
Reply to comments on “Simulating ozone dry deposition at a

boreal forest with a multi-layer canopy deposition model”

October 6, 2016

We would like to appreciate the reviewer for the detailed and valuable comments
which helped us a lot to improve the manuscript. Our reply to all the comments are
shown below.

1. Comments: (1) Authors state that they have implemented a multi-layer dry de-
position model into SOSAA, which is a 1D chemical transport model. SOSAA is
described in Section 2.3.1, which lists different modules and references but does
not explain the model types or physical principles. The key elements of SOSAA
relevant to the present study, especially turbulent mixing and the derivation of
eddy diffusivity, should be described in more detail.

Answer: We added a description of the turbulent mixing calculation in SOSAA and more
details about the emission and chemistry as:

“In SOSAA, the horizontal wind velocity (u and v), temperature (T ), specific humidity (qv),
turbulent kinetic energy (TKE) and the specific dissipation of TKE (ω) are computed every
time step (10 s) by prognostic equations. In order to represent the local to synoptic scale
effects, u, v, T and qv near and within the canopy are nudged to local measurement data at
SMEAR II station with a nudging factor of 0.01. A TKE-ω parameterization scheme is used
to calculate the turbulent diffusion coefficients (Kt) (Sogachev, 2009),

Kt = Cµ
TKE

ω
(1)

ω =
ε

TKE
(2)

where ε is the dissipation rate of TKE and Cµ is a closure constant. Hence the turbelent flux
of a quantity X (Ft,X) can be computed as

Ft,X = −Kt
∂X

∂z
(3)

where upward fluxes are positive and vice versa. Specifically, the sensible heat flux (H) and
latent heat flux (LE) at each model layer are computed as

H = −Cp,airρairKt

(
∂T

∂z
+ γd

)
(4)

LE = −LvKt
∂qv
∂z

(5)

where Cp,air (1009.0 J kg−1 K−1) is the specific heat capacity at constant pressure. ρair (1.205
kg m−3) is the air density which is a constant in the model. γd (0.0098 K m−1) is the lapse
rate of dry air. Lv (2.256 × 106 J kg−1) is the latent heat of vaporization for water.”
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“The upper boundary values of u, v, T and qv are constrained by the ERA-Interim reanalysis
dataset provided by the European Centre for Medium-Range Weather Forecasts (ECMWF,
Dee et al., 2011). At the canopy top, the incoming direct and diffuse global radiations measured
at SMEAR II station, and the long wave radiation obtained from the ERA-Interim dataset are
read in to improve the energy balance closure. Then the reflection, absorption, penetration
and emission of three bands of radiation (long-wave, near-infrared and PAR) at each layer
inside the canopy are explicitly computed according to the radiation scheme proposed by
Sogachev et al. (2002). At the lower boundary, the measured soil heat flux at SMEAR II
are used to further improve the representation of surface energy balance. All the input data
are interpolated to match the model time for each time step. With the input data, the mass
and energy exchange between atmosphere and plant cover (including the soil underneath) and
the radiation attenuation inside the canopy are optimal to simulate the micrometeorological
drivers of O3 deposition at this site.”

“In current SOSAA, a modified version of MEGAN has been used to simulate the emis-
sions of BVOCs from the trees. The emissions of some important BVOCs are included, e.g.,
monoterpenes (α-pinene, β-pinene, ∆3-carene, limonene, cineol and other minor monoterpenes
(OMT)), sesquiterpenes (farnesene, β-caryophyllene and other minor sesquiterpenes (OSQ)) ,
2-methyl-3-buten-2-ol (MBO). The chemistry mechanism is from MCMv3.2 including needed
inorganic reactions and the full MCM oxidation paths for methane (CH4), isoprene, MBO,
α-pinene, β-pinene, limonene and β-caryophyllene. We have also included the first-order ox-
idation reactions with OH, O3, NO3 for cineole, ∆3-carene, OMT, farnesene and OSQ. The
related chemical reactions of stabilised Criegee intermediates (sCIs) with updated reaction
rates from Boy et al. (2013) are also taken into account in current simulations. For more
details about emissions and chemistry we refer to Mogensen et al. (2015).”

2. Comments: (2) Due to the incomplete model description, it is not obvious for the
reader that the vertical mixing of O3 is calculated similarly to that of any other
compound in SOSAA (Eqs. 5 and 6), and that the ”multi-layer O3 deposition
model” actually consists of the few resistance terms shown in Fig. 1 (of which not
all are effective). As SOSAA has previously been used for simulating the exchange
of reactive compounds and latent heat within a forest canopy, obviously it must
include some sort of description of the surface exchange processes corresponding
to stomatal uptake at least. This relationship should be explained, especially for
the stomatal resistance of both overstory and understory vegetation.

Answer:

1. As previously indicated, we added more details about the turbulent mixing which clarifies
how the vertical mixing is calculated. Furthurmore, we improved the prognostic equation for
the evolution of the O3 concentration for each layer and other compounds also follow this
prognostic equation in SOSAA:

∂[O3]

∂t
=

∂

∂z

(
Kt

∂[O3]

∂z

)
− Vd[O3]A+Qchem (6)

where the first term on the right-hand side represents the vertical mixing of O3. The second
term is the sink by dry deposition which is non-zero only inside the canopy. The last one
is chemistry production and loss for O3 for each model layer. Vd is the total dry deposition
velocity at height z which already includes the uptake by the leaves, including the leaf stomata
(see below), cuticle and the uptake by the soil for the understory layer. We also distinguish
the difference in uptake by dry and wet leaves. A is a unit scale factor which is set to 1 m2

m−3 here.

2. rmes can be neglected for O3.

3. In SOSAA, the stomatal resistance for water vapor rstm,H2O is computed by the SCADIS
module. It is used to calculate the latent heat flux and thus the energy balance. The detailed
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description of the formula refers to Sogachev et al. (2002). Then rstm for O3 is obtained as

rstm =
DH2O

DO3

rstm,H2O (7)

Here DH2O and DO3 are the molecular diffusivities of water vapor and O3, respectively.

3. Comments: (3) The presentation of input data should be clearer and specify the
data actually used for the deposition calculations, i.e. which data are taken from
measurements and what is derived within SOSAA. This is important, as a large
part of the paper is dedicated to testing the modelled meteorological variables.
For example, a comparison with observations is presented for u*, but it is not
explained how the modelled profile is obtained or how it is utilised in the model.

Answer:

1. We added more details about SOSAA description (see above) which clarifies how variables
are calculated in the model. We also improved the description of the input data for the model
as (this paragraph is also shown in reply 1):

“The upper boundary values of u, v, T and qv are constrained by the ERA-Interim reanalysis
dataset provided by the European Centre for Medium-Range Weather Forecasts (ECMWF,
Dee et al., 2011). At the canopy top, the incoming direct and diffuse global radiations measured
at SMEAR II station, and the long wave radiation obtained from the ERA-Interim dataset are
read in to improve the energy balance closure. Other radiation terms are computed according
to the radiation scheme in Sogachev et al. (2002). At the lower boundary, the measured
soil heat flux at SMEAR II are used to further improve the representation of surface energy
balance. All the input data are interpolated to match the model time for each time step. With
the input data, the mass and energy exchange between atmosphere and plant cover (including
the soil underneath) and the radiation attenuation inside the canopy are optimal to simulate
the micrometeorological drivers of O3 deposition at this site.”

2. u∗ is calculated in SCADIS for each layer with turbulent eddy diffusivity and the wind
gradient. It can represent the shear stress and thus the turbulent strength. u∗ is also used to
calculate the soil boundary layer resistance rbs.

4. Comments: (4.1) r soil is modified from a default value based on model simu-
lations, which are not discussed. These simulations should be shown and would
serve as a useful sensitivity test.

Answer:

1. Now we use the default value 400 s m−1 proposed by Ganzeveld and Lelieveld (1995) and
we add a soil boundary layer resistance rbs.

2. We also did a sensitivity test for rsoil with values of 200, 400, 600, 800 s m−1. In general
400 s m−1 resulted in a simulation of O3 fluxes and in-canopy concentration profiles in best
agreement with observations. The analysis is added in the revised manuscript as:

“rsoil varied in different studies, ranging from 10 to 180 s m−1 for dry soil and 180 to 1100 s
m−1 for wet soil (Massman, 2004). In this study the dry deposition module was developed on
the basis of the model from Ganzeveld and Lelieveld (1995) in which rsoil is 400 s m−1. In
order to assess the uncertainties involved in estimating rsoil, different values of rsoil ranging
from 200 to 800 s m−1 were tested in this study (Table 1). As can be expected, the modelled
O3 fluxes decreased as rsoil increased. The BASE case showed the best performance in general,
although it overestimated ∼ 16% nighttime O3 fluxes. Since the RSOIL200 case overestimated
O3 fluxes by ∼ 17% in average for the whole month, ∼ 12% at daytime and ∼ 35% at nighttime,
the RSOIL200 sensitivity case indicates that using this lower estimate, a value that might be
more appropriate for high organic (and dry) soils, seems to not properly represent the role of
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Table 1: The average and standard deviation of modelled and measured O3 fluxes above the canopy
during different time periods (ALL for the whole month, D for daytime, N for nighttime) for different
cases (OBS for measurement, BASE for basic settings used in this study, RSOIL200 uses the same
settings as in BASE except rsoil = 200 s m−1, similarly, RSOIL600 with rsoil = 600 s m−1 and
RSOIL800 with rsoil = 800 s m−1) are shown. The relative error of modelled O3 flux compared to
the observation (Ft,mod − Ft,obs)/Ft,obs is also listed within the parentheses.

cases ALL D N
OBS 0.125 ± 0.090 0.171 ± 0.085 0.052 ± 0.037
RSOIL200 0.146 ± 0.090 (+16.6%) 0.192 ± 0.085 (+12.3%) 0.070 ± 0.034 (+34.9%)
BASE 0.128 ± 0.079 (+1.93%) 0.168 ± 0.075 (-1.51%) 0.061 ± 0.030 (+16.1%)
RSOIL600 0.118 ± 0.075 (-5.85%) 0.156 ± 0.070 (-8.64%) 0.055 ± 0.029 (+5.07%)
RSOIL800 0.112 ± 0.072 (-10.7%) 0.148 ± 0.067 (-13.0%) 0.051 ± 0.028 (-2.28%)

soil removal at this site. On the other hand, taking higher resistance values, e.g., one of 600
or 800 s m-1 seems to result in a better simulation of the role of the soil uptake at nighttime.
However, considering the overall performance and better estimation of daytime O3 fluxes, we
still use 400 s m−1 as the soil resistance.”

5. Comments: (4.2) r ac is set to a very small arbitrary value. What is the point of
including a resistance of 1 s m-1 in series with a resistance of 600 s m-1?

Answer: In our model the role of turbulent transport, represented by the term rac, exists but
is ignored for this particular layer. Because it is a very small term compared to the other
processes (e.g., molecular diffusion and surface uptake).

6. Comments: (4.3) r b depends on molecular diffusivity and wind speed (or friction
velocity, p.9). Please present the formula or an exact reference.

Answer: The applied relationship is according to Meyers (1987). The reference will be included
in the revised manuscript.

7. Comments: (4.4) r stm is calculated from evapotranspiration rate in SOSAA.
How?

Answer: It is described in Answer of Comments (2).

8. Comments: (4.5) r mes, r cut and r ws have constant values. Where do these
come from?

Answer: They are from Ganzeveld and Lelieveld (1995). We will also add the detailed infor-
mation in the revised paper.

9. Comments: (4.6) f wet is a function of RH, for which the authors cite a grey
literature report that does not even include original data on canopy wetness.
Isn’t there anything more substantial available?

Answer: We will add another reference: Wu et al. (2003).

10. Comments: (5) An ineffective aerodynamic resistance term (r ac) is included in
series with the soil resistance (cf. Comment 4.2 above). However, a much more
important term, namely the near-soil boundary layer resistance, is ignored in the
model.

Answer: We will add a soil boundary layer resistance rbs in the revised manuscript as:
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“The rbs is the soil boundary layer resistance which is calculated as (Nemitz et al., 2000),

rbs =
Sc − ln(δ0/z∗)

κu∗g
(8)

Here Sc (1.07) is the Schmidt number for O3. κ is the von Kármán constant (0.41). δ0 =
DO3

/(κu∗g) is the height above ground where the molecular diffusivity is equal to turbulent
eddy diffusivity. z∗ (0.1 m) is the height under which the logarithmic wind profile is assumed.
u∗g is the friction velocity near the ground.”

11. Comments: (6) The leaf surface resistance has a general formulation (Eq. 3) so
as to represent both needle-shaped and broad leaves. This is accomplished by a
scaling factor (alpha = 0.5) introduced to account for one-sided stomatal exchange
on leaves. As the non-stomatal exchange takes place on both sides of such a leaf,
with separate boundary layers, this scaling does not result in a correct formula for
deposition on two-sided leaves. The authors describe alpha as a correction factor,
so it may represent an approximation. However, this approximation should be
justified.

Answer: We thank the reviewer for pointing out this flaw in the implementation of the dry
deposition scheme in SOSAA. Now we modified the scheme as:

“rveg is the leaf surface resistance which represents how O3 finally deposits onto different parts
of leaf surface (Fig. 1). It can be calculated at each layer for needle leaves as

rveg = rb +
1

1/(rstm + rmes) + (1 − fwet)/rcut + fwet/rws
(9)

While for broad leaves, O3 can deposit on a side without stomata or a side with stomata,
hence rveg is computed in a different way as

rveg = 2

/(
1

rveg1
+

1

rveg2

)
(10)

rveg1 = rb +
1

(1 − fwet)/rcut + fwet/rws
(11)

rveg2 = rb +
1

1/(rstm + rmes) + (1 − fwet)/rcut + fwet/rws
(12)

Here rb is the quasi-laminar boundary layer resistance over the leaf surface, which depends on
molecular diffusivity and horizontal wind speed (Meyers, 1987).”

We found that the overall impact of this flaw is small so the initially presented results are still
valid. For example, for a typical condition at daytime (rstm=2000.0 s m−1, fwet=0.0, rb=150.0
s m−1), the new rveg is about 3% larger than the old value for broad leaves.

12. Comments: (7) The authors demonstrate that the model performs well in high
humidity conditions but fails during the night-time when RH is low. As wet
needle surfaces require additional parameterisations (RH dependent resistance,
wet surface fraction), it is surprising that the authors do no first try to develop
a parameterisation that performs well in dry conditions, i.e. in a much simpler
case. Instead, they refer to simulation and measurement problems due to weak
turbulence, but do not explain how these would depend on RH. If the measurement
uncertainties increase with weakening turbulence and affect the model validation
(and the u* screening does not help), then this could be easily tested. As the
soil resistance is given as a plausible explanation for the mismatch, it would also
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Figure 1:

seem logical to test if a better fit can be obtained by varying this resistance (see
Comment 4.1. above).

Answer: This study also addresses the role of soil uptake but the reviewer is indeed correct
that we didn’t introduce a detailed representation of leaf/needle cuticle uptake as a function
of RH. We agree with this but we also consider that there are only 69 data points under
NL condition (nighttime with low humidity condition), which is a small portion compared to
the total available data points of 886. This is also one reason of low correlation between the
modelled and meausured results for NL condition. Furthermore, the low humidity condition
occurs less often at nighttime, the simulation bias for this condition only affects slightly the
overall performance of the model. Therefore, we decide not yet to introduce such further
modifications and rather focused on soil uptake. Further improvement on the wet skin fraction
uptake will be focus of future studies with SOSAA.

13. Comments: (8) Only ozone fluxes are considered in the analysis. As the modelled
flux depends on the modelled concentration, which is affected by various processes
and has a systematic diurnal cycle, it is difficult to assess how well the deposition
processes are modelled by comparing fluxes alone. Perhaps you could have a look
at the flux/concentration ratio (commonly called deposition velocity)?

Answer: In this study we also compared the O3 concentration profile in Fig. 8 which is also
used to varify the model results. Therefore, the agreement between modelled and observed
fluxes above the canopy and the concentration profiles inside the canopy we can conclude that
the deposition processes are modelled quite well.

14. Comments: (9) As the ozone fluxes measured at SMEAR II have been analysed
in a large number of previous studies, including two different multi-layer models
(Rannik et al., 2012; Launiainen et al., 2013), I would expect to see a more
systematic comparison of these results. From the process modelling point of view,
it would be useful to discuss how and why the modelled results differ between the
three multi-layer models.

Answer: Our study revealed some differences between our model and these two previous mod-
els, and showed the novel points of our current model by inclusion of the following statement
(also see the reply below):

“Two different studies that also applied multi-layer models (Rannik et al., 2012; Launiainen
et al., 2013) to simulate the O3 fluxes and concentration inside the boreal forest canopy had
their limitations on estimating the chemical contribution. Rannik et al. (2012) only considered
one chemical reaction of O3 with β-caryophyllene. In Launiainen et al. (2013), they simplified
the chemical production and loss of O3 with only two parameters to represent the first-order

6



kinetic sink and photo-chemical production. In this study, we implemented a chemistry module
with a detailed list of chemical reactions, which was able to provide a more accurate estimation
of chemical removal of O3 inside the canopy.”

15. Comments: (10) The discussion of chemical removal (Sect. 3.7) is based on the
reactivity estimates obtained from the literature. According to the model de-
scription, the SOSAA model employed here includes a detailed chemistry module,
which I assume was used in the present simulations. Why are these calculations
not utilised for estimating the importance of in-canopy chemistry?

Answer: In the revised manuscript we included the role of in-canopy chemical transformations
on O3 deposition by using the chemical module. In this way, we calculated the diurnal cycle
of the net effect of chemical processes which are able to destroy O3 by reacting with other
compounds or produce O3 by photochemical reactions. The analysis is as follows:

“In order to get rid of the effect of synoptic-scale transport of O3 and only focus on the local
sinks and sources, we implemented the case FREEO3. In this simulation case we ignored the
role of advection and only considered the role of local sources and sinks inside the canopy, i.e.,
dry deposition, chemical production and loss, and turbulent transport. Here the time period
from Aug. 5th to 14th were selected from the simulation results to analyze the local chemical
contribution, because the modelled O3 concentration fitted to the measurement the best during
this period out of the whole month for the case FREEO3, which indicated that the advection
only had little effect on the local observed O3 variation. The daily averaged (from Aug. 5th
to 14th) production and loss of O3 inside the canopy caused by dry deposition (Fdepo) and
chemistry (Fchem) are plotted in Fig. 2. The unit nmol m2 s−1 means that how much nmol
O3 inside the canopy alters per unit square meter per second. So positive values correspond to
O3 production and negative values represent O3 loss. Here the chemistry production is a net
effect of O3 loss reactions and photo-chemical production. Fdepo (obviously negative) shows
a maximum O3 loss rate at about 14:00. While the chemistry produces O3 from morning at
∼ 06:00 to the afternoon at ∼ 15:00, and destroys it throughout the other moments of the
day, especially at nighttime (Fig. 2). The ratio between Fchem and Fdepo shows that chemical
removal has its largest contribution of ∼ 9% of the dry deposition sink in average at nighttime
from 20:00 to 04:00. At daytime, our model simulations indicate that the O3 production caused
by chemistry can compensate up to ∼ 4% of dry deposition loss in average. However, during
the selected period, the chemical contribution and compensation can reach up to ∼ 24% and
∼ 20% at most. This indicates that in general chemistry has minor impact on O3 alteration,
but at some specific time the chemical production and removal of O3 can still play a significant
role.”

16. Comments: (11) Even though I indicated in my access review that a linguistic
revision is necessary, there are still numerous errors, some of which impair pre-
sentation. A few examples are given in the detailed comments below.

17. Comments: P1/L23: ”under current knowledge of air chemistry” is obvious so
can be removed.

After adding the chemistry part in our simulation, the whole paragraph:

“Furthermore, a qualitative evaluation of the chemical removal time scales indicated that the
chemical removal rate within canopy was about 5% of the total deposition flux at daytime and
16% at nighttime under current knowledge of air chemistry.”

has been rewritten as:

“The chemical contribution to O3 removal has been evaluated directly in the model simula-
tions. According to the simulated averaged diurnal cycle the net chemical production of O3

compensates up to ∼ 4% of dry depositon loss from ∼ 06:00 to ∼ 15:00. During nighttime,
the net chemical removal of O3 further enhanced removal by dry deposition by a maximum ∼
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Figure 2: (a) The daily averaged (from Aug. 5th to 14th) production and loss caused by chemistry
(Fchem, red) and dry deposition (Fdepo, blue). (b) The ratio between Fchem and Fdepo. Zero lines
for Fchem and the ratio are plotted as dashed lines. Shaded areas show the range of ±1 standard
deviation.

9%. This indicates that there appears to be an overall relative small contribution by airborne
chemical processes on O3 removal at SMEAR II station.”

18. Comments: P2/L24: Any more recent studies?

We have not found very recent review papers focusing on the O3 uptake on the wetness leaf
surface, so we changed the statement as:

“Among them the effect of canopy wetness on O3 deposition has attracted a lot of attention
in previous studies (e.g., Massman, 2004; Altimir et al., 2006).”

19. Comments: P2/L31-: A reference is needed for ”the boreal forest emits a large
portion of BVOCs”. The examples discussed are for California.

“the boreal forest emits a large portion of BVOCs”
changed to
“the boreal forest emits a large portion of BVOCs (Rinne et al., 2009)”.

20. Comments: P3/L9-12: Unclear logic. It is not only removal processes that are
relevant. The introduction of eddy-covariance measurements to the discussion
seems awkward. Please reformulate.

“These removal processes altogether determine the contribution of O3 uptake on forest ground
surface and understory vegetation, the vertical distribution of O3 concentration as well as the
non-stomatal uptake contribution, which are considered as three crucial challenges to under-
stand the relationship between the eddy-covariance measurements and O3 uptake (Launiainen
et al., 2013). Therefore several numerical models ...”
changed to
“Last two decades, several numerical models ...”

21. Comments: P3/L14: Wesely (1989) describes a single model, which is based on
the big-leaf approach. So this sentence (“Among these models ...”) makes little
sense.

“... different climatic and environmental conditions, which are generally based on the surface
deposition model described by Wesely (1989). Among these models, the so-called ”big-leaf”
approach method is widely used and usually coupled to ...”
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changed to
“... different climatic and environmental conditions. Many of them have implemented the
big-leaf framework following the Wesely (1989) approach which can be coupled to ...”

22. Comments: P3/L14-15, ”usually”: Very often big-leaf models are used as inferen-
tial models.

“usually” changed to “can be”.

23. Comments: P3/L15: Zhang et al. (2002) deal with deposition parameterisations
rather than large-scale modelling.

“e.g. Zhang et al., 2002” changed to “e.g., Hardacre et al., 2015”.

24. Comments: P3/L18: Altimir et al. (2006) do not employ a multi-layer model.

“e.g. Ganzeveld et al., 2002b; Altimir et al., 2006; Rannik et al., 2012; Launiainen et al., 2013”
changed to
“e.g. Ganzeveld et al., 2002b; Rannik et al., 2012; Launiainen et al., 2013”

25. Comments: P3/L23: A paper from 2000 is hardly suitable for evaluating recent
models.

We removed this sentence since it is not closely relevant to current discussion:

“Recent models have been developed more and more based on the physical, chemical and
biological processes under actual environmental conditions, which reduce the dependency of
empirical parameters (Wesely and Hicks, 2000).”

26. Comments: P3/L24, ”process-based”: Unclear which processes are referred to
here. The implementation consists of a largely empirical resistance parameterisa-
tion.

“a multi-layer process-based O3” changed to “a multi-layer O3 ...”.

27. Comments: P3/L33: Unclear which challenges are referred to here.

“... for validating the new model and also shining a light on those three challenges with the
model.”
changed to
“... for validating the new model and investigating more detailed processes.”

28. Comments: P4/L23: What is meant by ”the same below”?

It means all the height levels mentioned below are referring to above the ground level. I
modified the sentence here.

“... 67.2 m (above the ground level, the same below), ...” changed to “... 67.2 m above the
ground level, ...”.

29. Comments: P4/L27-28: Why was the ozone flux calculated with data from a
different anemometer than for other fluxes?

The sensible and latent heat flux measurements were performed at a tower located at about
25 m distance from the O3 flux measurement tower. Hence a different anemometer was used
to obtain the O3 fluxes.

30. Comments: P4/L31: Did you correct the O3 flux data for high-frequency losses?
How large were the corrections?

Yes, sure. At this site Keronen et al. (2003) reported the correction factors 1.03–1.19 for
unstable and 1.13–1.22 for stable stratification conditions (Figs. 3 and 4 in Keronen et al.,
2003).
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31. Comments: P5/L28: What does ”partly constrained” mean?

“partly constrained by” changed to “constrained by”.

32. Comments: P6/L11: I would recommend against using the term ”deposition ve-
locity” for layer-specific conductances.

We will change every layer-specific “deposition velocity” to “layer-specific conductance”.

33. Comments: P6/L19-20: What does ”the unit is the same ...” mean?

It means all the resistance shown below have the same unit “s m−1”. Now we removed this
“the unit is the same ...” and reorganized the introduction of the resistance scheme.

34. Comments: P6/L27-28: Unclear language; please rephrase.

We reorganized this resistance scheme as shown in reply 11.

35. Comments: P7/ Eq.5: This is a strange combination of partial derivatives and
finite differences. Please present the equation in a mathematically consistent form.
You also need to assume constant air density here. It would be more appropriate
to present the ’flux’ as mass flux density (g m-2 s-1).

Answer: 1. The air density is constant in our model and we modified the prognostic equation
for the simulated changes in O3 concentration as mentioned above (reply 2):

∂[O3]

∂t
=

∂

∂z

(
Kt

∂[O3]

∂z

)
− Vd[O3]A+Qchem (13)

where the first term on the right-hand side represents the vertical mixing of O3, the second
term is dry deposition sink and the last one is chemistry production and loss for O3. Vd is the
total deposition velocity at height z including the vegetation and soil uptake. A is a unit scale
factor which is set to 1 m2 m−3 here.

2. This is a good suggestion. We will change the unit of flux to nmol m−2 s−1 or ng m−2 s−1,
and correspondingly change O3 concentration unit to nmol m−3 or ng m−3.

36. Comments: P7/Eq.5: How did you solve for [O3]. If it is a common procedure
within SOSAA, perhaps you could explain it in Sect. 2.3.1.

We explained more details in the section of SOSAA model, including a more detailed descrip-
tion of the calculation of turbulent mixing. All the other compounds are computed in the same
way as O3 shown here (see reply 2).

37. Comments: P8/L1-2: How did you do the forcing? Fig. 2b does not explain this.

We forced the O3 concentration at 23 m to resemble the observed value every time step, the
O3 concentration at other levels are then calculated by Eq. 6. In this way, we implicitly added
the role of advection in determining the surface layer (23 m) O3 concentrations. Fig. 2b shows
the gap-filled observed values which are used for the forcing.

38. Comments: P9/Table 1: u* is not limited to the canopy top.

“friction velocity at the canopy top” changed to “friction velocity”.

39. Comments: P9/L13, P10/L1, P11/L7, ”was calculated”: How? These should be
moved to the methods description.

1. We added this sentence in SOSAA description (also see reply 1):

“Then the reflection, absorption, penetration and emission of three bands of radiation (long-
wave, near-infrared and PAR) at each layer inside the canopy are explicitly computed according
to the radiation scheme proposed by Sogachev et al. (2002).”
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2. “The PAR on top of the canopy was calculated directly from the input incoming short wave
radiation with a daytime maximum of about 250–300 W m−2 during the simulation month.
Inside the canopy, PAR was calculated by considering the absorption, reflection and scattering
effects of canopy leaves (Sogachev et al., 2002).”
changed to
“The PAR on top of the canopy was calculated directly from the measured incoming short
wave radiation serving as input to the model, whereas PAR inside the canopy was calculated by
considering the absorption, reflection and scattering effects of canopy leaves (Sogachev et al.,
2002).”

3. Removed “The simulated O3 turbulent flux was calculated from the O3 concentration
gradient and the turbulent eddy diffusivity at 23 m.” since it is explained already in the model
description part.

40. Comments: P10/Fig. 2b: Gap-filling of data is not described in the paper. Why
was it performed? For which variables?

Sometimes the instruments do not work or the quantities are lower than the detection limit,
so we need to fill the gaps then use them as the input for the model. We will add a sentence
to clarify this:

“The missing observed data points of T, RH and O3 were gap-filled with the method described
in Gierens et al. (2014).”

41. Comments: P10/L8 (also elsewhere): These data are measured well above the
canopy, so why are they referred to as ”canopy top”.

We think 23 m is just above the canopy and can be considered as the canopy top. We will
remove these texts in section titles and change ”canopy top” to ”above the canopy” if necessary.

42. Comments: P11/Fig. 3, P13/Fig. 5: Are these data screened for low turbulence?

No, they included the data from the whole month, including those days with low turbulence.

43. Comments: P12/L11-12: How do the low humidity conditions affect turbulent
mixing, making this difficult to simulate?

Usually at nighttime RH is larger than 70% (NH condition), under this condition, the wet skin
uptake contributes more than 50% to the deposition flux, so the turbulent mixing above the
ground which affects the deposition flux onto soil only plays a minor role on the deposition flux
above the canopy. However, in NL condition which does not happen frequently, nearly all the
deposition inside the canopy is caused by soil deposition. Hence, the difficulty of simulating
the exchange processes near the surface may cause more difficulty of simulating the deposition
flux into soil surface under NL condition than NH condition. Moreover, the impact of vertical
advection of O3 could be more significant in NL condition, which also complicates the analysis.

44. Comments: P13/Table 2, P15/Fig. 7: Why is the R2 of the full data set higher
than the R2 of any of the four subsets?

This is due to the fact that the night-time observations are located close to zero, whereas day-
time observations have larger absolute values but are relatively scattered. When combined,
the nighttime observation improves the correlation statistics value by extending the daytime
observation to zero, defining better linear relationship with improved R2 value.

45. Comments: P14/L6: Can you estimate how much the correlation was affected by
random uncertainty?

For the O3 turbulent flux measurement at the same site Keronen et al. (2003) presented
the random error statistics, defined as one standard deviation of the random uncertainty of
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turbulent flux, ranging from about 10 to 40%. Such uncertainty contributed to the data
scattering when comparing the modelled and measured fluxes, such as in Fig. 7, and reduced
the correlation statistics. By assuming the most frequent flux relative random uncertainty
value of 20%, we estimated numerically that the R2 value is reduced by about 0.1 due to
random uncertainty of flux errors. This is a rough estimate as the value depends on the
distributions of the fluxes as well as their uncertainties, which are not exactly known for both
measured and modelled estimates.

46. Comments: P15/Fig. 7: The caption is difficult to read.

That caption has been changed to:
“Scatter plots of modelled versus measured O3 turbulent fluxes above the canopy. The data
points are plotted separately for different groups (DH, DL, NH and NL) with their R2 values
shown in the legend. R2 of the whole dataset is shown below the legend.”

47. Comments: P16/L11: The notation related to the cumulative flux is not obvious.

The statement on the cumulative flux calculation has been changed to:
“The normalized cumulative O3 deposition flux at layer i can be obtained as

Fc,i =

∑i
k=1 Fk∑N
k=1 Fk

(14)

where Fk is the O3 deposition flux at layer k and N is the layer index just above the canopy.
The profiles of Fc and the contributions of different deposition pathways for four different
conditions were shown in Fig. 9.”

48. Comments: P16/L14: No stomatal contribution is indicated for the understory
vegetation in Figure 9.

There is ∼ 5% deposition flux from stomatal uptake by the understory vegetaion at daytime
(Fig. 9). So we used “little contribution”.

49. Comments: P16/L14-P17/L4: Unclear presentation. Does “uptake on leaf sur-
faces” refer to the flux or the cumulative flux (accumulated from the bottom)?

“uptake on leaf surfaces” changed to “cumulative uptake on leaf surfaces”.

“in the NL condition when both the stomatal uptake and wet skin uptake were limited.”
changed to “in the NL condition when both the cumulative stomatal uptake and wet skin
uptake were limited.”

50. Comments: P17/Fig. 9: What explains the stomatal uptake during the night-
time?

Caird et al. (2007) showed that the stomata are not completely closed at night and several
sources might affect the nocturnal stomatal conductance of water vapor, e.g., vapor pressure
deficit, water availability (Caird et al., 2007). In SOSAA, a high value of about 13800 s m−1

is used for nighttime stomatal resistance of water vapor.

51. Comments: P17/L11: Please quantify the “limited O3 uptake”, as it is obvious
that small surface area corresponds to small uptake.

“providing limited O3 uptake compared to the total O3 deposition.” changed to “providing
less than 2% O3 uptake compared to the total O3 deposition.”

52. Comments: P17/L12-13: These percentage contributions only refer to the mean
values of the four data sets, so discussion of variation may be misleading here.

“As a result, the simulated non-stomatal contribution to the integrated O3 deposition flux
above the canopy varied from 33–56% during daytime to 85–92% during nighttime (Table 3).”
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changed to
“As a result, the simulated averaged non-stomatal contribution to the integrated O3 deposition
flux above the canopy was 37% during daytime and 96% during nighttime (Table 3).”

Here we made some modifications to the resistance scheme according to the comments, so the
values here are not the same as the original manuscript.

53. Comments: P17/P13: This may be explained by Launiainen et al. (2013), but
the meaning of the “sub-canopy layer” is unclear. Does it include some other
vegetation surfaces in addition to the understory vegetation and soil?

Here we used the same word “sub-canopy layer” as in Launiainen et al. (2013) to make
comparison. The measurement height is 4.2 m in their research, so the sub-canopy layer here
contains the understory vegetation and the soil surface below 4.2 m. No other additional
vegetation is considered.

54. Comments: P17/L14-17: The contributions cited from Launiainen et al. (2013)
do not add up to 100%; why?

35–45% is the sub-canopy layer contribution to the total O3 deposition flux at daytime, and
25–30% is the sub-canopy layer contribution at nighttime, so they refer to the same quantity
at different time periods. Therefore, they do not add up to 100%.

55. Comments: P18/L1: How was the soil resistance determined in the first place?

According to Ganzeveld and Lelieveld (1995) rsoil is 400 s m−1, we also did a sensitivity test
for rsoil and found that in general applying this global mean estimate of rsoil as 400 s m−1

appeared to result in the best simulation of O3 deposition fluxes and in-canopy concentrations
at this site.

56. Comments: P18/L3-5: I do not see how this conclusion about EC measurements
results from the data presented here.

The reviewer is correct, so this statement has been changed to
“Therefore, we expected that the poor performance for the NL condition also resulted from
the limited data points under this condition (only 69 data points) which leads to larger ratio
of random uncertainty and thus smaller R2.”

57. Comments: P19/L8-9: You should explain how these percentages were obtained.

This statement has been changed to
“These estimates showed that the chemical removal accounted for about 5% (3384/63291 ≈
5%) and 16% (9349/59880 ≈ 16%) of the total O3 removal within the canopy at daytime and
nighttime, respectively.”

58. Comments: P19/L24: No data on BVOC removal are presented in this study.

We are preparing a document on the role of canopy deposition in BVOC exchange for this site.
However, the reviewer is right in that we do not further present here any results on BVOC
deposition and consequently the statement has been changed to
“... e.g., by the dry and wet cuticle, by stomatal uptake and by the soil surface.”

59. Comments: P20/L14: Poor presentation; please rephrase.

The statement has been changed to
“Our study indicates that uptake by the wet canopy appears to dominate nocturnal removal at
this site with a relative smaller role of soil removal especially during high humidity conditions.”
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60. Comments: P20/L19-20: I do not see how these different flux partitionings would
indicate “the difficulty of simulating and measuring O3 deposition at night”.

Removed “This also indicated the difficulty of simulating and measuring O3 deposition at night
with weak turbulence (Rannik et al., 2009).”

61. Comments: Technical comments

62. Comments: P1/L18,L19: Incorrect grammar.

“was similar to” changed to “was similar as the contribution reported in”

“two times as” changed to “two times larger than”

63. Comments: P2/L1-3: Unnecessary material for the abstract.

Removed “The evaluation of the O3 deposition processes provides improved understanding
about the mechanisms involved in the removal of O3 for this boreal forest site which are also
relevant to the removal of other reactive compounds such as the BVOCs and their oxidation
products, which will be focus of a follow-up study.”

64. Comments: P3/L27-28: “manuscript in preparation” is not a useful reference.

“(MLC-CHEM, manuscript in preparation).” changed to “(MLC-CHEM, e.g., Ganzeveld et al.
(2002))”

65. Comments: P5/L10: Incorrect grammar.

“a more strictly criteria” changed to “a more strict criteria”

66. Comments: P8/L8: Incorrect grammar.

“The time series of temperature especially this transition were well predicted by the model
(Fig. 2a).”
changed to
“Analysis of the full temperature record indicates that this transition in the weather conditions
at the site was well simulated by the model.”

67. Comments: P8/L13: Repetition from the introduction.

Removed “It was also interesting to study this featured time period with hot and dry climate
which probably represented a future trend at this boreal forest site (Williams et al., 2011).”

68. Comments: P9/L1 (also elsewhere): replace “showed” by “shows”.

“Figure 3 showed the comparison results ...” changed to “Figure 3 shows the comparison
results ...”

“Figure 3a showed the good agreement ...” changed to “Figure 3a shows the good agreement
...”

“Figure 7 showed the correlation ...” changed to “Figure 7 shows the correlation ...”

69. Comments: P12/L9,L13: Incorrect grammar.

L9: “followed by the condition DH with R2 of 0.30, both of them were under high humidity
conditions.”
changed to
“followed by the results reflecting the daytime high humidity conditions. Note that these
conditions with highest correlations were also the conditions with high relative humidity.”

L13: “the nighttime O3 turbulent flux were affected by” changed to “the nighttime O3 turbu-
lent flux was affected by”
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70. Comments: P17/L17: Typo.

“Tabel 3” changed to “Table 3”

71. Comments: P20/L9: Incorrect grammar

“were significant in the total O3 uptake” changed to “were significant for the total O3 uptake”
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