namic entrainment is the primary mechanism in first phase, and the dust emission rate
decreases rapidly in a few minutes, (ii) saltation transport is the main mechanism in the
second phase, and the dust emission rate maintains at a relatively high level, (iii) soil
moisture becomes the dominating limit factor in the third phase, and forms little dust
emission.

Fig. 5 shows different phases in the dynamic dust emission process. During the dust
dynamic emission, the dust emission rate curve under different wind velocities showed
a similar change trend, which could be divided into three main emission phases. The
first phase was supplied by free fine dust mainly and aerodynamic entrainment emis-
sion was the primary mechanism. Due to the smaller grain size of free dust and the
lower cohesive forces reduced by soil aggregates, the dust emission rate was very high
in this phase. However, because the uneven distribution of free dust content in the ver-
tical direction, the dust emission rate in this phase was decreased rapidly with time,
reflecting the supply limitation of free dust. Klose and Shao (2012) study the aerody-
namic entrainment in the absence of saltation as large eddies intermittently produce
strong shear stresses on the surface and entrain dust particles into the air, in which con-
vective atmospheric condition is major influence factor rather than soil property. While
the free dust layer was consumed by wind erosion, saltation transport became the main
mechanism in this phase. Because dust emission from big grains was relatively high
and erosion processes were restrained accordingly in this phase, the dust emission
rates were decreased significantly compared with that in the first phase. Therefore, the
thickness of dry soil layer was main limiting factor of the dust emission in this phase.
After the dry soil layer disappeared, the dust emission turned into the third phase, in
which wet soil was the limit factor and saltation transport was the main mechanism.
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The existence of water between the soil grains hindered the releasing process of wind
erosion and further reduced the dust emission rate. In this phase, soil moisture con-
tent became the main limiting factor of dust emission rate. Zhang et al. (2016) study
the first two phases in wind tunnel experiments, but the third phase is difficult be re-
built due to the time limit for wind tunnel operation. Tests are performed to investigate
the dependency of dust emission F on friction velocity, specific humidity and initial soil
moisture content. For constant friction velocity and initial soil moisture content, F has a
small difference with large specific humidity, and clearly increases for in small specific
humidity. Figure 5c also shows that final dust emission rate F is insensitivity with initial
soil moisture content.

2. Also, in Equation (1), it is unclear what the R value is used for the radius of free
dust grains and how it is determined; and is this parameter variable, depending on the
surface type? How does this equation relate to the results in Section 3.1 and Section
3.2, Figures 2 and 3, i.e., is the dry soil thickness (H_d) sensitive to R in Equation (1)?

Response: Thanks for the comment. R is average radius for soil aggregates and deter-
mined by the soil grain size distribution. We modified this part in lines 71: “where R is
the highest proportion radius of soil particle size distribution”. R mainly affects the dust
emission rate in aerodynamic entrainment process, and Figure 4 is a good example.
Soil moisture distribution and soil structure in Figures 2 and 3 are not sensitive to R.

3. Equation (10) and (11): what is the definition of m and what is its typical value?

Response: Thanks for the comment. m is a soil property parameter in famous Van
Genuchten model. It presents the effect of soil porosity and usually determined by
experiment. We added the definition and value in lines 137: “ m=0.274 is the soil
property parameter presenting the effect of soil porosity”.

4. Equation (12): is the calculation of theta and evaporation rate applicable only over
the wet soil? If the fraction of dry soil is > 0, i.e.,f_dust in Equation (1), will the theta
and evaporation rate be calculated for that layer and how?
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Response: Thanks for the comment. Theta and evaporation rate are calculated over
the whole soil during dust emission event, even when the fraction of dry soil is > 0.

5. Section 2.4: a flow diagram would help illustrate the procedure. Lots of the detail
about the model experiment are omitted. As mentioned in the main comment above,
without those detail it is difficult to determine whether the results are reasonable. For
instance, what is the initial soil moisture profile used? Is it representative for farmland,
which seems to be the land surface type of interest? The model domain is unclear: is
it a 1-D or 3-D model? What is the model horizonal and vertical resolution? Are there
any horizonal variability in the initial conditions of soil moisture content and surface
winds?

Response: Thanks for the comment. We added a flow diagram to help illustrate the
procedure. In addition, 0.15 is set as an initial soil moisture in the whole soil to present
a sufficient water condition after rainfall or irrigation, this is a vertical 1D model and
the whole thickness of soil is 1m and the grid size is 1mm. Our dust emission model
is established to simulate bare farmland condition, which horizonal variabilities in the
initial conditions of soil moisture content and surface winds are not principal influence
factors. More details please look at section 2.4. The calculation procedures can be
seen in section 2.4, we have modified this part and add a flow diagram to make it
easier for readers to understand in lines 163-165.

Figure 2. The flow diagram for dust emission model considering aerodynamic entrain-
ment and surface renewal processes in a single time step.

6. Figure 3: there is no black lines plotted in any of the panels (a)-(c). During the first
hour when H_d>0, why the soil moisture remains constant but there is a slow increase
in evaporation rate? is the stepwise increase in evaporation rate and soil moisture
related to the initial soil moisture profile assumed?

Response: Thanks for the comment. We corrected the title of Fig. 3 in lines 203-205:
“Figure 4: Temporal changes for evaporation and soil structure with different friction
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velocity u_*: (a) u_*=0.4m/s; (b) u_*=0.45m/s; (c) u_*=0.5m/s. Green lines are dry soil
layer thicknesses; blue lines are the evaporation rates; pink lines are the soil moisture
on wet layer surface, which determine the evaporation rates.”. It can be seen from Eq.
9 and Eq. 12 that the evaporation rate is higher with lower dry soil layer thicknesses,
and the soil surface moisture becomes larger when underground water is enough. So,
there is a slow increase in evaporation rate with the decreasing dry soil layer thick-
nesses. The initial soil moisture profile affects the initial values of evaporation rate and
soil surface moisture, but the wind velocity is a more important factor determined the
increasing rate.

7. Figure 4: in order to attribute the dust emission flux to a primary mechanism, it
would make sense to plot the contribution of aerodynamic entrainment separately from
that due to saltation transport. Sensitivity studies of other important parameters in the
model such as soil moisture profile and surface air temperature/humidity would help in
strengthening the findings from the model simulations.

Response: Thanks for the suggestions. We constructed more sensitivity tests on u*,
specific humidity and initial soil moisture content in lines 220-222.

Figure 5: Sensitivity of dust emission flux F to friction velocity, specific humidity and
initial soil moisture content. Three main phases in dust emission process: (i) aerody-
namic entrainment is the primary mechanism in first phase, and the dust emission rate
decreases rapidly in a few minutes, (ii) saltation transport is the main mechanism in the
second phase, and the dust emission rate maintains at a relatively high level, (iii) soil
moisture becomes the dominating limit factor in the third phase, and forms little dust
emission.

. . . Tests are performed to investigate the dependency of dust emission F on friction
velocity, specific humidity and initial soil moisture content. For constant friction velocity
and initial soil moisture content, F has a small difference with large specific humidity,
and clearly increases for in small specific humidity. Figure 5c also shows that final dust
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emission rate F is insensitivity with initial soil moisture content.

8. Section 3.4: this model evaluation section needs to be expanded. As mentioned in
the main comment, it is unclear if the model configuration is comparable to the exper-
imental conditions such as soil type, moisture content and profile. More quantitative
analysis of the model-data differences is needed, for instance, in terms of RMSE, cor-
relation, or other statistical measures. The impact due to Surface Renewal and Evap-
oration (SRE) is visible only after 6 hours; however, this seems to be inconsistent with
the model simulations in Section 3.1-3.3, which show that the SRE effects occur within
âĹij 1hr. Why is that? Even after including the SRE effect, the differences between the
model and observations are still quite large. It is not very convincing that the developed
model captures the time evolution of the dust emission fluxes effectively in this case
study. Furthermore, to attribute the changes of dust emission to a specific process:
aerodynamic entrainment of free dust or saltation transport due to wind erosion, it is
necessary to decompose the predicted dust emission fluxes by process.

Response: Thanks for the comment. In this version, we added some field experiment
results and recalculated the model with consideration of the experimental conditions
such as soil type, moisture content and profile in lines 254-257: “The model is cali-
brated and validated with field data from a sand storm monitoring station in the Horqin
Sandy Land in China in 2011 (Li et al., 2014). The Horqin station has a 20 m obser-
vational tower, and the observations included wind speed at heights of 2, 4, 16, and
20 m; soil moisture at depths of 5, 20, and 50 cm; dust (particulate matter 10 (PM10))
concentration at heights of 3 and 18 m.”. In fact, the third phase, which surface re-
newal caused by soil moisture, occurs after several hours in general due to the erosion
process of dry soil layer. In addition, we added some field experiment results, which
show the change of dust emission flux with time and the significant influence of surface
renewal process in fig. 6:

Figure 6: (left) Time series of observed and modeled dust emission flux. The time is
given in observation days (local time). Green triangles are wind velocity data measured
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at the height of 2 m; red circles are the measured air dust emission rate. Black solid
lines are the simulated dust emission flux considering surface renewal; black dotted
lines are the cases without considering surface renewal. (right) Corresponding mod-
eled versus observed fluxes for determination.

The model is calibrated and validated with field data from a sand storm monitoring
station in the Horqin Sandy Land in China in 2011 (Li et al., 2014). The Horqin station
has a 20 m observational tower, and the observations included wind speed at heights
of 2, 4, 16, and 20 m; soil moisture at depths of 5, 20, and 50 cm; dust (particulate
matter 10 (PM10)) concentration at heights of 3 and 18 m. Figure 6 shows the time
series and scatterplots of the observations and the model results for four of the Horqin
cases. At Horqin, fluxes of dust particles with diameters < 10 µm were estimated from
the PM10 concentration profile measurements. As seen, there is a good agreement
between the model predictions and observations and the temporal evolutions match
well. For the three cases shown, the coefficient of determination, r2, is the lowest
for the case of 2 May 2011 with r2 = 0.85 and the highest for the case of 19 May
2011 with r2 = 0.92. In the former case, the low r2 is caused by the poor model-
observation agreement at about 16:00. For the remaining time, the predictions and
observations differ only slightly in magnitude. In the latter case, the temporal evolution
is well reproduced by the model with only slight discrepancies at about 14:00 and
18:00. Overall, in the four cases, the model predictions and observations agree with
regard to onset and cessation as well as overall characteristics. Especially, in the latest
case, the dust emission flux decreases obviously after 20:00 even though the wind
velocity increases slightly, which indicates that u*t increases due to surface renewal
process. As a contrast, the simulated dust emission flux without considering surface
renewal increases with the wind velocity and is contrary to the observed dust flux due
to the traditional models can’t presents the change of soil property and u*.

9. Page 9, lines 14-15: dust emission caused by aerodynamic entrainment has been
demonstrated in a number of previous studies such as Klose and Shao (2012) and
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Zhang et al. (2016). For the statement “this model simulated the dust emission process
caused by aerodynamic entrainment in nature for the first time”, clarification about how
this study is different from previous studies on this process is needed.

Response: Thanks for the comment. This is an unclear statement and we have mod-
ified this part in lines 227-243: “Fig. 5 shows different phases in the dynamic dust
emission process. During the dust dynamic emission, the dust emission rate curve un-
der different wind velocities showed a similar change trend, which could be divided into
three main emission phases. The first phase was supplied by free fine dust mainly and
aerodynamic entrainment emission was the primary mechanism. Due to the smaller
grain size of free dust and the lower cohesive forces reduced by soil aggregates, the
dust emission rate was very high in this phase. However, because the uneven distri-
bution of free dust content in the vertical direction, the dust emission rate in this phase
was decreased rapidly with time, reflecting the supply limitation of free dust. Klose and
Shao (2012) study the aerodynamic entrainment in the absence of saltation as large
eddies intermittently produce strong shear stresses on the surface and entrain dust
particles into the air, in which convective atmospheric condition is major influence fac-
tor rather than soil property. While the free dust layer was consumed by wind erosion,
saltation transport became the main mechanism in this phase. Because dust emission
from big grains was relatively high and erosion processes were restrained accordingly
in this phase, the dust emission rates were decreased significantly compared with that
in the first phase. Therefore, the thickness of dry soil layer was main limiting factor of
the dust emission in this phase. After the dry soil layer disappeared, the dust emission
turned into the third phase, in which wet soil was the limit factor and saltation transport
was the main mechanism. The existence of water between the soil grains hindered
the releasing process of wind erosion and further reduced the dust emission rate. In
this phase, soil moisture content became the main limiting factor of dust emission rate.
Zhang et al. (2016) study the first two phases in wind tunnel experiments, but the third
phase is difficult be rebuilt due to the time limit for wind tunnel operation.”.
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Overall, the manuscript is an interesting modeling study of dust emission processes
based on the theoretical understanding. However, it requires significant improvement
and justification in model description and evaluation, in order to support the findings of
their model simulations.

Response: Thanks for the positive comments again, we have improved the quality of
whole manuscript according to your suggestions and expect to hear more comments
and suggestions from you.

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2020-1021,
2020.
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Fig. 1.
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Fig. 2.
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Fig. 3.
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Fig. 4.
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Fig. 5.
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Fig. 6.
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