Title: Aerosol dynamics and gas-particle conversion in dry deposition of
inorganic reactive nitrogen in a temperate forest
Authors: G. Katata et al.
Author response to reviewer comments
Response to Anonymous Referee #1
General Comments: This work presents an analysis of size-resolved aerosol and gaseous species concentration
data from a mixed forest canopy near Tokyo using a multi-layer atmosphere-soil-vegetation model with
aerosol dynamics and dry deposition. In particular, the authors hope to explain observed apparent fluxes of
NO3-, NH4+ and HNO3 above vegetative canopies by within-canopy evaporation of ammonium nitrate
(NH4NO3).
In general, I believe this to be important work and interesting, valuable data, and I also agree with their major
conclusion that 3-D chemical transport models need to better incorporate the within-canopy aerosol
dynamic/equilibrium processes that are the focus of this work.
Response: We sincerely appreciate your interests and positive comments on our manuscript.

However, I believe that this article needs additional polishing to make its presentation more effective and the
results more accessible to ACP readers. I offer my suggestions for this presentation enhancement below. I
recommend that the article be published after additional measures are taken to enhance its presentation.
Response: Thank you so much for helpful suggestions; we revised the manuscript as follows. We hope that the
manuscript is drastically improved.

Specific Comments:
〇One concern is that the model used in this study is not adequately described. The paper does reference other
published articles (Katata et al., 2013; Katata et al., 2014) where portions of the model are described in some
detail; however, the full model used here seems to have been described in a gray literature document (Katata
and Ota, 2017). It would be better if the authors included more model description in this paper, especially
providing information on model setup for this particular application (e.g., model inputs, number of layers,
time resolution, model outputs, etc.), referring to the other publications (or an Appendix) for details.
Response: Since a large part of description in Katata and Ota (2017) consists of our two published articles (Katata
et al., 2013; 2014), the model has been basically reviewed in scientific journals. As suggested by the reviewer, we
added the summary of simulation settings as supplemental table (Table S1) in addition to subsection 3.2.

A second major concern is the presentation of some of the Figures, as follows:
〇Figures 2 & 3 – The figures are very small and cannot be adequately evaluated, especially with respect to

the agreement between the measurements and model results. Some way needs to be found to present the
figures in a larger, clearer way.
Response: As you suggested, these figures were too small for evaluation. We increased axis fonts of old Figs. 2 and
3, and separate to two figures as new Figs 2-5.

〇Figure 5 – The colors chosen for the vertical profiles are very difficult to distinguish between some species.
Bolder color differences would be a great improvement in understanding this very important figure.
Response: The figure (new Fig. 7) was revised with different colors which enable readers to understand.

〇Figure 9 – The y-axis title is so small as to be illegible. Please increase.
Response: As you suggested, the font of both axes of new Fig. 11 was increased with a modification of alignment.

〇p. 4, lines 90-91, line 104, line 111: There seem to be two definitions of “a”, one which I believe is the leaf
area density, and the other a constant in Eq. (4).
Response: Those confused the reviewer. We defined “a” as the leaf area density in Eqs. (1) and (2), and new “b” as
the constant for Eq. (4).

〇p. 4, lines 90-91: The term “R’” is not defined.
〇p. 4, line 104: “Tc” is not defined.
Response: We defined the above variables.

〇p. 4, Eq. (4): A reference should be provided for this formula, which is Massad et al. (2010), ACP, 10,
10359-10386.
Response: We added the reference as suggested.

〇p. 6, line 148: Was it really a “grass” fiber filter or was this supposed to be a “glass” fiber filter?
Response: It was typo; we corrected as “glass” (L.171, p.6)

〇p. 8, Section 3.3: The description of the simulation scenarios is somewhat confusing on first reading. The
phrases “NH4NO3 equilibrium” or “no NH4NO3 equilibrium” might lead someone to believe that
nonequilibrium thermodynamics is being modeled here, when actually it’s just that no NH4NO3 gas-particle
exchange is being allowed in the “no NH4NO3 equilibrium” scenario. A possible suggestion might be
something like “NH4NO3 gas-particle conversion” and “no NH4NO3 gas-particle conversion”.
Response: Since our wording was confusing, all of NH4NO3 equilibrium was replaced to “NH4NO3 gas-particle
conversion”.

〇p. 4, line 96: Should be “perfect absorption”.
〇p. 6, line 150: If I understand the intention of the sentence, both instances of “reading” could (and should)

be deleted – “We obtained 5 daytime data sets and 6 nighttime data sets.”
〇p. 8, line 235: Should read “… on both NH3 and fine NH4+ concentrations …”
〇p. 8, line 239: Should be “… competing shrinkage mechanism, …”.
〇p. 9, line 252: Should be “… evaporation has less impact on
〇p. 9, line 269: Should be “among”, not “amoung”.
〇p. 11, line 334: There are two instances of “typically” in this sentence, which is awkward.
〇p. 12, in “Author contributions”: Should be “… developed the model with support from MK,”.
Response: All items were revised. Thank you for your suggestions.

〇p. 11, first paragraph in Section 5.3: This discussion here (and Figure 10) is very confusing. How can the
ratios be plotted as a function of RH, but distinctions still made between “high RH conditions” and “low RH
conditions”? Whatever the subject is here, it is needs to be more clearly explained.
Figure 10 – As mentioned below, this figure (and the discussion that goes with it) is very confusing. I don’t
really understand what point is being made with this figure (ratios as a function of RH, but under “high RH
conditions” and “low RH conditions” – this doesn’t make sense as explained).
Response: We should explain about the background of the figure in more detail. We added the sentence about “In
this study, since water uptake of aerosols, typically represented as the hygroscopic growth factor defined as the
ratio between the humidified and dry particle diameters, is almost negligible under RH < approximately 80 % and
increases over RH > 80 % (e.g., Fig. 6 in Katata et al., 2014), we defined the threshold of 80 % for high and low
RH conditions.” (L.362-365, p.12).

Title: Aerosol dynamics and gas-particle conversion in dry deposition of
inorganic reactive nitrogen in a temperate forest
Authors: G. Katata et al.
Author response to reviewer comments
Response to Anonymous Referee #2
The paper presents a 1-dimensional model of coupled phase-partitioning and multi-layer canopy to study the
process of NH4NO3 aerosol evaporation and water uptake on surface atmosphere exchange fluxes of reactive
nitrogen compounds. A number of studies have observed remarkably high apparent deposition rates of
ammonium and nitrate aerosol which have been linked to aerosol evaporation processes, but few studies have
attempted to model the process and thereby quantify the overall effect on N deposition. This paper presents a
detailed model for this purpose and applies to reproduce concentration gradients measured above a Japanese
forest. Whilst the model is detailed, the measurements are comparably basic and poorly time-resolved which
limits their value in really testing the model. Nevertheless, the paper presents a useful first application of the
model and makes a valuable contribution to the literature on the subject. I recommend its publication once a
few concerns have been addressed as detailed below.
Response: We sincerely appreciate your interests and positive comments on our manuscript. In the original
manuscript, we should discuss about the model results via the uncertainties of measurements more carefully as a
first application (not for model validation). Therefore, as responded below we revised the whole sentences
throughout the manuscript regarding the input data based on your comments and suggestions. We hope the
manuscript should be clearly improved. For example, we inserted the sentences about the uncertainty of the
datasets: ”In this study, we made a simulation with basic and less time-resolved datasets as very first application of
the model to the NH4NO3 gas-particle conversion and aerosol water uptake of reactive nitrogen compounds. The
above uncertainties associated with input data such as number concentration and particle size distribution should be
improved in future.” (L.239-241, p.8).

Importantly, the description of the model and its application is very brief and important detail is missing. In
addition, the authors could exploit their results a little more comprehensively. My suspicion is that this would
result in a sufficient amount of new, additional text to necessitate a re-review of the manuscript.
Response: A part of model description and simulation conditions were not enough for evaluation. As responded to
your suggestions and comments below, the manuscript was drastically improved. Thank you to your comments.
Major concern
1. My major concern relates to the use of long-term average concentrations. Please make the time resolution of

the filter pack measurements more explicit. It suggests in Line 147 that integration times were 9 hrs (day-time)
and 15 hrs (night-time), whilst line 284 talks about weekly measurements. In either case I do not understand
why they were used as spot measurements in the interpolation (Figs. 1 and 4). Should the model not be
initialised with the same concentration for those time-intervals? Otherwise the average of the interpolated
time-series does not match the measured average.
Response: The description about filter-pack sampling was confusing and caused misunderstanding of reviewer. For
the early autumn period, filter-pack sampling was continuously made during the day and night for no rain days. For
the late autumn period, the time resolution was relatively low as weekly continuous measurements. However, the
data in rain days of the early autumn period were missing and caused gaps as shown in old Figs. 1 and 4. As a result,
we had no choice to make the data of these gap periods linearly incorporated for simulations. As you suggested,
since this interpolation could cause unrealistic effects on our results and should not be analyzed, we shaded the
output data during the rain period (no available filter-pack data) in new Fig. 6. In the original manuscript, this error
should not affect our results (old Fig. 5) because we used only the calculations and measurements in the above no
rain period for comparisons of inorganic mass concentration. Regarding initialization, 12 hour was applied to
spin-up time in this study, which is considered to be sufficiently low the gas and particle exchanges between
atmosphere and vegetation was sufficiently higher than time resolution of filter-pack data (~ half day). To address
this, we revised the sentences as ”For the early autumn period, filter-pack sampling was continuously performed
during the day and night except when it was raining. As a result, 5 daytime reading data sets and 6 nighttime
reading data sets were available. The gaps between data in rain days of the early autumn period were linearly
incorporated for simulations. Since the interpolation could cause unrealistic effects on the results, we used only the
calculations and measurements in the above no rain period for comparisons of inorganic mass concentration. For
the late autumn period, the time resolution was relatively low as weekly continuous measurements.” (L.172-177,
p.6) and “The model profiles averaged for only the sampling periods were compared with observed ones.” (L.276,
p.9).
Similarly, the length of the intervals of the dots in Figure 4 do not suggest that the measurements were
continuous. Line 251 and Figure 6. I would be very surprised if the conditions for NH4NO3 condensation were
met in this forest. Normally, these conditions are found over strong sources of NH3 (e.g. Nemitz et al., 2009).
If I understand the manuscript correctly, the authors are using long-term average concentration measurements
with long-term average meteorology. In general, the vapour pressures of NH3 and HNO3 are dependent on
temperature and humidity in a highly non-linear relationship. This means, if long-term average concentrations
are paired with long-term averages in temperature and humidity, it is unlikely that the comparison of measured
concentrations with the thermodynamic equilibrium concentrations evaluated with the ISORROPIA2 model
can correctly assess whether there is potential for NH4NO3 evaporation of condensation. With the long-term
integrated samples this problem cannot be fully resolved and as a result the entire manuscript needs to be
reformulated to some degree that full agreement between modelled and measured conditions cannot be
expected. The application to this measurement dataset can only be considered a first test of the model, rather

than a conclusive assessment of its capability. This problem needs to be discussed and, potentially, a sensitivity
analysis could explore the uncertainty introduced by the averaging. In addition, the concentrations used for
initialisation are subject to measurement uncertainty that may further limit the model / measurement
comparison.
Response: Again, our description was unclear and caused misunderstanding of the reviewer. The input filter-pack
data of was half-daily with linear interpolation (early autumn period) or weekly (late autumn period), but the output
data of all mass and number concentrations was half-hourly as well as all meteorological variables (old Fig. 3).
These were averaged for only the sampling periods for comparisons with observations. Therefore, the effect of
diurnal changes of air temperature and humidity should be reflected to the results in the early autumn period, which
is not so problematic, we believe. In order to emphasize that this work is a first application of the model, the details
in uncertainties are added based on your suggestions: “Several uncertainties (e.g., low time resolution of weekly
filter-pack data in the late autumn period; initialization of measurement uncertainty; complex topography of the
study site) may cause underestimations in calculated wind speed (Fig. 3a and 4a) and overestimations in total
number concentration within the canopy after 25 November 2016 (Fig. 9a). In Fig. 8, the conditions for NH4NO3
condensation were calculated in this forest, although these conditions are normally found over strong sources of
NH3 (e.g. Nemitz et al., 2009). Thus, the results from this study can only be considered a first test of the model to
the NH4NO3 gas-particle conversion and aerosol water uptake of reactive nitrogen compounds, rather than a
conclusive assessment of its capability.” In addition, the name of subsection was also revised as “Uncertainties in
observation and model results”. (L.324-331, p.11).
2. Overall, I am missing results and discussion on the effect of gpc (and also the equilibration

with water content) on the exchange with the vegetation, in addition to the effect on the
fluxes above the canopy. Only if this effect is shown to be significant, would there a need to
incorporate this additional complexity into deposition schemes. To assess the importance, I
would encourage the authors to quantify, from their results, the effect on the actual
ecosystem flux of the various forms of N, total reactive N and also the effective bulk
deposition velocity of the aerosol at the surface (Vds), which changes because particle size
changes. Presumably, this change in Vds is the reason for gpc changing also the in-canopy
gradient of SO42- (Fig. 5) although it does not take part in the gpc process itself. The
implications should be discussed.
Response: Thank you so much for your crucial suggestions. We calculate the changes in apparent mass flux over
the canopy and the contribution of each compounds on total nitrogen flux. We also showed the vertical profiles of
mass flux as well as concentration (Fig. S2). To demonstrate the impact of gpc on particle (especially NO3-)
deposition flux, the following discussion was inserted: “Once the gpc process is considered, particle deposition
could have very important contribution as nitrogen flux over the forest ecosystem. Comparing the calculated
daytime mass flux at 30 m height between "no gpc" and "gpc" scenarios in the early autumn period (Fig. S2),

deposition flux of fine NO3- and NH4+ was 15 and 4 times higher in "gpc" scenario. Since there was almost no
change in SO42- flux between two scenarios, this change is only caused by gpc. For gas species, both HNO3 and
NH3 slightly decreased to 0.6 and 0.8 times due to evaporation of NH4NO3 particles. This change in flux could be
applied to that in deposition velocity of each species. Furthermore, although particle deposition flux contributes to
only 5 % of total nitrogen flux above the canopy in "no gpc" scenario, this impact was increased to 38 % (NO3-:
27 %, NH4+: 11 %) in "gpc" scenario. It should be noted that the contribution of NH3 was still large as 37 % in
total nitrogen flux even in the "gpc" scenario. The above results indicate that the increase of (apparent) particle
deposition due to NH4NO3 evaporation may be important in the chemical transport modeling.”. (L.391-400, p.13).
Part of this explanation also appeared in Abstract.
3. Related to this, the discussion of Figure 9 is very cryptic and only accessible to those already

very familiar with the subject. It is closely linked to the observations of apparent
bi-directional size-segregated fluxes (e.g. Nemitz and Sutton, 2004; Ryder, 2010) and this
link should be made.
Response: Thank you for introducing Ryder (2010). We knew the paper from Nemitz (2015), but we did not refer it
because we could not have an access to the document as it is the doctoral thesis. As you suggested, we incorporated
additional explanation as “This is a similar result to demonstrated by past numerical study for size-resolved particle
number flux (Ryder, 2010); the certain particle diameter around 0.15 µm at which the apparent flux switched from
deposition to emission within the canopy and approximately reflected the peak in the number size distribution.
Furthermore, the apparent emission flux was represented as more particles shrink into a given size bin from the
next larger size than are leaving the bin to the next smaller size, while more particles shrink out of a given size bin
than shrink into it from the next larger size bin, resulting in apparent fast deposition (Ryder, 2010).” (L.309-314,
p.10-11).

Additional scientific comments and needs for clarification:
〇Abstract. It would be helpful to be more quantitative and also to include a statement on the effect on the
NH3 flux as well as the total reactive N flux. By what fraction does the change in phase partitioning change
the net N flux?
Response: Thank you for your suggestion. We calcualted the contribution of all reactive nitrogen components
(including NH3) to total nitrogen flux as “Once the gpc process is considered, particle deposition could have very
important contribution as nitrogen flux over the forest ecosystem. Comparing the calculated daytime mass flux at
30 m height between "no gpc" and "gpc" scenarios in the early autumn period (Fig. S2), deposition flux of fine
NO3- and NH4+ was 15 and 4 times higher in "gpc" scenario. Since there was almost no change in SO42- flux
between two scenarios, this change is only caused by gpc. For gas species, both HNO3 and NH3 slightly decreased
to 0.6 and 0.8 times due to evaporation of NH4NO3 particles. This change in flux could be applied to that in

deposition velocity of each species. Furthermore, although particle deposition flux contributes to only 5 % of total
nitrogen flux above the canopy in "no gpc" scenario, this impact was increased to 38 % (NO3-: 27 %, NH4+: 11 %)
in "gpc" scenario. It should be noted that the contribution of NH3 was still large as 37 % in total nitrogen flux even
in the "gpc" scenario. The above results indicate that the increase of (apparent) particle deposition due to NH4NO3
evaporation may be important in the chemical transport modeling.” (L. 391-400, p.13). Part of this explanation also
appeared in Abstract.

○Line 65. Please clarify if the model also predicts the relative humidity profile which is important in
controlling the phase partitioning. Related to this, Figure 3 should convey better whether the measured
(in-canopy) profiles in the meteorological parameters are correctly reproduced by the model, i.e. the emphasis
should be on the vertical change rather than the time-series.
Response: Since the relative humidity profile was predicted in the atmosphere sub-model, we added the word
“relative humidity” as well as specific humidity at the line 63 in p.3. Furthermore, as you suggested in your main
concern, we should emphasize that this was not model validation study but very first application to using limited
datasets. Thus, this study should not demonstrate agreement between calculations and observations (as performance
test), so that we should much focus on comparisons as first application of the model to the NH4NO3 gas-particle
conversion. As a result, we added new Fig. S1 for vertical profiles of meteorological variables and revised the
sentences as “For calculated air temperature and humidity, the primary determinants of ambient conditions of
gas-particle conversion and aerosol hygroscopic growth, calculated temporal changes were closed to the
observations within the canopy (Fig. 3 and 4; b and c). The above features were found in mean vertical profiles
during the daytime and nighttime (Fig. S1).” (L.258-261, p.9).

○Lines 100ff. I do not understand the approach taken for calculating cd. The text reads as if this is chosen to
match the atmospheric concentration at each canopy layer. Surely, in this case Fgd becomes zero if the canopy
layer air concentration matches the gas phase concentration in equilibrium with the Gd of the leaf water layer,
and rd ceases to have any effect. It is exactly the departure from equilibrium that drives the flux. Instead, Gd is
controlled by the previous accumulated deposition onto the leaf cuticle and the size of the water pool. How is
the water pool size calculated in the model? Related to this, I am not convinced the use of an rd that is linked
to acid/NH3 ratio and a leaf water emission potential are internally consistent. Parameterisations of the
cuticular resistance as a function of this ratio have been developed and applied within the framework of a zero
leaf water emission potential (e.g. Nemitz, 2015; Fowler et al., 2009) meant to account for the effect of a
non-zero leaf water concentration. By additionally introducing a non-zero Gd value, this effect is accounted
for twice.
Response: The model description related to cd for wet canopy was not enough. We incorporate the sentences how
to calculate leaf surface water from Katata et al. (2013) as follows: ”The RH value could be affected by the leaf
surface water content predicted at each canopy layer, based on water balance due to evaporation of leaf surface

water, interception of precipitation by leaves, capture of fog water by the leaves, and the drip from leaves (Katata et
al., 2008; 2013).” (L.118-121, p.4-5). The surface water capacity of 0.2 kg m-2 was given as leaf surface water
amount where there is maximum evaporation by Deardorff (1978). The NH3 exchange processes scheme has been
validated at rice field in Japan (Katata et al., 2013), but as you suggested, there is the uncertainty for applying rd to
the condition of non-zero leaf water concentration of NH3. Thus, we added the sentences as “Since our model is not
the dynamic modeling approach (e.g., Sutton et al., 1998; Flechard et al., 1999) to simulate NH3 charging and
discharging of the cuticle, Equation (4) could have uncertainty at wet canopy in equilibrium with non-zero leaf
surface concentration of NH3.” (L.121-123, p.5).
Deardorff, J.W., 1978. Efficient prediction of ground surface temperature and moisture, with inclusion of a layer of
vegetation. J. Geophys. Res. 83, 1889–1903.

○Line 113. I realise that the authors are here only summarising the principles of a paper that is described in
more detail elsewhere. Nevertheless, it would help to cite the approach taken to estimate the aerosol capture
efficiency. Similarly, the origin of Eq. (4) needs to be mentioned.
Response: We added the original references for Eqs. (4) (Massad et al., 2010) and (6) (Fuchs, 1964; Kirsch and
Fuchs, 1968; Peters and Eiden, 1992; Petroff et al., 2009).

〇Line 130. In addition to the ISORROPIA2 thermodynamic module, does the model treat any gas-phase
chemistry? This may be important as an additional source for HNO3. If not, the authors should discuss the
implications somewhere.
Response: The gas-phase chemistry such as HNO3 production from NO2, HONO, N2O5, and so on was not
considered in the model. Since the process could cause uncertainties in our results as you suggested, we added the
sentence as “The gas-phase chemical production of HNO3 could affect the simulated HNO3 concentration and flux,
which should be implemented to the model in future.” (L.153-154, p.6).

〇Line 198. It is not clear how the leaf water content was prescribed. This should affect the overall RH profile
throughout the canopy and thus the results should be quite sensitive to this parameter?
Response: Since the description about leaf water content calculation was missing in the manuscript, we added the
sentences “The RH value could be affected by the leaf surface water content predicted at each canopy layer, water
balance due to evaporation of leaf surface water, interception of precipitation by leaves, capture of fog water by the
leaves, and the drip from leaves. (Katata et al., 2008; 2013).” (L. 118-121, p.4-5). This could increase the RH value
in the canopy layer, although test periods for comparisons between observations and calculations were without
rainfall (L.175-176, p.6).

〇Line 203. The meaning of fio is not clearly introduced. I understand it to be the ratio of inorganic to total
aerosol mass. If so, it is constrained by the observations (in contradiction to what is stated in the manuscript)
by the comparison of total inorganic aerosol mass (from the filter-pack measurements) to total aerosol mass
(approximated via the ELPI+ aerosol volume). What is not constraint is its size dependence.
Response: The description about fio estimation was confusing and further information about ELPI+ data was
required. Your understanding about calculating fio for fine and Aitken modes is correct, but we required to assume
its values for both fine and Aitken modes because the ELPI+ data (total mass concentration) was limited for only
the late autumn period. Since the sentences were not organized, we revised them as follows: “In order to simulate
the vertical profiles of total number concentration within the canopy, the volume fraction of inorganic compounds,
fio, was given by the data of total inorganic and total mass concentrations. For the late autumn period, temporal
changes in weekly fio values for fine and Aitken modes was given by the data of filter-pack and ELPI+
measurements. However, for the early autumn period, the ELPI+ measurements were unavailable as described in
last subsection. Therefore, temporal changes in fio (Fig. 1b) were set based on the filter-pack data at the study site
and total PM2.5 mass concentrations observed at the nearest air quality monitoring station at Hachiouji (3 km
west-north-west from the site). For both periods, fio for Aitken mode was assumed to be the same as that for fine
mode, since again no observational data were available.” (L.229-236, p.8).

〇Section 3.2. I am missing more explanation as to how the measurements were used to drive the model and
provide initial or boundary conditions. In fact the content of this section does not match its title. Did you use
concentrations at a single height (if so, which one?) or several heights? How often was the model re-initialised
with the measurements. Was it allowed to run to steady-state conditions or was it continuously perturbed by
the measurements? Was a spin-up time used? Maybe, the input could be illustrated by adding the constraining
concentrations as a top panel to Figure 4.
Response: We should show detailed explanation about initial and boundary conditions. To present it more clearly,
new Table 1 was inserted for both periods. No spin-up time was applied in this study because the gas and particle
exchanges between atmosphere and vegetation was sufficiently higher than time resolution of filter-pack data (~
half day).

〇In addition, it is numerically problematic to use the same aerosol composition across all sizes as the Kelvin
effect then causes evaporation from the smallest particles and condensation on the larger ones. This would
drive some of the changes in the diameters (Fig. 7), which would then not represent a response to vertical
gradients but reflect inadequate initial conditions. How was this problem dealt with? In this context (and in
general) I would encourage the authors to study and refer the work of Ryder (2010) who also developed a
similar model and applied it to existing datasets of exchange.
Response: Since we are using a modal aerosol dynamics method, differences in Kelvin effect for fine and Aitken

mode particles are considered by using their mass mean diameter to represent the effect, but those within a mode
cannot be resolved. This should be problematic as the standard deviation of the size distribution is enhanced. We
somehow dealt with it by applying mode merging (or mode renaming), a part of Aitken mode (or accumulation
mode) shifts to accumulation mode (or Aitken mode) when condensation (swelling) occurred to avoid
unrealistically broad size distribution (e.g. Kajino et al., 2012). Certainly, our assumption, same composition in size
at the initial and boundary conditions might cause large uncertainty in simulated vertical size distribution profile
and its perturbation, but the size-resolved measurements have not been available so far. In future, we need to
conduct size-resolved composition measurements to assess this uncertainty by using size-resolved numerical model
(i.e., bin model).
Thank you for introducing Ryder (2010). We knew the paper from Nemitz (2015), but we did not refer it because
we could not have an access to the document as it is the doctoral thesis. Consequently, in the revised manuscript,
we added the following statements in subsection 5.1 with referring Ryder (2010): “Another uncertainty in the
results could be associated with same composition assumption in size at the initial and boundary conditions.
Variations of chemical composition in size caused variations in equilibrium vapor pressure at particle surface due to
Kelvin and Raoult's effects, which caused uncertainty in the simulation of swelling and shrinking of particles. Since
we used a modal aerosol dynamics method, differences of these effects within each mode cannot be resolved. We
need to revisit this issue in the future by using size-resolved composition measurements and size-resolved aerosol
model as done by Ryder (2010) to assess this uncertainty.” (L.332-337, p.11).

〇Line 210. Values of cg and cs as high as 300 ppb and 2000 ppb are completely unrealistic and inconsistent
with the paper of Massad et al. (2010). They also ignore the temperature dependence of Eq. (3). Do the
authors mean Gg = 300 and Gs = 2000 (no units!)? Gg is mentioned for the first time here and needs to be
introduced much earlier on. Again, this calls for introducing the model in more detail than is currently done.
Response: The variables cg and cs were wrong and confusing the reviewer. These should be Gg and Gs (without
unit), respectively. We modified the above variables and introduced them at new Eqs. (5) and (6), and modified.

〇Section 5.1 and Line 349ff. Figure 4 suggests to me that the extrapolation of concentration into the canopy
led to better agreement in the run that did NOT include gpc, whilst the text talks about an improvement.
Please clarify. In general, to assess model performance, it would be much more illustrative to rearrange Figure
5 so that the three lines (Obs, no gpc, gpc) can be compared on a single plot for each compound. In addition, it
would be interesting to compare a plot of how fluxes changes with height.
Response: As you suggested in your main concern, we should emphasize that this was not model validation study
but very first application to using limited datasets. Thus, this study should not demonstrate model improvement and
performance test, so that we should much focus on comparisons as first application of the model to the NH4NO3
gas-particle conversion. The sentences in Conclusions were now revised as “In the simulation including NH4NO3
gas-particle conversion processes, vertical gradients of normalized mass concentrations of nitrogen gases (HNO3

and NH3) and fine particles (NO3- and NH4+) within the canopy were clearly high than that for SO42-.”
(L.418-420, p.14). In section 5.2, the profiles of daytime flux were introduced as new Fig. S2 for all inorganic
nitrogen components as “The above feature was also apparent in vertical profiles of mass flux for all inorganic
nitrogen components during the daytime (Fig. S2).” (L.260-261, p. 9).

○Line 326. I am not convinced the authors’ argument here is correct. I would expect, to the first order, HNO3
and NH3 to be driven off the aerosol in stoichiometric ratios and thus the flux divergence for both compounds
(and their aerosol counterparts) should be similar in absolute (molar) terms, independent of the deposition rate
of the individual compounds. However, Fig. 5 shows normalised (i.e. relative) concentration changes and here
the authors are correct with their second explanation: the relative effect on NH4+ is smaller than on NO3because it partly represents non-volatile sulfates.
Response: Our statements were somewhat confusing. We removed it and added the sentences accordingly: “NH4+
flux over the forest was less influenced than NO3- by gas-to-particle conversion. It is because dry deposition rates
of NH3 were much lower than those of HNO3, and so differences in deposition rates between NH3 and NH4+ are
much smaller than those between HNO3 and NO3.” (L.382-384, p.13).

Technical corrections:
○Title. The word “in” does not read right in my mind. How about “The effect of aerosol dynamics and
gas-particle conversion on dry deposition …”
Response: Thank you for your suggestion: I modified the title as “The effect of aerosol dynamics and gas-particle
conversion on dry deposition of inorganic reactive nitrogen in a temperate forest”.

○Line 88. “fluxes with stomata … and with leaf water surfaces …”
Response: We replaced “over” to “with” as you suggested.

○Eqs. (1), (2), (3), (5). Please make sure the text introduces all symbols used in the equations. Many symbols
(e.g. R, a, Gs) are not introduced.
Response: The variables are not introduced as you suggested. We checked the equations and added the explanation
for a, R’, Gs (with the appropriate reference; Nemitz et al., 2004).

○Eq. (3) would benefit from a reference.
Response: We gave two references for this equation (Nemitz et al., 2000; Sutton et al., 1994).

○Eq. (5). Is the meaning of a here the same as in Eqs. (1) and (2)? If not, please use a different symbol.
Response: The explanation of “a (leaf area density)” was missing; as other reviewer also suggested, we introduced
this variable just after Eqs. (1) and (2).

○Eq. (5) and (6) and associated text. It would help here to make any dependence on particle diameter explicit,
e.g. by writing Ep(Dp).
Response: As you suggested, we modify both equations (currently Eqs. (7) and (8)) with dependence of particle
diameter (Dp) with an explanation.

○Line 130. “… transfer is driven by the difference …”
Response: We modified this sentence as you suggested.

○Line 173. It is not clear to me what the word “latter” refers to. Please rephrase.
Response: The word “latter” was rephrased as ”incoming long-wave radiation”. (L.199, P.7)

○Line 190. It would be useful to state the total number of layers of the model.
Response: As suggested by other reviewer, we added the information of layer number in Table S1 in supplement.

○Line 214. The acronym “gpc” is not introduced. Presumably it stands for gas-particle conversion? I wonder
whether “thermodynamic gas-particle partitioning” would be a better concept to use throughout?
Response: We should introduce the acronym in the manuscript. As you suggested, we define the word gpc as
“thermodynamic gas-particle partitioning” (L.XX, p.YY).

○Figure 6. Please clarify in the figure caption the height for which this flux is provided as the flux is height
dependent. In addition, it may be illustrative to display the actual exchange with the ecosystem under both
model scenarios.
Response: We added the height (30 m) for output of (apparent) mass flux in the caption of new Fig. 8. Furthermore,
“The actual deposition flux of each component by forest (ecosystem flux) was also shown for comparisons with
apparent flux.” (L.42, p.2).

○All figures: horizontal zero lines on all figures would help interpret these more easily. The font size of some
labels and legends should be increased for better readability.
Response: We increased font sizes and added zero lines to all figures.

○Line 322. This should read “2004” rather than “2004a” here, I believe.
Response: It was corrected to “2004”. Thank you so much.

Title: Aerosol dynamics and gas-particle conversion in dry deposition of
inorganic reactive nitrogen in a temperate forest
Authors: G. Katata et al.
Author response to reviewer comments
Response to Anonymous Referee #3
General The author present the development of an advanced deposition model, here for the inorganic reactive
nitrogen gas phase species HNO3 and NH3 and particle species NO3- and NH4+. I suggest to use not use the
term ‘aerosol’ when solely particles are addressed. Use the term ‘aerosol’ when you address particle together
with the gas phase where they are dispersed in. Otherwise use ‘particle’.
Response: Thank you for your suggestion. As you suggested, we replaced most of words of “aerosol” into “particle”
throughout the manuscript.

Surely, deposition much deserves a better treatment in many atmospheric model, so in principle an
improvement in deposition schemes is highly welcome.
Response: We appreciate for your positive comments on our work.

Overall, I feel the model can deliver useful results but there are many approximations it its set-up. This should
be treated most carefully. In my view, the paper needs a huge amount of improvement but I rate this as still
doable and not recommend rejection. I would therefore like to recommend major revision according to all
reviewer comments with external re-review necessary.
Response: Thank you for your interests and many suggestions on the manuscript. As you suggested, we should
have emphasized that this was fisrt application by clearly stating the model description and setup for numerical
experimental.

Details
○Abstract: I feel the abstract should give more information, at best, in a quantitative manner. It now reads too
much like an introduction. What is the main numerical outcome? What is better than before? The abstract
should clearly state what is treated.
Response: As you suggested, the information was not enough for readers. We totally revised the sentences and
added more sentences in Abstract as follows: “Although dry deposition has an impact on nitrogen status in the
forest environments, the mechanism for high dry deposition rates of fine nitrate particles (NO3-) observed in forests
remains unknown and is a potential source of error in chemical transport models. Here we modified a multi-layer
land surface model coupled with dry deposition and aerosol dynamics processes for a temperate mixed forest in
Japan, so that we carried out its first application to the ammonium nitrate (NH4NO3) gas-particle conversion (gpc)

and aerosol water uptake of reactive nitrogen compounds. The processes of thermodynamics, kinetics, and dry
deposition for mixed inorganic particles are modeled by a triple-moment modal method. The data of inorganic mass
and size-resolved total number concentrations measured by filter-pack and electrical low pressure impactor in
autumn was used for model input and numerical analysis. The model overall reproduces observed turbulent fluxes
above the canopy and vertical micrometeorological profiles as our previous studies. The sensitivity tests with and
without gpc demonstrated inorganic mass and size-resolved total number concentrations clearly changed within the
canopy. The results also revealed that the within-canopy evaporation of NH4NO3 under dry conditions
significantly enhances deposition flux for fine NO3- and NH4+ particles, while reducing deposition flux for nitric
acid gas (HNO3). As a result of evaporation of particulate NH4NO3, the calculated daytime mass flux of fine NO3over the canopy were 15 times higher in gpc" scenario than "no gpc" scenario. This increase caused high
contribution of particle deposition flux to total nitrogen flux over the forest ecosystem (~ 38 %), while the
contribution of NH3 was still large. A dry deposition scheme coupled with aerosol dynamics may be required to
improve the predictive accuracy of chemical transport models for the surface concentration of inorganic reactive
nitrogen.”.

○Line 13: Maybe a word should be added after ‘nitrogen’? Like ‘input’?
Response: The word of “input” was inserted into the sentence (L.19, p.1)

○Line 15, 16: Why is these only Japanese references, please check other deposition work.
Response: We should describe the background more in detail. To our knowledge, the references for “direct
measurement of nitrate dry deposition” are rare except for Japanese work (c.f., Nakahara et al., 2019). To
emphasize this, we revised the sentences with several references of dry deposition estimate studies in East Asia as
“In East Asia, where air pollutant emissions continue to increase (EANET, 2016), although the importance of dry
deposition of inorganic reactive nitrogen is suggested by prior studies by indirect estimate studies (e.g., Pan et al.,
2012; Li et al. 2013; Xu et al., 2015), direct measurement studies are still limited (Nakahara et al., 2019). Recent
observational studies at forests revealed that dry deposition flux of inorganic reactive nitrogen of fine NO3- was
markedly higher than that expected from theory (Takahashi and Wakamatsu, 2004; Yamazaki et al., 2015; Honjo et
al., 2016; Sakamoto et al., 2018; Nakahara et al., 2019).” (L.19-24, p.1-2).

○Line 29: This is not only known from/for deposition studies but also for myriad of particle characterization
studies. Are there more recent references?
Response: We referred the textbook for well-known NH4NO3 volatilization process in atmosphere as “although the
process itself has already been known in the atmospheric chemistry community for a long time (Seinfeld and
Pandis, 2006)” (L.39, p.2). Regarding to the recent papers for deposition modeling, to our best knowledge only two
papers are available as follows: Nemitz and Sutton (2004) (appearing from L.41 in p.2) and Ryder (2010) suggested
by other reviewer (L.309, p.10).

Ryder, J., 2010. Emission, deposition and chemical conversion of atmospheric trace substances in and above
vegetation canopies. PhD Thesis, University of Manchester, UK. Available from the University or via
https://nora.nerc.ac.uk

○Line 51: What does SOLVEG mean ?
Response: Our model “SOLVEG” was defined as “a multi-layer atmosphere-SOiL-VEGetation model” in the last
manuscript (currently L.54, p.2)

○Line 74: Reference Genuchten’s concept
Response: We referred the paper for unsaturated snow modeling as “Hirashima et al., 2010; Katata et al., recently
accepted) (L.83, p.3).

○Line 99: How does Eqn (3) relate to the Henry Constant? Can you clarify more what if written in the text?
Response: Eq. (3) was the equation for calculating cs (stomata) and was not related to Henry’s law. Since this
paragraph was not organized and confused the reviewer, we insert the word “Meanwhile,” before the sentence for
cd which follows Henry’s law and dissociation equilibrium with the atmospheric concentration of NH3 at each
canopy layer.” (L.111-112, p.4).

○Line 104ff: Where does Eqn (4) come from? ‘Affinity’ is a strange term. Better justify the approximation
for SO2 deposition.
Response: Following the suggestion from other reviewer, we revised the sentence as “the following empirical
formula for rd is applied” with the reference (Massad et al., 2010) (L.113, p.4). Although “affinity” was used in the
original reference van Hove et al. (1989), we added the word as “(such as solubility on water)” to make its meaning
clear (L.117, p.4).

○Line 117 ff: See initial remark on nomenclature and revise this whole treatment consistent with clear
naming.
○Line 296: This headline must be revised. The size distribution does not have a formation mechanism, only
the particles have
Response: The headlines were inappropriate; the word of “aerosol(s)” were revised to “particle(s)” when we
reffered solely particles, based on your suggestion.

○Line 139, end: … of the Tokyo … .
○Line 231: … fine particles.
Response: We corrected the sentences as you suggested.

○Line 148: What is a ‘grass fiber filter’?

Response: This was a typo; the sentence was now revised as “glass fiber filter”.

○Line 200ff: There seem to be a lot of approximations for the particle size distribution initialization. How
critical can this be for the overall study?
Response: This sentence was inappropriate and confusing the reviewer. In fact, we made manual fitting
independently using our ELPI+ data, which was compared with literature values as one of other examples at urban
environment in autumn (Salma et al., 2011). To avoid this confusion, we revised this sentence as “The lognormal
parameter sets of (Dg3, sg) for fine and Aitken modes at the upper boundary condition were respectively set at
(0.089 µm, 2.1) and (0.26 µm, 2.0) based on manual fitting of ELPI+ measurements at 30 m height (Fig. 1a). These
parameter sets were applied to both the early and late autumn periods.” (L.226-229, p.8). This uncertainty
somewhat influences inorganic mass concentration profiles, but sensitivity tests with changing mean diameter
showed that our important findings such as ”vertical gradients of NO3- and NH4+ concentrations drastically
increased due to NH4NO3 evaporation” (L.278-279, p.10) were consistent.

○Line 361: I think feasibility might be the wrong term.
Response: We deleted a part of the sentence “with high feasibility” since it was inappropriate.

○Figures: It would be great to show correlation plots for some key properties rather than only time-series
plots.
Response: On the basis of the other reviewer, this study should not demonstrate model improvement and
performance test based on scatter plots due to very limited datasets, so that we should much focus on comparisons
as first application of the model to the NH4NO3 gas-particle conversion. This is emphasized in “In this study, we
made a simulation with basic and less time-resolved datasets as very first application of the model to the NH4NO3
gas-particle conversion and aerosol water uptake of reactive nitrogen compounds. The above uncertainties
associated with input data such as number concentration and particle size distribution should be improved in future.”
(L.239-241, p.8)
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Abstract. Although dry deposition has an impact on nitrogen status in the forest environments, the mechanism for high dry
deposition rates of ﬁne nitrate aerosols particles
(NO−
3 ) observed in forests remains unknown and is a potential source of
:::::::
error in chemical transport models. Here we developed a new modiﬁed
a multi-layer land surface model coupled with dry
:::::::::
deposition and aerosol dynamics processes for a temperate mixed forest in Japan:, ::
so::::
that :::
we ::::::
carried :::
out ::
its::::
ﬁrst::::::::::
application
5

to
the ammonium nitrate (NH4 NO3 )::::::::::
gas-particle::::::::::
conversion ::::
(gpc)::::
and ::::::
aerosol:::::
water::::::
uptake::
of:::::::
reactive:::::::
nitrogen::::::::::
compounds.
:::::::::::::::::::::::::::::
The processes of thermodynamics, kinetics, and dry deposition for mixed inorganic aerosols :::::::
particles:are modeled by a tripledata ::
of::::::::
inorganic:::::
mass :::
and:::::::::::
size-resolved:::::
total ::::::
number:::::::::::::
concentrations ::::::::
measured:::
by
moment modal method. The new model ::::
ﬁlter-pack
and electrical low pressure impactor in autumn was used for model input and numerical analysis. The model overall
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
reproduces observed turbulent ﬂuxes above the canopy and vertical micrometeorological proﬁles , as well as ::
as:::
our::::::::
previous
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studies.
The sensitivity tests with and without gpc demonstrated inorganic mass and size-resolved total number concentrations
::::::::::::::::::::::::::::::::::::::::::::::::::::
clearly changed within the canopy. Sensitivity tests :::
The::::::
results::::
also revealed that the within-canopy evaporation of ammonium
:::::::::::::

+
nitrate (NH4 NO3 ) under dry conditions signiﬁcantly enhances deposition ﬂux for ﬁne NO−
while
3 and NH4 aerosolsparticles,
::::::

reducing deposition ﬂux for nitric acid gas (HNO3 ). ::
As::
a :::::
result ::
of ::::::::::
evaporation ::
of :::::::::
particulate ::::::::
NH4 NO3 ,:::
the:::::::::
calculated :::::::
daytime
over :::
the canopy
were 15 times higher in gpc" scenario than "no gpc" scenario. This increase caused high
mass
ﬂux of ﬁne NO−
3 ::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
::::::::::::::::::
15

contribution
of particle deposition ﬂux to total nitrogen ﬂux over the forest ecosystem ( 38 %), while the contribution of NH3
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
was
still large. A dry deposition scheme coupled with aerosol dynamics may be required to improve the predictive accuracy of
::::::::::::
chemical transport models for the surface concentration of inorganic reactive nitrogen.

1

1

Introduction

+
Dry deposition of inorganic reactive nitrogen gas (e.g., HNO3 and NH3 ) and aerosols ::::::
particle:(e.g., NO−
3 and NH4 ) is one of
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the important pathways of nitrogen input
into forest ecosystems. Recent studies at forests in In
East Asia, where air pollutant
::::
::
emissions continue to increase (EANET, 2016), revealed that observed although
the importance of dry deposition of inorganic
::::::::::::::::::::::::::::::::::::::::::::
reactive
nitrogen is suggested by prior studies by indirect estimate studies (e.g., Pan et al., 2012; Li et al. 2013; Xu et al., 2015),
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
direct measurement studies are still limited (Nakahara et al., 2019). Recent observational studies at forests revealed that dry
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

deposition ﬂux of inorganic reactive nitrogen of ﬁne NO−
3 was markedly higher than that expected from theory (Takahashi
25

and Wakamatsu, 2004; Yamazaki et al., 2015; Honjo et al., 2016; Sakamoto et al., 2018; Nakahara et al., 2019). As long as
−
physical deposition processes are dominant, the deposition velocities of SO2−
are expected to
4 and NO3 aerosols particles
:::::::

be similar because both species exist in the same sub-micron size range (e.g., Wolff et al., 2011). However, Sakamoto et al.
(2018) showed observed deposition velocity of NO−
3 as high as those of HNO3 at a temperate mixed forest, using the relaxed
eddy accumulation method (Matsuda et al., 2015). Nakahara et al. (2019) also observed a higher concentration gradient of ﬁne
30

2−
NO−
3 than of ﬁne SO4 at a cool-temperate forest, using a thermodynamic equilibrium model to explain this difference by

evaporation of NH4 NO3 aerosols particles
in the NH4 NO3 -NH3 -HNO3 triad within the canopy. Numerical studies of chemical
:::::::
transport models for the East Asian region have demonstrated that the models have overestimated total (gas + aerosol::::::
particle)
nitrate concentration at many locations (Kajino et al., 2013; Shimadera et al., 2018; Morino et al., 2015; Sakurai et al., 2015).
Despite the many uncertain factors (e.g., the emission inventory; grid resolution; chemistry, physics, dynamics, and deposition
35

modules), Shimadera et al. (2014) demonstrated that the surface concentration of total nitrate could be reproduced by increasing
dry deposition velocity of HNO3 by a factor of twenty, in reference to past numerical studies. Hence, the deposition velocity
of NO−
and/or HNO3 is among the major uncertainties in the chemical transport modeling.
3 of ﬁne aerosols particles
:::::::
Modeling studies for dry deposition have demonstrated the importance of NH4 NO3 volatilization during dry deposition of
gaseous and particulate nitrates (Brost et al., 1988; van Oss et al., 1998; Kramm and Dlugi, 1994),::::::::
although :::
the ::::::
process:::::
itself
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has
already been known in the atmospheric chemistry community for a long time (Seinfeld and Pandis, 2006). All these studies
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
used the "big-leaf" concept for the canopy representation under steady-state and thermodynamic equilibrium assumptions, with
chemical reaction rates provided by observational data. Nemitz and Sutton (2004) developed a more sophisticated model by introducing chemical timescales for a size-resolved aerosolparticle,
and showed that the :::::::::::::
thermodynamic gas-particle conversion
::::::
(hereinafter :::::::
referred ::
as::::
gpc):may explain the bi-directional ﬂuxes observed above a Dutch heathland. However,
of NH4 NO3 ::::::::::
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several uncertainties remained in their model results due to uncertainties in empirical treatments of aerosol particle
deposition
::::::
and thermodynamic processes, and gas concentration assumed in equilibrium with the aerosol::::::
particle:phase of pure NH4 NO3
(Nemitz and Sutton, 2004). Meanwhile, the equilibration of aerosols with surrounding liquid water is also important in determining the thermodynamic equilibrium of aerosols (e.g., Fountoukis and Nenes, 2007). An accurate evaluation of the impact of
the NH4 NO3 -NH3 -HNO3 conversion within the canopy requires a process-based model that includes the thermodynamics of

50

mixed inorganic aerosols, linking to gas-phase chemistry, while making no equilibrium assumption is required (Nemitz, 2015).

2

We here propose a new multi-layer land surface model coupled with dry deposition and aerosol dynamics (thermodynamics
and kinetics of mixed inorganic aerosols) for forest environments. In aerosol dynamics modeling, the moment method is used to
reduce computational cost and include general processes such as condensation, coagulation, below-cloud scavenging processes
(e.g., Binkowski and Shankar, 1995), and dry deposition (Bae et al., 2009). These processes are implemented into a multi-layer
55

atmosphere-SOiL-VEGetation model (SOLVEG) that includes particle (aerosol and fog droplet ) deposition and hygroscopic
aerosol ::::::
particle: growth processes (Katata et al., 2014). We apply the model to a Japanese mixed forest for calibration and
validation. Finally, we use numerical experiments to examine the impacts of two key processes on dry deposition ﬂux over the
canopy; gas-particle conversion of inorganic nitrogen compounds and hygroscopic growth.

2
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Model description

2.1

Model overview

A one-dimensional multi-layer model SOLVEG model consists of four sub-models: atmosphere, soil, vegetation, and radiation
within the vegetation canopy. The general description for gas and particle transport and dry deposition is available in Katata
and Ota (2017). In the atmosphere sub-model, one-dimensional diffusion equations are solved between atmospheric layers for
horizontal wind speeds, potential temperature, speciﬁc :::::::
(relative):humidity, liquid water content of the fog, turbulent kinetic
65

energy and length scale (Katata, 2009), and gas and aerosol ::::::
particle:concentrations (Katata and Ota, 2017). Observational
data are used for the upper boundary conditions. Bulk transfer equations are applied at the lowest layer using the soil surface
temperature and speciﬁc humidity calculated in the soil sub-model.
In the soil sub-model, the soil temperature, volumetric soil water content, and soil pore speciﬁc humidity are respectively
predicted from heat conduction, mass balance in liquid water, and water vapor diffusion equations, respectively (Katata, 2009).
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Root water uptake is calculated from the transpiration rate in the vegetation sub-model. For soil CO2 , mass conservation
equations for liquid and gas phases are solved (Nagai, 2004). Organic matter dynamics are also considered (Ota et al., 2013);
microbial decomposition and dissolved organic carbon (DOC) leaching in the above-ground litter layer, below-ground input
of carbon from roots (root litter), and soil organic carbon (SOC) turnover and DOC transport along water ﬂows throughout the
soil proﬁle for three SOC pools (active, slow, and passive) with different turnover times.
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In the vegetation sub-model, proﬁles are predicted for leaf temperature, leaf surface water, and vertical liquid water ﬂux
(Nagai, 2004). The heat budget equation at the leaf surface is solved to predict leaf temperature using key variables from the
atmosphere sub-model combined with the radiation scheme. At the upper boundary of the sub-model, a given precipitation
intensity is used for calculating vertical liquid water ﬂux within the canopy based on the surface water budget equation. The
CO2 assimilation rate due to photosynthesis is predicted using Farquhars formulations (Farquhar et al., 1980) and stomatal
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resistance. In the radiation sub-model, direct and diffuse downward and upward ﬂuxes of solar and long-wave radiation are
calculated to obtain the radiation energy input at the canopy layers. Fractions of sunlit and shaded leaves at each canopy layer
are adopted for the stomatal resistance and energy budget calculations.

3

A multi-layer snow module is unique in including the gravitational and capillary liquid water ﬂows in the unsaturated snow
layer based on van Genuchtens concept of water ﬂow in the unsaturated zone (:::
c.f.,::::::::::
Hirashima ::
et :::
al.,:::::
2010;: Katata et al.,
85

submitted2019).
In the soil module, soil freeze-thaw processes based on the freezing-point depression equation are considered
::::
in heat conduction and liquid water ﬂow equations. Winter-related processes for grassland phenology, such as leaf development
and senescence due to cold stresses, are also implemented in the vegetation sub-model. Carbon gain from photosynthesis and
remobilized reserves are allocated among sinks based on changing sink priorities and strengths. Sink strengths are calculated
based on the dynamics of leaves and stems and the acclimation to low temperature. The removal of tillers and leaves by
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cutting can be simulated during the growing season, with subsequent regrowth of the sward. The regrowth rate after cutting is
calculated at each phenological stage. Natural turnover of leaves and roots is modeled using typical life spans in years. Rooting
depth and the fraction of roots in soil layers are modeled as functions of root biomass. Daily amounts of the dead root biomass
(root litter) are used as inputs to SOC in the soil sub-model of SOLVEG.
2.2
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Dry deposition

Since full descriptions for the dry deposition process of gases and particles are available in Katata et al. (2013; 2014) and
Katata and Ota (2017), only the key equations are presented in the present subsection.
Using the compensation points for trace gases in the sub-stomatal cavity, χs (nmol m−3 ), and above the leaf water surface,
χd (nmol m−3 ), we model bi-directional gas exchange ﬂuxes over with
stomata, Fgs (nmol m−2 s−1 ), and over with
leaf water
::::
::::
surfaces, Fgd (nmol m−2 s−1 ), for each canopy layer (Katata et al., 2013) as follows:
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Fgs = a(Dgas /Dw )R′−1 [(rb + rd )χs − rb χd − rd χa ],

(1)

Fgd = a(Dgas /Dw )R′−1 [(rb + rs )χd − rb χs − rs χa ],

(2)

where a is the leaf area density (m2 m−3 ), Dgas and Dw are the diffusivities (m2 s−1 ) of trace gas and water vapor, rb ,
rs , and rd are the resistances (s m−1 ) for leaf boundary layer, stomata, and the evaporation (cuticular), χa is the ambient gas
concentration (nmol m−3 ) in the canopy layer, and R′ = (rb rs + rb rd + rs rd ). The total gas exchange ﬂux over the leaves can
105

be calculated as the sum of Fgs and Fgd for all canopy layers. In accordance with a number of observations (e.g., Huebert and
Robert, 1985), all χs , rd , and rs are set to be zero for highly reactive and water-soluble gas species of HNO3 and HCl, i.e.,
perfect absorption by plant canopies. For both species, the parameterization for a deciduous forest by Meyers et al. (1989) is
used to calculate rb . For NH3 , χs is calculated based on the thermodynamic equilibrium between NH3 in the liquid and gas
phases :
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(Nemitz
et al., 2000; Sutton et al., 1994):
:::::::::::::::::::::::::::::::::
(
)
161500
10378
χs =
exp
Γs ,
Tc
Tc

(3)

Γs:is the stomatal emission potential (also known as the apoplastic ratio) at 1013
where Tc is the canopy temperature (◦ C), χs ::
hPa . The :::::::
(Nemitz::
et:::
al.,::::::
2004). ::::::::::
Meanwhile,:::
the:NH3 concentration at the leaf surface water (χd ) is calculated by assuming
4

Henrys Law and dissociation equilibrium with the atmospheric concentration of NH3 at each canopy layer. To calculate the
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exchange ﬂux of SO2 and NH3 over the wet canopy, the following empirical
formula for rd is applied (Massad et al., 2010):
::::::::

rd = 31.5AR−1 exp[b(100 − RH)],

(4)

where b is the constant, RH is the relative humidity (%) and AR is the ratio of total acid/NH3 , represented as (2[SO2 ] +
[HNO3 ] + [HCl])/[NH3 ] at each atmospheric layer. The value of AR is determined from calculations of gaseous inorganic
concentration at each atmospheric layer. Since the afﬁnity :::::
(such ::
as ::::::::
solubility ::
on::::::
water):of SO2 for the leaf surface is approx120

imately twice that of NH3 (van Hove et al., 1989), a half value of rd calculated by Eq. (4) is applied to SO2 deposition. The
:::
RH
value could be affected by the leaf surface water content predicted at each canopy layer, based on water balance due to
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
evaporation
of leaf surface water, interception of precipitation by leaves, capture of fog water by the leaves, and the drip from
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
leaves
(Katata et al., 2008; 2013). Since our model is not the dynamic modeling approach (e.g., Sutton et al., 1998; Flechard et
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
al.,
1999) to simulate NH3:::::::
charging::::
and ::::::::::
discharging ::
of :::
the ::::::
cuticle, :::
Eq.:::
(4) :::::
could ::::
have:::::::::
uncertainty::
at::::
wet ::::::
canopy ::
in ::::::::::
equilibrium
:::::::::::::::::::::
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with
non-zero leaf surface concentration of NH3 .:
:::::::::::::::::::::::::::::::::::::::
The exchange ﬂux of NH over the ground (F ) was described with compensation points at the ground (chi ) as

3::::::::::::::::::
g0 :::::::::::::::::::::::::::::::::::::::::::::::::
g :::
:::::::::::::::::::::

Fg0 = (Dgas /Dw )cH0 (χa0 − χg ),
:::::::::::::::::::::::::::
(
)
161500
10378
χg =
exp
Γg ,
Ts0
Ts0

(5)
(6)

:::::::::::::::::::::::::

where
cH0 ::
is :::
the ::::::
surface::::::::
exchange:::::::::
coefﬁcient:::
for::::
heat,::::
χa0 ::
is :::
the ::::
NH3::::::::::::
concentration ::
at :::
the ::::::
bottom::
of:::
the:::::::::::
atmospheric :::::
layer,
:::::::::
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T
is :::
the :::
soil::::::
surface:::::::::::
temperature, :::
and:::
Γg ::
is :::
the :::::::
emission::::::::
potential ::
at :::
the ::::::
ground :::::::
surface.
s0 ::
:::
As explained in Katata et al. (2014), the aerosol ::::::
particle:deposition rate Fp (µg m−2 s−1 or # m−2 s−1 ) of each inorganic
species in each canopy layer is represented as

Fp = aEp (Dp ),

(7)

::::

Ep = ε(Dp )Ff |u|cp (Dp ),
::::
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(8)

::::

where Ep is the capture of aerosols :::::::
particles by leaves (µg m−3 s−1 or # m−3 s−1 ); ε the total aerosol ::::::
particle:capture
efﬁciency of plant leaves for aerosols particles
by inertial impaction , ::::::
(Peters :::
and ::::::
Eiden, 1992),
gravitational settling, Brownian
:::::::
::::::
diffusion , and interception; (Kirsch
and Fuchs, 1968), and interception (Fuchs, 1964; Petroff et al., 2009); F is the shielding
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: f
coefﬁcient for aerosols particles
in the horizontal direction; |u| the horizontal wind speed (m s−1 ) at each canopy layer; and cp
:::::::
is the mass or number concentration of aerosols:::::::
particles:(µg m−3 or # m−3 ). :::
Ep ,::
ε,:::
and:::
cp :::
are integration
values of given size
:::::::::::::::::::::::::
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bins
with particle diameter (Dp:[:::
µm]).:
:::::::::::::::::::::::::

5

2.3

Aerosol dynamics

In order to simulate changes in aerosol particle ::::::
particle:::::::
particle sizes due to condensation, evaporation, and water uptake, a
triple-moment modal method (Kajino et al., 2012) is employed at each atmospheric layer in SOLVEG. Aerosols Particles
are
:::::::
grouped into ﬁne (accumulation) and Aitken mode with the size distribution prescribed by a lognormal function; while the
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coarse mode is not considered in the simulation. The lognormal function is identiﬁed by three parameters: number concentration (N [# m−3 ]), geometric mean diameter (Dg [µm]), and geometric standard deviation (σg ). The triple-moment method
predicts spatiotemporal changes in three moments (k)
to identify the changes in the shape of each mode’s lognormal size dis:::
tribution. The selected three moments are 0th, 2nd, and 3rd moments (M0 , M2 , and M3 ), which are respectively number (N ),
surface area (m2 m−3 ), and volume concentrations (m3 m−3 ). Dg values for each moment are named Dg0 , Dg2 , and Dg3 . The
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relationship of the above lognormal parameters and the three moments for each atmospheric layer are as follows:
[

]
k2 2
ln σg ,
2
[
[
] 32 [
]− 3
(
)− 23 ]
M2
M3 2
M2 M3
2
Dg0 =
, ln σg = − ln
.
M0
M0
M0 M0
k
Mk = N Dg0
exp

(9)
(10)

Aerosol Particle
growth is dynamically solved in the same manner of Kajino et al. (2012). The gas to aerosol ::::::
particle:mass
::::::
transfer is accelerated driven
by the difference between the current state and the thermodynamic equilibrium state, as simulated
:::::
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+
−
by ISORROPIA2 model (Fountoukis and Nenes, 2007) for semi-volatile inorganic components such as NO−
3 , NH4 , Cl ,

gas-phase::::::::
chemical:::::::::
production:::
of ::::::
HNO3 :::::
could :::::
affect:::
the:::::::::
simulated ::::::
HNO3 :::::::::::
concentration::::
and
and liquid water (H2 O). The ::::::::
ﬂux,
which should be implemented to the model in future. The gas-particle conversion of organics is not considered in the
::::::::::::::::::::::::::::::::::::::::::::::::::::
present study because the observational speciation data was not available. Thus, both organics and other components to total
mass was assumed to be hydrophobic aerosols in the simulation. Since the current study focuses on change in mass gain/loss
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of accumulation mode aerosols, coagulation processes are not included in the simulation. Brownian coagulation is critically
important for the prediction of number concentration of Aitken mode aerosols:::::::
particles, but not very important for the prediction
of accumulation mode aerosol particle
mass (e.g., Kajino et al., 2013).
::::::
3
3.1
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Simulation setup
Study site and observational data

We used the measurements at an observation tower in a mixed forest namely the Field Museum Tamakyuryo (FM Tama) of :::
the
Tokyo University of Agriculture and Technology, located in a western suburb of Tokyo, Japan (35◦ 38’N, 139◦ 23’E). Deciduous
tree species (Quercus spp.) are dominant around the meteorological tower along with some Japanese cedar (Crytomeria
japonica). The canopy height around the tower is approximately 20 m. The growth period of deciduous trees is typically from
April to December. Site description details are provided by Matsuda et al. (2015) and Yamazaki et al. (2015).
6
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Simulations were carried out in two experimental periods in the early autumn (26 September to 11 October 2016) and the late
autumn (7 November to 7 December 2016). In the early autumn period, daytime (8:001700-17:00
in local time) and nighttime
::::
(17:008::::
00-8:00 in local time) mean concentrations were available at ﬁve heights (1, 8, 16, 23, and 30 m) for inorganic gases,
with ﬁne aerosol particle
concentrations observed using a 4-stage ﬁlter-pack sampling system. System speciﬁcations were
::::::
same as those of Nakahara et al. (2019) except for the aerosol particle
ﬁlter material. This study used a glass ﬁber ﬁlter coated
::::::
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with Teﬂon for collecting ﬁne and coarse aerosols. Sampling particles.
For the early autumn period, ﬁlter-pack sampling was
::::::::::::::::::::::::::::::::::::::::::::::::
continuously performed during the day and night except when it was raining. We obtained As
a result, 5 daytime reading
data
:::::::::
::::::
sets and 6 nighttime data sets. ::::::
reading::::
data::::
sets ::::
were::::::::
available.::::
The ::::
gaps:::::::
between::::
data::
in::::
rain ::::
days::
of:::
the:::::
early ::::::
autumn::::::
period
were
linearly incorporated for simulations. Since the interpolation could cause unrealistic effects on the results, we used only
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
the
calculations and measurements in the above no rain period for comparisons of inorganic mass concentration. For the late
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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autumn
period, the time resolution was relatively low as weekly continuous measurements. After the samples were collected,
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
inorganic ions in each of the ﬁlters were extracted into deionized water by ultrasonic extraction, and then analyzed using ion
chromatography (Dionex ICS-1100, Thermo Scientiﬁc).
In the early only
late autumn period, measurements of particle number concentrations were taken during the daytime (10:00
:::::::
- 16:::::
00-16:00) for 7 days without rainfall. Airborne particle number concentrations were measured by an electrical low pressure
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impactor (ELPI+, Dekati Ltd.). In the ELPI+, sampled particles are charged by corona discharge and later separated by size
using the principle of inertial classiﬁcation in a 13-stage cascade low-pressure (40 hPa) impactor combined with a back-up
ﬁlter stage. During the collection process, the charged particles produce a current proportional to their respective number
concentrations. The broad particle size distribution domain measured by the ELPI+ ranges from 6 nm to 10 µm. More details
particle:sample inlets for the ELPI+ were placed at heights
on the ELPI+ are described in Järvinen et al. (2014). The aerosol ::::::
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of 30, 23, 17, 8, and 1 m at the tower through TYGON intake tubing of 7.94 mm inner diameter and respective lengths of 6, 5,
10, 20, and 25 m . Each sampling line for the 5 measuring heights was manually switched every two minutes. The transit times
for aerosol ::::::
particle:samples in the tubing at each height ranged between 2 and 12 s. Results of the ﬁrst minute of concentration
measurement were rejected in order to avoid the mixing of air samples derived from different heights. All data were stored
in a personal computer at a sampling rate of 1 s−1 . The raw data were averaged over intervals of 60 s and were later used
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for calculating 600 s mean vertical proﬁles. Particle penetration efﬁciencies of the sampling tubes were estimated using the
indoor aerosols particles
in the laboratory by changing the lengths of the sampling tubes (30, 20, 15, 10, and 5 m). Based on
:::::::
these results, the raw concentrations have been corrected prior to post-processing. Furthermore, the data were further screened
out according to a few selection criteria to ensure their credibility with respect to three uncertainties in particular: uncertainty
in number concentration measurements, signal to noise ratio (Deventer et al., 2015), and variation in background current (the
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signal obtained from particle-free air through a HEPA-ﬁlter for each particle stage) before and after the measurements.
Half-hourly meteorological data for horizontal wind speed, and air temperature and humidity at heights of 30, 25, 20, 10,
6, and 1 m at the tower were used for model input and validation. Incoming short-wave and long-wave radiation values at 30
m were used for model input, while the latter ::::::::
incoming ::::::::
long-wave::::::::
radiation:was estimated by the parameterization of Duarte
et al. (2006). Net radiation was measured using a net radiometer (Q7, REBS) and stored by a data-logger (CR10X, Campbell

7
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Scientiﬁc) as half-hourly means. A sonic anemometer (81000, Young) was used to measure the 3D wind velocities and air
temperature, and an enclosed infrared CO2 /H2 O gas analyzer (LI-7200, Li-Cor) was used to measure the molar fraction of
CO2 and H2 O. These data were sampled at a frequency of 10 Hz with the interface unit (LI-7550, Li-Cor). Half-hourly CO2 ,
heat, and momentum ﬂuxes were calculated using Eddy Pro software (ver. 4.2.0, Li-Cor), where double rotation (Kaimal and
Finnigan, 1994) and block averaging were applied to the ﬂuctuation data to calculate the covariances. We then corrected the
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effect of air density ﬂuctuations on the ﬂux values (Burba et al., 2012). Low-frequency losses (Moncrieff et al., 2004) and
high-frequency losses for the low-pass ﬁltering (Ibrom et al., 2007) and for the sensor separation (Horst and Lenschow, 2009)
were corrected. All raw ﬂux data were checked following the quality-control program proposed by Vickers and Mahrt (1997).
Then we applied the quality check system proposed by Mauder and Foken (2006), and excluded data of low quality (qc-ﬂag of
2).
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The total (one-sided) leaf area index (LAI) measured with a plant canopy analyzer (LAI-2200, Li-cor) were 4.3 and 3.6
m m−2 for October and November 2016, respectively. Vertical proﬁles of leaf area density (LAD) were provided in order to
2

obtain the above values of total LAI by interpolated by gamma function interpolation, with the maximum at a height of 15 m
following the way of Katata et al. (2013). LAI of the understory vegetation of 0.5 m in height was given as a typical value of
2.0 m2 m−2 due to lack of observational data.
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3.2

Boundary and initial conditions

The boundaries of the vegetation layers were set at heights of 0.05, 0.1, 0.2, 0.3, and 0.5 m (understory vegetation), and from 1
to 20 m (forest canopy) with an increment of 1 m, while atmospheric layers were extended from the 20 m canopy to 30 m with
an increment of 1 m. Half-hourly data for precipitation, atmospheric pressure, horizontal wind speed, air temperature and humidity, and incoming long- and short-wave radiation were applied to the top atmospheric layer. Inorganic mass concentrations
225

−
+
+
−
2+
of gases (SO2 , NH3 , HNO3 , and HCl) and PM2.5 aerosols particles
(SO2−
, K+ , Mg2+ ) mea4 , NO3 , NH4 , Na , Cl , Ca
:::::::

sured by ﬁlter-pack were linearly interpolated at half-hourly timescales. For Aitken mode, the inorganic mass concentration
was assumed to be one-tenth of that of ﬁne mode, based on size-resolved number concentrations from ELPI+ observations (not
shown in ﬁgures). The boundaries of the soil layers were 0.02, 0.05, 0.1, 0.2, 0.5, 1.0, and 2.0 m in depth. Constant values for
soil temperature (15 ◦ C) and saturated volumetric water content for typical loam soil texture (0.43 m3 m−3 ) were takenfrom
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Katata and Ota (2017).::::
The :::::
model:::::
setup::::
and :::::::::
parameters ::::
were::::::::
provided ::
in :::::
Table ::
S1.
The boundary
conditions and input data for simulation setup are summarized in Table 1. The lognormal parameter sets
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
of (Dg3 , σg ) for ﬁne and Aitken modes at the upper boundary condition were respectively set at (0.089 µm, 2.1) and (0.26
µm, 2.0) , based on observational results in urban environments in autumn (Salma et al., 2011). This size distribution was
similar to that observed at a based
on manual ﬁtting of ELPI+ measurements at 30 m height by ELPI+ systems (Fig. 1a). The
:::::::::::::::::::::::::::::::::::::::::
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These
parameter sets were applied to both the early and late autumn periods. In order to simulate the vertical proﬁles of total
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
number
concentration within the canopy, the volume fraction of inorganic compounds, fio , lacks an observational data basis,
:::::::::::::::::::::::::::::::::::::
and was set at 0.2 and 0.12, respectively, was
given by the data of total inorganic mass and total number concentration. For the
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
late
autumn period, temporal changes in weekly fio ::::::
values for ﬁne and Aitken modes , in order to simulate the total number
::::::::::::::::::::::::::::::::::::::::::
8

concentration observed by was
given by the data of ﬁlter-pack and ELPI+ measurementsat a height of 30 m in the late autumn
::::::::::::::::::::::::::::::::
240

period. Since no ELPI+ data are available :. ::::::::
However, for the early autumn period, :::
the ::::::
ELPI+ ::::::::::::
measurements ::::
were::::::::::
unavailable
as described in last subsection. Therefore, temporal changes in fio (Fig. 1b) were set based on the ﬁlter-pack data at the study
::::::::::::::::::::::::::::::::::

site and total PM2.5 mass concentrations observed at the nearest air quality monitoring station at Hachiouji (3 km west-northwest from the site). :::
For::::
both:::::::
periods,:fio for Aitken mode was assumed to be the same as that for ﬁne mode, since again no
observational data were available. As a result, the summed volume for both organics and other components varied from 40 and
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80 % of the total volume.
Since no data were available in the study site for emission potentials of NH3 at the ground surface (χg ) and stomata (χs ),
we used typical values of χg :::
Γg = 300 ppb (Massad et al., 2010) and χs ::
Γs:= 2000 ppb for forests (Neirynck and Ceulemans,
2008).
In
this study, we made a simulation with basic and less time-resolved datasets as very ﬁrst application of the model to the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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NH
gas-particle:::::::::
conversion::::
and ::::::
aerosol:::::
water ::::::
uptake ::
of ::::::
reactive::::::::
nitrogen compounds.
The above uncertainties associated
4 NO3 :::::::::
::::::::
::::::::::::::::::::::::::::::::::::::
with
input data such as number concentration and particle size distribution should be improved in future.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
3.3

Simulation scenarios

To reveal the impacts of each process of NH4 NO3 equilibrium gas-particle
conversion and hygroscopic growth, the following
:::::::::::::::::::
four simulation scenarios were adopted: 1) NH4 NO3 equilibrium gas-particle
conversion and aerosol water uptake ("gpc"
:::::::::::::::::::
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scenario), 2) aerosol water uptake but no NH4 NO3 equilibrium gas-particle
conversion ("no gpc" scenario), 3) NH4 NO3
:::::::::::::::::::
equilibrium gas-particle
conversion but no aerosol water uptake ("gpc dry" scenario), and 4) no NH4 NO3 equilibrium gas-particle
::::::::::::::::::
:::::::::
conversion and no aerosol water uptake ("no gpc dry" scenario). Calculations in all scenarios were compared with observations
:::::::::

of vertical proﬁles of total number and inorganic mass concentrations within the canopy.

4
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Results

4.1

Micrometeorology during autumn 2016

Temporal changes in friction velocity, net radiation, sensible and latent heat, and CO2 ﬂux over the canopy for the early autumn
Figs.::
2:::
and::
3,:::::::::::
respectively.:Overall, the modeled momentum and heat ﬂuxes
and the late autumn periods are shown in Fig. 2. ::::
agreed with observed values, while observed high values of friction velocity in November and December 2016 were slightly
underestimated (Fig. 2f3a).
Water vapor and CO2 exchange processes that determine the level of stomatal uptake of gases were
::
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also reproduced well by the model (Fig. 2c, e, h, and j::::
Figs.::
2 :::
and::
3;:c::::
and :e).
Figure 3 ::::::
Figures::
4:::
and::5:illustrates time series for horizontal wind speed, air temperature, and relative humidity under the
canopy ::
in ::::
both:::::::::
simulation::::::
periods. Wind speed was underestimated within the forest, as was friction velocity (Fig. 3a and d),
probably due to horizontal advection over the hilly terrain (Matsuda et al., 2015). Nevertheless, For
calculated air temperature
::::::::::::
and humidity, the primary determinants of ambient conditions of gas-particle conversion and aerosol hygroscopic growth, were

9

270

reproduced by the model (Fig. 3b, c, e, and fcalculated
temporal changes were closed to the observations within the canopy
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(Figs.
3 and:::
4; :b:::
and:::
c).::::
The :::::
above :::::::
features ::::
were:::::
found::
in:::::
mean:::::::
vertical ::::::
proﬁles::::::
during :::
the :::::::
daytime :::
and::::::::
nighttime:::::
(Fig. ::
S1).
::::::::::
4.2

Inorganic mass concentration and ﬂux in early autumn in 2016

Figure 4a 6a
and b shows time series for observed and calculated major inorganic nitrogen compounds (HNO3 and NH3
::
+
gases and NO−
under the canopy in the early autumn period. The difference between "gpc"
3 , and NH4 ﬁne aerosolsparticles)
:::::::
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and "no gpc" scenarios was substantial for HNO3 and ﬁne NO−
3 concentrations during the daytime on 28 September. In the
"gpc" scenario, HNO3 concentration increased due to evaporation of NH4 NO3 during the daytime, while NO−
3 concentration
decreased. As a result, strong variations in NO−
3 mass concentration was reproduced in the "gpc" scenario. Less impact of
evaporation of NH4 NO3 on both NH3 and ﬁne NH+
4 concentrations was observed.
The calculated ﬁne mode mass-based wet diameter (Dg3 ) and RH are shown in Fig. 4c::
6c. Hygroscopic growth has a large
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impact on aerosol particle
size distributions in comparisons between "no gpc" and "no gpc dry" scenarios; e.g., Dg3 values in
::::::
the latter were higher as 1.4 µm than those in the former as 0.4 µm during the nighttime on 29 September 2016. Although
this process also inﬂuenced the size distribution during the daytime, competing shrinkage mechanism, NH4 NO3 evaporation,
appeared in the "gpc" scenario. As a result, the difference in daytime Dg3 between "gpc" and "no gpc" scenarios was up to in
0.12 µm on 28 September.
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Figure 5 :7:depicts vertical proﬁles of normalized gaseous and particulate mass concentrations in the early autumn period.
The
model proﬁles averaged for only the sampling periods were compared with observed ones. In the "no gpc" scenario (Fig.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
−
+
5b7b),
vertical gradients of ﬁne aerosol ::::::
particle:compounds (SO2−
4 , NO3 , and NH4 ) were similar, since the same equations
::

equation:::
for:::::::::
collection ::::::::
efﬁciency ::
of:::
Eq.:::
(8)::::
was used for all inorganic aerosol
for deposition velocity of Eqs. (5) and (6) were :::::::
+
particle
compounds. In contrast, vertical gradients of NO−
3 and NH4 concentrations drastically increased due to NH4 NO3
:::::::
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evaporation in the "gpc" scenario (Fig. 5c 7c
and f), producing gradients similar to observed gradients (Fig. 5a ::
7a:and d). The
::
above
feature was also apparent in vertical proﬁles of mass ﬂux for all inorganic nitrogen components during the daytime (Fig.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
S2).
The impact of NH4 NO3 evaporation was smaller during the nighttime (Fig. 5c::
yc) than the daytime (Fig. 5f7f),
which also
:::::::
::
aligns with observed diurnal patterns (Fig. 5a 7a
and d). High values of observed ﬁne SO2−
4 concentration were reproduced
::
calculated in both scenarios (Fig. 5ac7a-c).
:::
:::::::::
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+
Figure 6 :8: shows time series for calculated apparent
mass ﬂux of HNO3 , NH3 , and ﬁne NO−
3 and NH4 over the canopy
:::::::

for "gpc" and "no gpc" scenarios. The actual
deposition ﬂux of each component by forest (ecosystem ﬂux) was also shown
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
for
comparisons with apparent ﬂux. The impact of NH4 NO3 evaporation on ﬂuxes was the highest from 26 to 29 September.
:::::::::::::::::::::::::::::::::
Calculated NO−
8c) due to condensation
3 ﬂux above the canopy was positive during the nighttime for several days (Fig. 5c::
of HNO3 (Fig. 5a::
8a). As is the case for in-canopy NH3 concentration (Figs. 4 and 56::::
and::
7), NH4 NO3 evaporation has less
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impact on NH3 ﬂux than other species (Fig. 6b8b).
::

10

4.3

Aerosol Particle
size distribution in late autumn 2016
:::::::

Figure 7 :9:shows time series for number concentration within the canopy in the late autumn period, as well as parameters for
a lognormal size distribution for ﬁne mode. Initial number concentration values on 7 November (Fig. 7a::
9a) were tuned via
adjustments of the ratio of inorganic compounds (fio ) for each mode. Below-canopy Dg3 and σg were smaller in "gpc dry"
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9b:and d), while below-canopy Dg0 was larger in "gpc dry" than
than in "no gpc dry" due to NH4 NO3 evaporation (Fig. 7b ::
in "no gpc dry" (Fig. 7c9c).
In the "gpc" and "no gpc" scenarios in which aerosol water is considered, Dg3 increased due
::
to hygroscopic growth, while the inﬂuence of NH4 NO3 equilibrium :::::::::
gas-particle::::::::::
conversion on Dg3 was still apparent (Fig.
7b9b).
Some discrepancies between observations and calculations were found after 25 November 2016 in temporal changes in
::
number concentration (Fig. 7a::
9a).
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Figure 8 ::
10:shows vertical proﬁles of parameters for a lognormal size distribution and normalized NO−
3 mass concentration
in "no gpc" and "gpc" scenarios. For ﬁne aerosols:::::::
particles, values of Dg3 and normalized NO−
3 concentration at 8 m were
respectively 5.1 % and 8.9 % smaller in the "gpc" scenario than in the "no gpc" scenario due to evaporation of NH4 NO3 (Fig.
8b and d), while calculated σg was also 1.2 % smaller (Fig. 8c). In contrast, calculated Dg0 slightly increased 0.3 % at the
same height (Fig. 8a19a).
Almost no effect of NH4 NO3 equilibrium gas-particle
conversion was found in Aitken mode (Fig.
::
:::::::::::::::::::
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8e-h10e-h).
::::
Figure 9 ::
11:shows the differences in the total number concentration among above, within, and below the canopy during the
daytime in the late autumn period, with particular reference to the differences among these concentrations. In the sub-micron
-0.4 µm), differences between height pairs were strong between 8 and 1 m (below), between 30 and 24
size range (0.1- 0.4 ::::
m (above), and between 24 and 8 m (within). In the "no gpc dry" scenario, the difference in number concentration between
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height pairs was minimal in the sub-micron size range as determined by modelled size-resolved dry deposition velocity (Fig.
This is a similar result to demonstrated by past numerical study for size-resolved particle number ﬂux (Ryder,
9e). 11e).
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
2010); the certain particle diameter around 0.15 µm at which the apparent ﬂux switched from deposition to emission within

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

the
canopy and approximately reﬂected the peak in the number size distribution. Furthermore, the apparent emission ﬂux was
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
represented
as more particles shrink into a given size bin from the next larger size than are leaving the bin to the next smaller
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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size,
while more particles shrink out of a given size bin than shrink into it from the next larger size bin, resulting in apparent
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
fast
deposition (Ryder, 2010). In the "gpc" scenario (Fig. 9ad), aerosols ::::::
11a-d),::::::::
particles in ﬁne mode shrunk in this size
:::::::::::::::::::::::::
range due to in-canopy NH4 NO3 evaporation, resulting in an apparent tendency to emit from the canopy to the air above (Fig.
9d11d).
Meanwhile,:differences in number concentration between 24 and 8 m (within) for large aerosols particles
(> 0.3 µm)
:::
:::::::
were excessively high in the "gpc" scenario compared to observational data. In the "no gpc" scenario, in which only aerosol
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water uptake was considered (Fig. 9c:::
11c), ﬁne aerosol particle
size increased due to hygroscopic growth (Fig. 6::
10), and the
::::::
concentration differences between height pairs always remained positive in this range. Finally, if the "gpc" scenario, in which
both processes of NH4 NO3 evaporation and hygroscopic growth are considered (Fig. 9b:::
11b), calculated negative gradients
of number concentration appeared between 24 and 8 m (within) for the sub-micron range 0.1-0.4 µm, again similar to the
observed patterns (Fig. 9a11a).
:::

11
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5

Discussion

5.1

Uncertainties in observation
and model results
::::::::::::::

SOLVEG reproduced the general features of gas concentration, ﬁne aerosol ::::::
particle: mass, and ﬁne aerosol particle
number
:::::::
concentration observed within the canopy. Several uncertainties (e.g., low time resolution of weekly ﬁlter-pack data in the late
of measurement uncertainty; complex topography of the study site) may cause underestimations
autumn period; initialization
::::::::::::::::::::::::::::::::::
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in calculated wind speed (FigFigs.
3a and d::
4a) and overestimations in total number concentration within the canopy after 25
:::
November 2016 (Fig. 6a9a).
In the Fig.
8, the conditions for NH4 NO3::::::::::::
condensation ::::
were:::::::::
calculated ::
in :::
this::::::
forest,::::::::
although
::
::::::::::::::::::::::::::::
these
conditions are normally found over strong sources of NH3::::
(e.g.:::::::
Nemitz ::
et:::
al.,::::::
2009). :::::
Thus, :::
the::::::
results ::::
from::::
this :::::
study
::::::::::::::::::::::::::::::::::::::::::::::::::::
can
only be considered a ﬁrst test of the model to the NH4 NO3 ::::::::::
gas-particle :::::::::
conversion :::
and:::::::
aerosol :::::
water ::::::
uptake ::
of :::::::
reactive
::::::::::::::::::::::::::::::::::::::::::::::::::::
nitrogen
compounds, rather than a conclusive assessment of its capability.
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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Another
uncertainty in the results could be associated with same composition assumption in size at the initial and boundary
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
conditions.
Variations of chemical composition in size caused variations in equilibrium vapor pressure at particle surface due
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
to
Kelvin and Raoult’s effects, which caused uncertainty in the simulation of swelling and shrinking of particles. Since we used
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
a modal aerosol dynamics method, differences of these effects within each mode cannot be resolved. We need to revisit this

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

issue
in the future by using size-resolved composition measurements and size-resolved aerosol model as done by Ryder (2010)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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to
assess this uncertainty.
:::::::::::::::::::::
In
the modeling aspect, aerosol particle
growth due to biogenic secondary organics was not considered and might increase
:::::
::::::
uncertainty in model results. Although this effect might not be important for dry deposition and evaporation of NH4 NO3 that
particle:mass ﬂux itself in the forest. Nevertheless,
was the main focus of this study, this effect certainly inﬂuences the aerosol ::::::
the order of the magnitude of observed normalized inorganic mass concentration within the canopy during the daytime, i.e.,
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+
−
SO2−
was well reproduced by the model in the "gpc" scenario (Fig. 5c::
7c). In the
4 > NH3 > NH4 > NO3 > HNO3 (Fig. 5a7a)
::

late autumn period, while there is no direct measurement of aerosol water content, the ambient RH proﬁle that determines
hygroscopic growth of aerosols was reproduced (FigFigs.
3c and f4c).
As a result, the observed in-canopy negative gradient in
:::
::
number concentration (i.e., apparent emission of aerosols:::::::
particles) in 0.1- 0.4 :::
-0.4:µm size range was simulated in the "gpc"
scenario (Fig. 9a :::
11a and b). These results indicate that the model results can likely be used to effectively address the impact
360

of aerosol dynamics on dry deposition processes.
5.2

Formation mechanisms of aerosol particle
size distributions
:::::::

The complex form of the aerosol particle
size distribution can be mainly explained by the combination of (1) effects of in::::::
canopy NH4 NO3 evaporation of small aerosols particles
and (2) ﬁne mode hygroscopic growth of large aerosols:::::::
particles.
:::::::
Observed vertical gradients of size-resolved number concentration within the canopy were reproduced only in the "gpc" sce365

nario (Fig. 9b11b),
although other scenarios showed different tendencies as follows (Fig. 9ce11c-e).
When only dry deposition
:::
::::
processes were considered (Fig. 9e11e),
number concentration above the canopy was always larger than that within the canopy.
:::
Although the sharp negative gradient of number concentration between height pairs was computed for the 0.1- 0.4 :::
-0.4:µm
12

size range when the gas-particle conversion process was added to the model (Fig. 9d11d),
positive gradients for large aerosols
:::
particles
(> 0.2 µm) took on excessively high values compared to observational data. The number concentration of such large
:::::::
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aerosols :::::::
particles increased within the canopy due to hygroscopic growth (Fig. 9d :::
11d:and e), resulting in the negative gradient
from the air above the canopy to the air within the canopy.
5.3

Impacts of gas-particle conversion and aerosol dynamics on dry deposition

To quantify the impact of gas-particle conversion of NH4 NO3 on ﬁne NO−
3 ﬂux above the canopy, we plotted the respective
+
ratios of HNO3 , NO−
3 and NH4 ﬂuxes over the canopy in the "gpc" scenario (Fgpc ) to those in the "no gpc" scenario (Fnogpc ),

375

plotting each such ratio against RH ::
at :::
the :::
top::
of::::
the ::::::
canopy:in the early autumn period (Fig. 10). ::::
12). ::
In::::
this :::::
study, :::::
since
water
uptake of aerosols, typically represented as the hygroscopic growth factor deﬁned as the ratio between the humidiﬁed
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
and
dry particle diameters, is almost negligible under RH < approximately 80 % and increases over RH > 80 % (e.g., Fig.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
6
in Katata et al., 2014), we deﬁned the threshold of 80 % for high and low RH conditions. As depicted in Fig. 10b, the
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
gas-aerosol equilibrium 12b,
the gas-particle conversion of HNO3 and NO−
particle:phase under
3 shifted toward the aerosol ::::::
::::::::::::::::::::::::::
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high RH conditions. Conversely, under low RH conditions (< 80 %), most Fgpc /Fnogpc ratio values were higher than unity
for ﬁne NO−
and e). The impact of NH4 NO3 evaporation on ﬁne NO−
3 concentration (Fig. 10b 12b
3 ﬂux was very strong just
:::
under the deliquescence relative humidity (DRH) of pure NH4 NO3 of 61.8 %; the Fgpc /Fnogpc ratio reached ∼ 40 around
RH = 50 % (Fig. 10b12b).
Notably, the thermodynamic equilibrium model in SOLVEG calculates the mutual DRH, which
:::
should not be pure NH4 NO3 aerosols:::::::
particles. Such high values of (apparent) NO−
3 ﬂux have been observed in various forest
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types in Europe, as summarized in Nemitz (2015). These cases may be also affected by NH4 NO3 evaporation near the surface.
Calculated HNO3 ﬂux decreased with decreasing RH, due to evaporation of NH4 NO3 (Fig. 10a12a).
Most values of the
:::
Fgpc /Fnogpc ratio for HNO3 under dry conditions (RH < 80 %) were below 0.5, and even tended to be negative, i.e., emission
from the forest to the atmosphere. Prior studies have found this same ﬂux difference; deposition velocity of HNO3 varies in
a range from 4 to 7 cm s−1 (Huebert and Robert, 1985; Meyers et al., 1989; Sievering et al., 2001). These velocities have
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often been found to be lower than theoretical maximum values or even negative, i.e., emission from the canopy (Pryor et al.
2002; Nemitz et al., 2004a::::
2004). High HNO3 concentrations were observed within the canopy with the appearance of upward
HNO3 ﬂux over the canopy (Pryor et al., 2002), indicating the possibility of ﬂux divergence due to NH4 NO3 evaporation in
the HNO3 NH::::
-NH3 :- NH4 NO3 triad within the forest. This explanation has already been suggested by other studies (Harrison
et al., 1989; Sutton et al., 1993; Kramm and Dlugi, 1994; Müller et al., 1993).
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−
It
NH+
f; Fig. 6d). Because 8d).
4 ﬂux over the forest was less inﬂuenced than NO3 by gas-to-particle conversion (Fig. 5c7c,
::
:::::

is
because dry deposition rates of NH3 were much lower than those of HNO3 , ::
and::
so::::::::::
differences ::
in ::::::::
deposition:::::
rates :::::::
between
3 , :::
:::::::::
are :::::
much ::::::
smaller:::::
than ::::
those::::::::
between ::::::
HNO3
NH3 evaporation had little opportunity to enhance deposition ﬂuxesand
NH+
4 :::
::::::::
−
and
NO3 . In fact, the observed deposition trends for NH3 and NH+
4 were much weaker than those for HNO3 and NO3 . Also,
:::::::
−
2−
+
+
while the major counter-ion of NO−
3 was NH4 , that of NH4 was not NO3 but SO4 . Even though same count of molecules of
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NH3 and HNO3 evaporated, the gross deposition rate of NH+
4 appears to have been inﬂuenced mainly by (NH4 )2 SO4 and/or

13

NH4 HSO4 as also suggested by Nemitz (2015). The effect of NH4 NO3 equilibrium gas-particle
conversion on NH3 ﬂux was
:::::::::::::::::::
even lower than on ﬁne NH+
6a) because the mass concentration of NH3 was much higher.
4 (Fig. 4a::
5.4

Inﬂuencing the chemical transport modeling

Once
the gpc process is considered, particle deposition could have very important contribution as nitrogen ﬂux over the forest
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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ecosystem.
Comparing the calculated daytime mass ﬂux at 30 m height between "no gpc" and "gpc" scenarios in the early
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
autumn
period (Fig. S2), deposition ﬂux of ﬁne NO−
and ::::
NH+
was:::
15 :::
and::4:::::
times::::::
higher ::
in:::::
"gpc"::::::::
scenario,:::::::::::
respectively.
3 ::::
4 ::::
::::::::::::::::::::::::::::::::::::::::::::
Since
there was almost no change in SO2−
ﬂux::::::::
between two
scenarios, this change is only caused by gpc. For gas species, both
4 :::
::::::::::::::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::
HNO
and ::::
NH3 ::::::
slightly:::::::::
decreased ::
to :::
0.6 :::
and:::
0.8:::::
times::::
due ::
to :::::::::
evaporation:::
of ::::::::
NH4 NO3 :::::::
particles.:::::
This ::::::
change ::
in :::
ﬂux:::::
could:::
be
3::::
:::::
applied
to that in deposition velocity of each species. Furthermore, although particle deposition ﬂux contributes to only 5 %
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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of
total nitrogen ﬂux above the canopy in "no gpc" scenario, this impact was increased to 38 % (NO−
27:::
%, :::::
NH+
11 :::
%) ::
in
3 : ::
4 ::::
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
"gpc"
scenario. It should be noted that the contribution of NH3 :::
was::::
still ::::
large:::
as ::
37::
%::
in::::
total::::::::
nitrogen :::
ﬂux:::::
even ::
in :::
the :::::
"gpc"
:::::::::::::::::::::::::::::::::::::::::::::::::::
scenario.
The above results indicate that the increase of (apparent) particle deposition due to NH4 NO3::::::::::
evaporation::::
may:::
be
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
important
in the chemical transport modeling.
:::::::::::::::::::::::::::::::::::::
Theoretical values of deposition velocity for sub-micron aerosols :::::::
particles :typically ranging from 0.1- 1 ::
-1 :cm s−1 may
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have no substantial impact on surface concentrations in chemical transport models. However, as discussed in the previous
subsection, high deposition velocity of ﬁne NO−
3 due to evaporation in the forest (up to 40 times the above values) may
effectively remove nitrate aerosols particles
from the atmosphere over the forest and leeward. If the aerosol dynamics and
:::::::
gas-particle conversion processes can be incorporated into the dry deposition scheme in chemical transport models, we could
improve upon or even eliminate prior studies’ overestimates of the surface concentration of ﬁne NO−
3 (Kajino et al., 2013;

420

Shimadera et al., 2014, 2018; Morino et al., 2015; Sakurai et al., 2015). Hicks et al. (2016) found that in modeling deposition
velocities of aerosols:::::::
particles, the greatest uncertainty manifests in the range 0.1- 1.0 -1.0
µm. The cause of this uncertainty
:::
particle:deposition processes (e.g.,
is still not convincingly established, although the differing treatments of some key aerosol ::::::
turbulent diffusion) have been suggested by prior studies (Petroff and Zhang, 2010; Zhang and Shao, 2014). As demonstrated
in Fig. 10b :::
12b:and c, evaporation of NH4 NO3 under less humid conditions may play an important role for dry deposition of
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sub-micron aerosols:::::::
particles.
6

Conclusions

A new multi-layer land surface model fully coupled with dry deposition and aerosol dynamics was developed to evaluate the
impact of NH4 NO3 -NH3 -HNO3 conversion in temperate forests. The model was applied to ﬁeld studies of mass and number
concentration proﬁles in a Japanese mixed forest during autumn 2016. Four model scenarios with/without NH4 NO3 equilibrium
430

gas-particle
conversion and/or aerosol water uptake were tested to quantify the impact of the above processes on dry deposi:::::::::::::::::::
tion processes. While the :::
The:model overall successfully reproduced micrometeorological conditions ::
(in:::::::::
particular,:::::::
relative
humidity)
In:::
the:::::::::
simulation::::::::
including::::::::
NH4 NO3::::::::::
gas-particle::::::::::
conversion
within and above the canopy, measured proﬁles of :. ::
:::::::::
14

processes,
vertical gradients of normalized mass concentrations of :::::::
nitrogen:gases (HNO3 and NH3 ) and ﬁne aerosols particles
:::::::::::::::::::::::::::::::::::
:::::::
+
(NO−
3 and NH4 ) within the canopy were reproduced only in the model including NH4 NO3 equilibrium processes. For aerosol
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clearly high than that for SO2− . For particle size distribution, the observed emission tendency of total number concentration
4 ::::::::::
::::::::::::::::::::::::::

from the canopy to the atmosphere was explained by a larger effect of within-canopy evaporation of NH4 NO3 than hygroscopic
growth. As a result, the removal ﬂux of calculated ﬁne NO−
3 from the air above the forest to the forest can increase by up to
40 times under the DRH of pure NH4 NO3 . Similarly, the removal ﬂux of calculated ﬁne NH+
4 can increase up to ∼ 10 times,
though calculations for ﬁne NH+
4 ﬂuctuate strongly with RH. Conversely, HNO3 ﬂux over the forest can decrease by 50 %
440

or more due to NH4 NO3 evaporation, as supported by prior studies. The processes of aerosol dynamics and NH4 NO3 -NH3 HNO3 conversion play a crucial role in the dry deposition of inorganic nitrogen aerosols particles
in temperate forests. These
:::::::
processes can and should be incorporated into chemical transport models to improve the accuracy of total nitrate surface concentrations. An aerosol dynamics - dry deposition scheme simpliﬁed from that of this study can be implemented in chemical
transport modelswith high feasibility.
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Figure 1. (a) Modeled and observed number-based size distribution of aerosols particles
at 10:00 on 7 November 2016, and (b) temporal
::::::
changes in the volume fraction of inorganic compounds (fio ) in the early autumn period.
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Figure 2. Temporal changes in observed and simulated (a, f) friction velocity, (b, g) net radiation, (c, h) sensible and (d, i) latent heat, and
(e, j) CO2 ﬂuxes (ae) from 27 September to 11 October ::::
2016.
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Figure 3.:::::::
Temporal:::::::
changes ::
in :::::::
observed and :::::::
simulated:(a:) ::::::
friction ::::::
velocity,:::
(b) :::
net :::::::
radiation,:::
(c) ::::::
sensible :::
and:::
(d) ::::
latent::::
heat,:::
and:(e) ::::
CO2
ﬂuxes from 7 November to 6 December 2016.
:::::
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Figure 4. Temporal changes in observed and simulated (a, d) horizontal wind speed, (b, e) air temperature, and (c, f) relative humidity at 6
m height (ac) from 27 September to 11 October 2016.
::::
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Figure 5. Temporal
(df:a) ::::::::
changes in observed and simulated
horizontal ::::
wind :::::
speed, :::
(b) ::
air::::::::::
temperature, :::
and ::
(c)::::::
relative:::::::
humidity::
at::
6 ::
m
::::::::::::::::::::::
:::::::
height
from 7 November to 6 December 2016.::::
2016
:::::
:
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+
Figure 6. Temporal changes in observed and calculated mass concentrations of (a) HNO3 and NH3 gases and (b) NO−
3 and NH4 ﬁne

aerosolsparticles,
and mass-equivalent geometric mean wet diameter (Dg3 ) at 8 m height from 27 September to 11 October 2016. Calculations
::::::
for three scenarios ("gpc", "no gpc", and "no gpc dry") are plotted in the ﬁgure. Calculated relative humidity (RH) at 6 m height in Fig. 3c
also appears in (c). ::::
Grey :::::
shaded::::
areas:::::::
represent:::
the :::
rain:::::
period::
in:::::
which ::
no::::::::
ﬁlter-pack:::
data::::
were::::::::
available.

26

Figure 7. Mean vertical proﬁles in (a) observed and (b) calculated normalized mass concentration in the ”no gpc” scenario and (c) the ”gpc”
−
+
scenario for HNO3 and NH3 gases and SO2−
particles:(ac::
a-c) during the daytime and (dfd-f)
nighttime from
4 , NO3 and NH4 ﬁne aerosols ::::::
::

27 September to 11 October 2016.
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+
Figure 8. Temporal changes in calculated apparent
mass ﬂux of (a) HNO3 gas and (b) NO−
3 and NH4 ﬁne aerosols from 27 September to
:::::::

11 October 2016. Calculations ::::::
particles::
at::
30::
m:::::
height:in two scenarios ("gpc" and "no gpc") from
27 September to 11 October 2016. Fluxes
::::::::::::::::::::::::::::::::::
captured
by forest (ecosystem ﬂux) are plotted in the ﬁgure.
::::::::::::::::::::::::::
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Figure 9. Temporal changes in (a) observed and calculated number concentration of ﬁne and Aitken modes, and (b) calculated massequivalent (Dg3 ) and (c) number-equivalent geometric mean wet diameter (Dg0 ), and (d) standard deviation (σg ) of ﬁne aerosols particles
at
::::::
8 m height from 7 November to 7 December 2016. Calculations for four scenarios ("gpc", "no gpc", "gpc dry", and "no gpc dry") are plotted
in the ﬁgure.

29

Figure 10. Mean vertical proﬁles for calculated (a, e) number-equivalent (Dg0 ) and (b, f) mass-equivalent geometric mean wet diameter
(Dg3 ), (c, g) standard deviation (σg ), and (d, h) normalized mass concentration of NO−
ﬁne and (ehe-h)
Aitken modes in two
3 for (ada-d)
::
::

30

scenarios ("gpc" and "no gpc") from 7 November to 7 December 2016.

Differences in (a) observed and (be) calculated mean total number concentration between height pairs for 11:00 17:00 on 7, 8, 25, and 30
November 2016. Four calculation scenarios are presented in the ﬁgure: (b) "gpc", (c) "no gpc", (d) "gpc dry", and (e) "no gpc

dry".
Differences ::::::::
(∆Cnum ) ::
in ::
(a):::::::
observed:::
and::::
(b-e)::::::::
calculated:::::
mean ::::
total ::::::
number ::::::::::
concentration::::::
(Cnum ):::::::
between :::::
height::::
pairs:::
for
Figure 11. :::::::::
11:00 -17:00 on 7, 8, 25, and 30 November 2016. Four calculation scenarios are presented in the ﬁgure: (b) "gpc", (c) "no gpc", (d) "gpc

:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::

dry",
and (e) "no gpc dry".
:::::::::::::::::::

31

Relationship between relative humidity (RH) at 30 m height and "gpc" to "no gpc" ratios of calculated half-hourly ﬂuxes (Fgpc /Fnogpc ) of
+
(a, d) HNO3 gas and (b, e) NO−
3 and (c, f) NH4 ﬁne aerosols over the canopy from 27 September to 11 October 2016. Red lines represent

the situation in which Fgpc = Fnogpc . (d) through (f) plot the same variables as (a) through (c), but under dry conditions (RH < 80

%).
Figure 12. Relationship
between relative humidity (RH) at 30 m height and "gpc" to "no gpc" ratios of calculated half-hourly ﬂuxes
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(F
of ::
(a,::
d):::::
HNO3:::
gas::::
and ::
(b,::
e)::::
NO−
and:::
(c, ::
f) ::::
NH+
ﬁne:::::::
particles :::
over:::
the::::::
canopy ::::
from::
27:::::::::
September :
to:::
11 ::::::
October:::::
2016.
gpc /Fnogpc ) ::
3 :::
4 :::
:::::::::::
Red
lines represent the situation in which Fgpc = Fnogpc . ::
(d)::::::
through::
(f)::::
plot ::
the::::
same:::::::
variables::
as:::
(a) ::::::
through :::
(c), ::
but:::::
under :::
dry ::::::::
conditions
::::::::::::::::::::::::::::::::::::::::::
(RH
< 80 %).
::::::::::
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Table 1. Summary
of input data, and initial and boundary conditions for SOLVEG simulation setup; FP: ﬁlter-pack measurements, ELPI+:
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
ELPI+
measurements, fio ::::
the ::::::
volume fraction
of inorganic compounds. It should be noted that the gaps between FP in rain days of the early
:::::::::::::::::::
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
autumn
period were linearly incorporated for simulations.
::::::::::::::::::::::::::::::::::::::::::
Early autumn

Late autumn

::::::::::

Period

:::::

Target of simulation

:::::::::::::::

::::::::::

26 September-11 October 2016

:::::::::::::::::::::::

Fine inorganic mass concentration/ﬂux

:::::::::::::::::::::::::::::

7 November-7 December 2016

:::::::::::::::::::::::

Total number concentration/ﬂux

::::::::::::::::::::::::

Upper boundary condition

::::::::::::::::::::

Inorganic
mass concentration
::::::::::::::::::::::

:::::::::::::::::::::::::

Particle size distribution

Fitting of ELPI+ (Fig. 1a)

f::
io:

:::::::::::::::::::

::::::::::::::::::

FC Day/night (without rain days)

FC and Hachiouji station
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FC Weekly (continuous)

::::::::::::::::::

FC and ELPI+

:::::::::::

