
Response to Anonymous Reviewer #1

The authors are grateful to the anonymous reviewer for carefully reading the manuscript

and the proposed corrections. Accordingly to the comments following changes were made:

1) Reviewer: In Introduction, it is difficult to comprehend notations with regards to

particles and model coordinates.

Answer: First paragraph in Introduction (beginning from the line 17, page 1 up to the

line 8, page 2) was reformulated as follows:

The relationship between the near-surface flux Fs(x, y, 0) and the flux Fs(xM , yM , zM ), measured

in point xM = (xM , yM , zM ), can be formalized via the footprint function fs:

Fs(xM , yM , zM ) =

∫ ∞

−∞

∫ ∞

−∞
fs(x, y, xM , yM , zM )Fs(x, y, 0)dxdy. (1)

Traditionally, footprint functions fd
s (x

d, yd,xM ) = fs(x, y,xM ) are expressed in local coordinate

system with the origin which coincides with the sensor position (here, xd = xM −x is the positive

upwind distance from the sensor and yd = yM − y is the cross-wind distance, see Fig. 1a). In

horizontally homogenous case these functions do not depend on xM and yM . In ABL the surface

area contributing to the flux is elongated in wind direction, therefore the cross-wind integrated

footprint function fy
s defined as

fy
s (x

d, zM ) =

∫ ∞

−∞
fd
s (x

d, yd, zM )dyd, (2)

is one of the most required characteristics for the practical use.

The measurements of the scalar flux footprint functions in natural environment are restricted

(e.g., Finn et al.,1996;Leclerc et al., 1997, 2003; Nicolini et al., 2015) due to the necessity to con-

duct the emission and detection of artificial tracers. Besides, such measurements are not available

for the stably stratified ABL where the area of the surface influencing the point of measurements

increases.

Here we avoided introducing of the averaging notations, which bring no additional sense

in original version of manuscript. Systems of coordinates are illustrated in additional

schematic Fig. 1a.

2) Reviewer: A new figure would help to explain the analysis and experiment set up.
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E.g. it is unclear why xM is a vector but x,y not in Eq. (1). It is hard to understand what

the coordinates of particles are and how the weight areas are computed. The figure should

refer to Eq. (1) (2) and (3) and to the description on the page 4 lines 20-35..

Answer: New schematic figure was added (Fig.1). It was supplemented with the ap-

propriate description of footprint evaluation algorithm in Section 2.1:

Schematic representation of the algorithm for the footprint function determination in LES is

shown in Fig. 1. In accordance with Eq. (3) and the description above, the particle crossing the

test area δM brings the impact into the value fs(xS , yS ,xM ) then the beginning of its modified

trajectory shifted in a such way to superpose the point xp
1 with sensor position xM belongs to the

test area δS . For example (see, Fig. 1b), red particle is counted while evaluation of the footprint

value in point (xS , yS), but blue particle is not counted. Such algorithm of averaging was selected

because it permits to refine the footprint resolution in the vicinity of sensor independently on the

area of δM using the assumption of some spatial homogeneity.

Besides, we added description of the grid used for footprint accumulation (see last para-

graph of Sect. 2.1 in modified version of manuscript):

Nonuniform Cartesian grid xd
ij = (xdi , y

d
j ) (where, −20 ≤ i ≤ 160; −120 ≤ j ≤ 120), stretched

with the distance from the sensor position, was selected for the footprint functions accumulation

in the following sections of this paper. Grid was prescribed as: (xd0, y
d
0) = (0, 0); xdi = ∆x0γ

|i|
x i/|i|

and ydi = ∆y0γ
|j|
y j/|j| if i ̸= 0 and j ̸= 0; ∆x0 = ∆y0 = 2 m; γx = γy = 1.05. This grid is

independent on the LES model resolution and coincides with the footprint grids selected for all

runs with LSMs and RDMs.

3) Reviewer: Explain what "ensemble average" means in the context of the study.

Answer: The following clarification was included after the Eq. (8) in Sect. 2.3:

Here
⟨
u
(p)
i

⟩
is the ensemble averaged Eulerian velocity at point xp. Note, that LSMs are as-

sumed to be also applicable under the temporal evolution of turbulence statistics. In this paper

we shall consider ABL as it approaches a quasi-steady state. Therefore, due to assumption of er-
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godicity, ensemble averaging can be replaced by averaging in time and in the directions of spatial

homogeneity: ⟨φ⟩ ≈ ⟨φ⟩x,y,t.

4) Reviewer: Why is the index "p" used both as subscript and superscript in Eq. (7)

and later on. Could you make notations more homogeneous?

Answer: The notation sp was used to denote evaluated value of scalar concentration

by the number of particles (subscript p was not connected with the superscript p). In new

version of manuscript we denote this value sP (with capital P ) to avoid misunderstanding.

5) Reviewer: Page 6, lines 2-3. The sentence is not quite clear. What will happen if

a particle leaves the volume and then reappears again in the same volume during the unit

time interval? Will it be counted as a new particle? Or do you mean something different

under "appearing ... during unit time interval".

Answer: The word "appearing" was replaced by word "ejected". Here we mean the

new particles which were added during the run (appearing of new particles imitates the

external source of scalar concentration).

6) Reviewer: The sentence between Eqs. (8) and (9) is impossible to understand.

Answer: This sentence was rewritten as follows:

Single particle first-order LSM is formulated as follows. Velocity u′pi is described by the stochastic

differential equation: ...

7) Reviewer: Page 9, line 25. Use "provides better agreement" instead of "leads to

better coincidence".

Answer: It was done.

8) Reviewer: Section 4.2.3, also 5.1.4 and 5.1.5. It would be useful to place a dis-

cussion here into some experimental context referring to correlations between resolved and
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unresolved velocities (or velocities and stresses on different spatial scales) , e.g. the work by

Charles Meneveau and co-authors (Meneveau and Katz in Annu. Rev. Fluid Mech. 2000.

32:1–32).

Answer: The paper (Meneveau and Katz, 2000) is devoted to the a priory testing of

the scale-similarity approaches for subgrid modelling of Eulerian dynamics in LES. The

reference to this paper is useful in Section 3.1 where the mixed subgrid/subfilter model is

introduced. So, the following text was added after the Eq. (17):

The a priori tests using the data of laboratory measurements show that scale- similarity mod-

els with Gaussian or box filters provide correlation typically as high as 80% between real and

modeled stresses (see, overview in Meneveau and Katz, 2000). The significant part of this corre-

lation can be attributed to non-ideality of the spatial filter and use of common information for

computing both the real and modeled stresses (see, Liu et al., 1994). The discrete spatial filter

used in this study has a smooth transfer function in spectral space, so it can be supposed that

the scale-similarity part of Eq. (18) is mainly responsible for the influence of velocity fluctuations

belonging to "subfilter" scales.

In Section 4.2.3 we introduced next clarification of high correlation between subfilter ve-

locity and resolved velocity:

In the previous subsection the recovered "subfilter" part of velocity u′′ = u∗ − u and so the

subfilter Lagrangian velocity u′′(p) were highly correlated with the resolved velocity u in time

and space. This is due to the specifics of spatial filter (Eq. 24) used for the recovering given by

Eqs. (25, 26). This filter has a smooth transfer function in spectral space. The analogous effects

of non-ideal filters in LES which lead to the high correlations between modelled and measured

turbulent stresses were obtained and discussed earlier in (Liu et al., 1994) and (Meneveau and

Katz, 2000), where the laboratory data of turbulent flows were studied.

Section 5.1.4 contains the description of the universal function used for correction of dis-

sipation profile. New reference was added to the paper which contains the measurement

data of similar nondimensional function. The text after Eq. (43) was modified as follows:
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Previous LES studies of stable ABL (e.g., Beare et al., 2006) also give neglectfully small val-

ues of the transport terms in TKE balance. The experimental confirmation of the validity of Eq.

(42) can be found in (Grachev et al., 2015), where the dissipation in stable ABL was estimated

using the spectral analysis of longitudinal velocity in inertial range. In accordance with this paper:

ϵ̃ ≈ ϕm, that is almost indistinguishable from Eq. (42) within the accuracy of the experimental

data and the ambiguity of the method of dissipation evaluation.

Section 5.1.5 contains the results of the evaluation of diffusion coefficients. Here these

coefficients are presented as dimensional values and are specific for the modelled flow.

There are no available experimental data on the values of horizontal diffusivity in horizon-

tally homogeneous stable ABL. At least, authors are not aware of such measurements.

9) Reviewer: Use Figures instead of Pictures in the paper.

Answer: It was corrected.

10) Reviewer: General remark in connection to Figure 6. Figure 6 shows a negative

footprint. It is hard to understand the physical meaning of the negative values. Could you

include a paragraph discussion this aspect?

Answer: Next explanation was included into first paragraph of Section 4.3:

The negative values of scalar flux footprint show what the vertical turbulent transport of the

scalar emitted in the relevant area is basically directed from the upper levels down to the surface.

For example the positive surface concentration flux in this area will lead to negative anomaly of

the turbulent flux measured in the sensor position. This does not contradict the diffusion ap-

proximation of the turbulent mixing, because mean crosswind advection at the upper levels can

produce the positive vertical concentration gradient to the right of near-surface wind.

11) Reviewer: in several places, e.g. line 24 at the page 11, the Equation number is

referred without "Eq." so that it is difficult to understand what those numbers are for.

It was corrected.
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Additional references were included into bibliography:

Grachev, A. A., Andreas, E. L., Fairall, C. W., Guest, P. S. and Persson, P. O. G.:

Similarity theory based on the Dougherty–Ozmidov length scale. Q.J.R. Meteorol. Soc.,

141, 1845–1856, 2015.

Liu S., Meneveau C., Katz J.: On the properties of similarity subgrid-scale models as

deduced from measurements in a turbulent jet. J. Fluid Mech. 275, 83–119, 1994.

Meneveau C. and Katz J.: Scale-invariance and turbulence models for large-eddy sim-

ulation. Annu. Rev. Fluid Mech., 32, 1–32, 2000. Michalek W.R., J.G. M.Kuerten,

J.C.H. Zeegers, R.Liew, J.Pozorski, B.J. Geurts: A hybridstochastic-deconvolution model

for large-eddy simulation of particle-laden flow. Physics of Fluids, 25, 123302, 2013
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Response to Anonymous Reviewer #2

Authors are grateful to the referee for a high assessment of the article. Accordingly to

the comments following changes were made:

1) Reviewer: Page 1, line 18. Replace ’the near-surface flux’ by ’the surface flux’ be-

cause it’s defined for z=0 (cf. "L is the Obukhov length at the surface" on page 16, lines

1-2).

Answer: It was done.

2) Reviewer: Page 1, lines 18-19. Replace ’denoting the ensemble averaging’ by ’de-

note a time/space average’.

Answer: Agree. Accordingly to comments of Reviewers #1 and #2 this paragraph was

rewritten (see our response #1). In new version of manuscript we avoid ensemble averaging

notation in Introduction.

3) Reviewer: Page 3, line 24. Although abbreviations ’LSM’ and ’RDM’ are defined
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in the abstract and later on page 7, they should be also introduced in the text on first oc-

currence.

Answer: In new version of the paper the abbreviations ’LSM’ and ’RDM’ are intro-

duced on page 2, line 12-13.

4) Reviewer: Figures 1-10. I recommend use color version of the plots (similar to Fig.

11) instead black and white.

Answer: Figures 2-6 and 8,10,11 (in previous version 1-5 and 7,9,10) were colorized.

Figures 7 and 9 contain a few number of curves, so they remain to be black and white.

Additionally, the typo was corrected in Eq. (49). (ξpi was replaced to ξp3)

Corrected version of the paper is attached (see, pdf file in supplement).
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Response to Anonymous Reviewer #3

We are very grateful to reviewer for insightful analysis of our paper. All the comments are

very professional and helped us to improve substantially the manuscript. The authors believe,

that the material presented in the manuscript became better justified after the revision.

We would like to address two topics raised by the reviewer in a different order than presented

in the review. These comments concern the validity of the simulation results (minor comment f)

and the correctness of the presented results in Figure 11. It will be impossible to proceed with

other comments until we consider these issues.

1) Reviewer: (f) Wind profile: from Figure 1, it seems that simulated wind speeds in

the surface layer part of the domain are smaller than the ’standard’ wind profile for

stable conditions (e.g., Stull, 1988; Högström, 1996). Please add a couple of sentences

to explain why.

Answer: This comment is suggested as minor but from the authors point of view it is of major

importance. There is no sense in discussing anything else, if the numerical model used in this

study produces wrong results. We have added the data from eight different LES models in Fig.2

(Fig.AR1 here and Fig.1 in the original version of the manuscript). These data were obtained

during LES intercomparison experiment GABLS-1 and are available online at:

http://gabls.metoffice.com/lem_data.html. We used the data for 3.125 m resolution, because

they were presented for the largest set of the models and because the results do not change sub-

stantially with the following grids refining. Wind velocities from the other models shown in Fig.2

(Fig.AR1) are rotated 35 degrees clockwise in accordance with the setup of our runs. The results

from the LES model used for the current study fit with the results of the other models very well.

Besides, our model gives a good scale invariance, which is not the case for some models presented

at http://gabls.metoffice.com/means_125.html. Mean wind profile computed in accordance with

[Högström, 1996] is shown by the vertical dashes in Fig.AR1, this profile almost coincides with

the longitudinal velocity obtained in LES. Accordingly, the authors have no reason to doubt the

results of the simulations. In the opposite case it would have been questionable the LES method-

ology for the stable boundary layer investigation.

Corrections:

Figure 2 (AR1, former Fig.1) was modified by adding the data from other LES models referred
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to above.

Following clarification was inserted into the text (p.13 l.21 - p.14 l.3):

This setup is based on the observation data (see, [Kosoviĉ and Curry, 2000]). As it was shown

in [Beare et al., 2006], the LES results obtained under the same conditions with the different

models converged with the higher grid resolutions. Later, this case was used for testing the LES

models e.g. in [Maronga et al., 2015, Zhou and Chow, 2012, Bhaganagar and Debnath, 2015] and

many others and for the improvement of subgrid modelling e.g. in [Basu and Porté-Agel, 2006,

Zhou and Chow, 2011, Kitamura, 2010]. The LES model presented here was tested earlier under

the non-modified setup of GABLS in [Glazunov, 2014], where the turbulent statistics above a flat

surface and above an urban-like surface were investigated. In all of these studies, LES results

were in agreement with the known similarity relationships for the stable ABL. This allows to

consider the LES data for GABLS as a reference case for testing of the approaches utilizing the

statistical averaging of the turbulence (e.g., see [Cuxart et al., 2006], where the intercomparison

of single-column models was performed). Several of nondimensional relationships in stable ABL

were collected and presented in [Zilitinkevich et al., 2013]. Considered case is also included in the

LES database for this study and fits well with the different stability regimes after the appropriate

normalization. Therefore, the results obtained in this particular case can be generalized for many

cases due to similarity of the stable ABLs. Besides, the presented simulations are easily repro-

ducible and they can be repeated using any LES model which contains the Lagrangian particle

transport routines.

The mean wind velocity and the potential temperature, calculated with the different spatial

steps ∆g, are shown in Fig. 2 The model slightly overestimates the height of the boundary layer

at coarse grids, however, the wind velocity near the surface is approximately the same in all runs.

As one can see from the Fig. 2, the results of simulation are in good agreement with the results

from other LES presented in [Beare et al., 2006] (see, http://gabls.metoffice.com for more infor-

mation). Mean wind profile computed in accordance with [Högström, 1996] is shown in Fig. 2 by

the vertical dashes, in the surface layer part of the domain this "standard" profile for the stable

conditions almost coincides with the longitudinal velocity obtained in LES.

2) Reviewer: Finally, when comparing to other models, it appears that the authors

have not correctly reproduced one of these ‘other models’ (major comment 5).

10



Answer: Most likely there was an unfortunate misunderstanding. In our paper Obukhov length

L was defined as:

L = −U3
∗Θ0

gQs
,

where Qs is the kinematic potential temperature flux at the surface, g is the acceleration of gravity

and Θ0 is the reference potential temperature. This definition does not include von Karman

constant κ ≈ 0.4 in the denominator. It was pointed out in the original version of the paper,

see page 16, line 2: ’...note, that the von Karman constant is not included in the definition of

the length L here and later...’ and in the definition of the local Obukhov length Eq. (40). Such

definition of the Obukhov length scale is used alternatively (see, e.g. [Zilitinkevich et al., 2013]

Eq.(41)) to its convenience when operating with the stably stratified flows outside the surface

layer.

In the original version of the paper we wrote (p.20 l.15–17): "Nevertheless, the final approx-

imations [Kljun et al., 2004] and [Kljun et al., 2015] contain the input parameters, which can be

determined from LES: the boundary layer height zi ≈ 180 m, Obukhov length L/κ ≈ 120 m, fric-

tion velocity U∗ ≈ 0.27 m/s and roughness parameter z0 = 0.1 m. These values were substituted

into parameterisations [Kljun et al., 2004] and [Kljun et al., 2015]".

Here L is defined without κ in denominator and the number 120 is the appropriate value for

FPP, where this constant is included (see, [Kljun et al., 2015], Appendix B).

We performed the calculations of the footprint functions again using the online tool

http://footprint.kljun.net/ffp.php

and got nearly the same results, as were presented previously in Fig.11 (see short dashed lines in

Fig.AR2). The next parameters were used:

L = 120

u_star = 0.272

sigma_v = 0.44

z0 = 0.1

u_mean = 0

h = 180

After substituting L= 120×0.4 =48 m into FPP calculator we got the results shown in Fig.AR2

by the dot-dashed lines. These results are very close to those presented in the review. One can

find the values of the Obukhov length which is characteristic for the simulated case provided by

other LES models at http://gabls.metoffice.com/times_200.html . It is also close to 120 m (48
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m, as defined in our paper).

According to the analysis above we believe that the model FPP of [Kljun et al., 2015] was applied

correctly in our paper. The Fig. 11 (Fig. 13 in the revised version) will remain unchanged.

Corrections: Nevertheless, to avoid misunderstanding we insert new equation (40) in Sect. 5.1.1

(the expression for L provided above) and define this length scale explicitly with the following

commenting:

Note, that the von Karman constant is not included in the definition of the length L here and

later (this alternative definition of the Obukhov length is often used along with the traditional

one, see e.g. [Zilitinkevich et al., 2013] Eq.(41)).

Starting from here, we shall follow the order of comments provided in the Review.

Major comments

(1) Model validation and argumentation of approaches

Reviewer: corrections of advection speed due to subgrid-scale turbulence (Eq. 36)

are applied only in the lowest grid layer [why exactly one?], p. 13, l. 16 - and some-

how ’implemented’ in the lowest three layers, p. 13, l. 20

Answer: LSM was implemented in the lowest three layers, but the additional stochastic compo-

nent of velocity produced by this model was taken into account inside the first layer only during

the computation of particle position. Only one layer because the aim of this procedure is to

minimize use of computational resources without loss of quality and to test the validity of the

Lagrangian particles transport with the minimal use of the nondeterministic terms. The presented

results show that it is enough.

Corrections: In new variant of the paper we insert clarification and define this procedure explic-

itly (see, p. 15, l. 14-17 in new version of the paper):

For the curves marked "st 1l", the resultant velocity of the particles near the surface was calculated
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as follows:

u⃗p = u⃗(p) + r(zp)u⃗′′p,

where the function r(zp) is defined as r(zp) = (1 − zp/∆g) if zp < ∆g, r(zp) = 0 if zp ≥ ∆g and

u⃗′′p is the random velocity component, calculated using the stochastic subgrid model.

Reviewer: furthermore, this correction is based on using a Langevin type of approach

(Eq. 28), which employs a particular value for Kolmogorov’s constant for the struc-

ture function in the Inertial Subrange [C0] (which is not specified for this application)

Answer: We agree.

Corrections: Next sentence was included after the Eg.(28) l. 10-11 p. 11:

The parameter C0 was specified to be equal to 6, because the stochastic part of the model (Eq. 28)

is mainly responsible for spatial and time scales in an isotropic inertial subrange of the turbulence.

Reviewer: a further ‘correction’ is applied (Eqs. 33 and 34) with a somewhat ar-

bitrary coefficient c=0.5, p. 14, l. 3

Answer: We agree that this coefficient was selected quite arbitrarily. Justification for this choice

is that,

i) The results of footprint calculation are not very sensitive to this coefficient, see Fig. 4, where

the crosses are the footprints, computed without correction (c=0). These footprint functions ap-

proximately coincide with the results of other methods applied. The main reasons for the use of

correction in addition to the velocity recovering were discussed in Sect 4.2.2 (Spatial variability

of scalar concentration inferred by Eulerian and Lagrangian methods).

ii) Other Lagrangian subgrid models (LSM implemented in the whole domain and RDM added

to the new version of the paper) give similar results.

Reviewer: particles are released at z0 = 0.1 m, but reflected ‘at the ground’ (p.

12, l.17). Should this mean z = 0 m? And if so, how are the velocity statistics being

evaluated below z0?

Answer: There are no physical arguments for a rigorous specifying of the values of turbulent

statistics below z0, because the roughness length is not more than the parameter in logarithmic

velocity profile. In the model the values of turbulent subgrid energy and the dissipation of subgrid
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TKE were interpolated linearly for z > ∆/2 and were fixed at the values ϵ = ϵ(∆/2) E = E(∆/2)

below. Our experience with LSMs and LES models shows that the details of fast mixing near

the ground do not influence the footprints considered here, especially if the grid steps are small

enough. For example, in the runs with ∆g = 3.125 and 2.0 m one can substitute the vertical

velocity inside the first layer by the value of reconstructed velocity w∗ at the level z = ∆g and

to perform all simulation without the stochastic terms at all, and when doing so it will lead to

extremely overestimated mixing inside the first layer, but the footprints with zM= 10 m and

zM=30 m will be almost unchanged (not included in the paper, we can supply the appropriate

figures or data if it is necessary).

Corrections: In the revised paper the procedure of the interpolation of the turbulent statis-

tics inside the first layer is described explicitly (l. 28-29 p. 11) with the following commenting:

This procedure is rather arbitrary, but it does not have large impact on the results due to the

small decorrelation time TL(∆g/2). Besides, there are no physically grounded reasons for the

justification of such interpolations in LES because the resolved velocity in the vicinity of surface

is greatly corrupted by the approximation errors. Such procedures should be considered as an

adjustments depending on the numerical scheme and on the subgrid closure.

Reviewer: All these settings are likely good (or reasonable) choices but should be

substantiated. When serving as a reference for footprint calculations, the LES should

be validated on a forward dispersion case from the literature.

Answer: Some examples of such validation were already included in the Supplements to this

paper including the simulation results at very rough grids (see, the Supplement S1). It was com-

mented in the Introduction. In this supplement Fig.S1.1(AR9) shows the results of the validation

our LES model using [Willis and Deardorff, 1976] data. Figure S1.3(AR10) shows the simulated

footprint function and the measured one in convective ABL (case (b) from [Leclerc et al., 1997]).

To compare, one can find the results of resolution sensitivity tests with other LES model with

embedded particles under the same conditions in ([Steinfeld et al., 2008], Fig.4). There are no

available data on footprints in the stable boundary layer which is considered here.

Reviewer: The reasoning for using LES as a reference comes from requiring ’scale in-

variance’, i.e. independence of the results from grid resolution (p. 3, l. 17 - and Figs.

3c, d). This, first of all, is a good criterion in the absence of any true reference - but
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one would want to see to what degree the above choices influence this independence.

Answer: Although the authors consider the independence of the results from the grid steps

to be the sufficient reason for the justification of the methods applied, nevertheless some imagin-

able chance exists, that all of these methods provide the ’scale invariance’ but at the same time

prevent the convergence to the true result. There is no possibility for the grounded rejection of

this chance when the models are not free from the adjustable procedures. Subgrid LSM and LSM

in the vicinity of the surface combined with our approach are not the exceptions.

Accordingly, we decided to investigate one more subgrid model (RDM), which is rigorously de-

termined by the parameterisations which are already included into the Eulerian LES equations

and do not contain any adjustable procedures or parameters. We obtained the results, which are

in a close agreement with the results obtained before, except for some details inherent to RDM

and known previously from the literature (see, Fig.AR7). Agreement of the different approaches

(subgrid LSM, subgris RDM and the recovery of small-scale (sub-filter scale) turbulent motions)

provides additional support for correctness of the results.

Corrections: New Section 4.2.4 ’LES with subgrid RDM and the comparison of different ap-

proaches’ (page 17, and the description of this model, page 11) was added to the paper. New

Figure 7 (Fig.AR7) was included.

(2) Absorption condition:.

Reviewer: Please provide more information on the absorption height and its impact

(p. 12, l. 20 ff). I.e., provide a graph or a reference and list the tests undertaken

confirming that "...the upper boundary condition does not have a large impact on

the results of calculations of footprints...".

Answer: The confirmation of this sentence was provided in the original version of the paper

for the Lagrangian stochastic model (LSMT). See, orange curve in Fig. 11. Here, the absorption

was applied above the boundary layer height (a very small portion of the particles can reach this

height because there is no turbulent mixing above z =180 m).

Additional confirmation of the validity of our assumption can be done by analyzing the parti-

cles trajectories in LES.
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In additional run we did not perform any removing of the particles during calculations. We evalu-

ated separately the footprints from the particles trajectories that at least once reached the height

z= 100 m. (see, Fig.AR8). As one can see, the footprint for zM = 10 m is not influenced by

the artificial boundary condition. The impact of the returned particles into footprint for zM =

30 m is also very small. For the higher level (zM = 60 m) the influence of the upper boundary

condition is visible for the distances x−xM larger then 6 km. The positions and the values of the

footprint peaks are not affected by the influence of the top boundary condition and are not directly

connected to the value of the vertical turbulent flux at the appropriate levels. To confirm the last

conclusion, we present a series of footprints computed with different intervals of averaging in time

(see, Fig.AR8). Here, time (in seconds) from the beginning of the particles ejection is shown in

the legend. The footprints are developed sequentially - the processes with the small time scales

form the peaks first. The value of the vertical concentration flux normalized by its surface value

is shown in brackets. One can see that while the total vertical flux grows approximately twice,

the positions and the values of the peaks of the crosswind-integrated footprints remain unchanged.

Corrections: We added new Appendix A1 which contains the results of the test presented

above.

To be more rigorous, the following sentence in the paper:

’It was verified previously that the upper boundary condition does not have a large impact on the

results of calculations of footprints for the heights zM up to 60 m’.

was replaced by the following one:

’It was verified previously that the upper boundary condition does not have a large impact on the

results of calculations of footprints for the heights zM up to 60 m and for the distances x− xM ,

considered in this paper (see Appendix A1 and the test with LSM shown by the orange curves in

Fig.13)’.

Reviewer: It seems that particles are absorbed at the absorption height and hence

removed from the simulation domain.

Answer: Yes, it is really so.

Reviewer: Figure 2 suggests that there is no vertical flux above the absorption height.

However, turbulent fluxes should decline almost linearly from their surface value up-

wards to approach zero at the boundary layer height (i.e. in this case at z = 180 m

and not at z = 100 m, cf. Stull, 1988 or Beare et al., 2006).
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Answer: The suggestion that the concentration flux declines linearly from their surface value

upwards to approach zero at z = 100 m is nonrealistic under the conditions considered here be-

cause in this case all the particles will retained in the simulation domain in spite of the absorption.

At large simulation times, more realistic final state will be the constant concentration flux from

z = z0 up to z = 100 m and zero flux if z < z0. We say ’more realistic’ because this assumption is

based on another assumption that the concentration will reach some limit inside the layer 0–100

m. We did not obtain this state in the presented calculations ( the particles simulation time 2

h is not long enough) . The expected flux profile and the concentration profile in the considered

case are beyond the scope of this paper, although it is a very interesting task which could be

considered in the scope of similarity theory. Taking into account the local nature of the stably

stratified turbulence, the authors do not exclude the possibility of nearly the linear profiles of the

fluxes, as it is shown in modified Fig.3 (AR11). One can see, what the values of the flux in our

simulation are very close to those predicted by Stull, 1988 or Beare et al. 2006 up to the heights

z ≈ 60 m.

In any case, significant differences between the "true" and the modelled footprints will be

expected at very large distances from the measurements location, and the flux profile does not

affect footprint close to the measurement point position (see, new Appendix A1 and Fig.AR8d).

Reviewer: If the particles cannot reach the boundary layer height, they cannot be

reflected at this height and cannot return to the surface. The consequence is that

footprints consist of upwards flowing particles only.

Answer: The footprints consist of the upward and the downward flowing particles except those,

which already reached the specified level z=100 m. Due to the local nature of the stably-stratified

turbulence, and due to the large vertical velocity gradient, the particles, which reach the level

z=100 m will return back after a rather big time interval and in a very outlying position (see, new

Appendix A1).

Reviewer: If so, this would result in an unrealistic increase in extent of flux footprints

as downward flowing particles would weigh out upward flowing particles (when eval-

uating the vertical flux), with increasing tendency to do so with increasing distance

from the measurement location.
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Answer: Yes it is indeed so, but for the levels and for the distances which are not consid-

ered here. (see, new Appendix A1 and Fig.AR8a,b,c).

Reviewer: Please clarify how this is handled regarding the footprints from the LES.

Answer: See the clarification above. We clearly understand and share all the concerns of the

Reviewer. The disadvantages of the proposed setup of the numerical experiment were known

for the authors at the beginning of this study. The clear and justified method for the footprint

determination in LES up to a limited distance x − xM will be the appropriate restriction of the

particle flight. Nevertheless, we choose this setup deliberately as a way for the direct comparison

of statistics obtained by Eulerian and Lagrangian methods. For example, this way permits to com-

pare Schmidt numbers, variances, vertical turbulent fluxes (the resolved and the parameterized

separately). All of this give additional possibilities for the LES model validation and development

of the optimized procedures for the particles transport in LES.

(3) Normalisation of footprints:

Reviewer: On p. 13, l. 14, it is shown that the integral over the footprint func-

tion is normalised to one.

Answer: The normalization of footprints was made only for the Fig.3 (AR3) and Fig.5 (AR5),

when the different approaches for the subgrid modeling of particles motions were studied. As all

curves in these Figures were normalized identically, the comparison is objective. Besides, while the

horizontal particle flight was not restricted, the footprint functions, defined by the Eq. (1) and Eq.

(2) and the normalized footprints shown in these figures differ by the multiplier a = Fs(0)/Fs(zM )

(here, Fs is the vertical concentration flux of the particles). The total vertical concentration fluxes

are nearly independent from the model, so the only impact of normalization is the scaling of the

axis y in Fig. 3 (AR3) and Fig. 5 (AR5) (Fig. 4 (AR4) and Fig. 6 (AR6) in revised paper). This

does not influence both the results and the conclusions.

Nevertheless, it was mistake by the authors to include the figures with the different normal-

ization into one paper (figures with the different normalization in one paper but not the curves

with different normalization in one figure, as it could have been misunderstood due to the unclear
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presentation in the former version of the paper).

Corrections:We recalculated all the curves, shown in Fig.3 and Fig.5 and removed the sen-

tence concerning normalization from the text. All the conclusions and the descriptions of the

results remain unchanged, as well as other footprints functions shown in the paper (e.g., Fig. 13

(AR2 ) in the new version coincides with Fig.11 from the original version of the paper).

Reviewer: Does this include negative footprint values, too? Or are these treated

separately as mentioned on p. 15?

Answer: Yes, negative values were also included.

Reviewer: Please clarify. The absolute values of the footprint function and hence

the cumulated footprint will depend on how negative values are treated. Observed

differences in the absolute footprint function values for different footprint approaches

(cf. Fig. 11) may be partly due to differences in normalisation procedures.

Answer: Figure 11 was shown without normalization and remains unchanged. The differences

are essential.

Reviewer: Also, is there a threshold value for the distance from the measurement up

to where footprint values are considered? The ’flat’ trend of the cumulative footprint

values suggests that the footprint function would only completely diminish at very

large distances from the measurement location. If a threshold value is set, again the

selected value will have an impact on the normalisation and the absolute value of the

footprint function. Please provide more information on the applied procedure.

Answer: See the previous answer. The threshold value for the collection of footprints was

selected large enough to include all the particles (see description of the footprint function grid in

the answer to Reviewer: #1).

(4) Kolmogorov’s constant for the structure function in the Inertial
Subrange [C0]:

Reviewer: First of all, this constant is referred to as ‘Kolmogorov constant’, a name
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that is usually associated with that in the energy spectra in the Inertial Subrange

(and has a value of approximately 1.5).

Answer: This constant, as well as the formula E(k) = CKϵ2/3k−5/3 appeared for the first time

in the paper by Obukhov, 1941 ([2], in Russian) which was published a little bit later than the

famous paper by Kolmogorov, 1941 ([1], in Russian), where the equivalent form of this law for the

velocity structure function
⟨
v2(r)

⟩
∼ ϵ2/3r2/3 was discovered. In turn, the Lagrangian velocity

structure function
⟨
(v(t+ τ)− v(t))2

⟩
= C0ϵτ was introduced in Landau and Lifshitz, 1944 ([3],

first edition, in Russian) and later independently in [Obukhov А. М., 1959].

From this historical point of view both of these constants CK and C0 have the equal right to

be called the "The Kolmogorov constant" - both of them were introduced first in the papers or

the books of other authors and both of them were related to Kolmogorov’s (1941) theory.

Although C0 for LSMs is very often referred as the ’Kolmogorov constant’ and the dissipation

rate ϵ stands as the single determining parameter for the generative terms in LSMs, we agree with

this comment. In practice, the constant C0 in LSMs of ABL is not connected directly with the

motions in the inertial subrange and is responsible for the scales outside the range of isotropy.

Corrections: Accordingly, we replaced naming ’Kolmogorov constant C0’ by the ’parameter

C0’ or ’value of C0’ everywhere except page 7, line 4, where this constant is related to the La-

grangian velocity structure function in the inertial subrange.

In the Conclusions the sentence concerning the constant C0 was extended as follows:

The optimal value for the parameter C0 for LSMs is found to be close to 6 under the conditions

considered here. This value coincides with the estimation of Kolmogorov Lagrangian constant in

isotropic homogeneous turbulence. It provides additional justification for use of LSMs in stable

ABL, due extending their of its applicability over a wider range of scales including the inertial

subrange. Stochastic models that use smaller values C0 ≈ 3 − 4 (this choice is widespread now)

may produce extra mixing and the shorter footprints, respectively. Note that the estimation

C0 = 6 is based on the LES results combined with the SHEBA data [Grachev et al., 2013], where

the nondimensional vertical velocity RMS was evaluated as σ̃w ≈ 1.33 (the exact estimation of

this value in LES is restricted by the resolution requirements). In the cases when LSMs utilize

smaller values of σ̃w the parameter C0 should be reduced accordingly (for example, C0 ≈ 4.7 will

be the best suited parameter for LSMs with the widely used value σ̃w ≈ 1.25 prescribed).
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Reviewer: The authors discuss the range of proposed values in the literature, and it

is felt that i) the paper by Rizza et al. (2010) might be a valuable addition to the

discussion of possible values in the PBL

Answer: We agree. This reference was added with the appropriate commenting (see next answer).

Reviewer: ii) the employed value in the LES subfilter correction (Eqs. 28 ff) should

be provided.

Corrections: We provide the value C0 = 6 in the revised paper, see page 11, line 10.

Besides, the constant CK was also not specified in the paper. We clarified the procedure of the

evaluation of subgrid energy by its extension on non-equidistant grids in accordance with the

formulas employed in LES code (p. 11 l. 21-26).

Reviewer: However, in the present paper it is demonstrated that the results of the

LSMs (and in particular LSMT) are sensitive to the choice for C0 – which is per se not

particularly new (see, e.g., Rotach et al. (1996) who have sought the ‘optimal’ value

based on comparison to water tank (dispersion) measurements of Willis and Deardorff

– and many others, such as Du et al. (1995), Reynolds (1998), as cited in Rizza et al).

Answer: We completely agree with the Reviewer.

Corrections:

1) The text beginning from line 13 p, 7 in original version was rewritten as follows (p.7 l.23 -

p.8 l. 8):

There is no consensus on the value of C0 as well. Formally, C0 has the meaning of a univer-

sal Kolmogorov constant in Eq. (11). The estimation of this constant for an isotropic turbulence

using the data of laboratory measurements and DNS provides an interval C0 = 6. ± 0.5 (see,

[Lien and D’Asaro, 2002]). However, the values C0 ∼ 3 − 4 are often used for LSM of particle

transport in ABL independently from the type of the stratification. These values have been ob-

tained by the different methods. For instance, the value C0 = 3.1 for a one-dimensional LSM

corresponds to a calibration performed in [Wilson et al., 1981] according to observation data

[Barad, 1958, Haugen, 1959]. This calibration (see, [Wilson, 2015]) assumes that the turbulent
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Schmidt number Sc = Km/Ks = 0.64 near the surface (here Km is the eddy viscosity). It is

known that determination of the turbulent Prandtl number Pr = Km/Kh (Kh - heat transfer

eddy diffusivity) and Schmidt number based on observation data is complicated by large statisti-

cal errors associated with the problem of self-correlation [Anderson, 2009, Grachev et al., 2007].

Therefore, this method of estimation of C0 cannot be considered as final and should be con-

firmed by future studies. In [Rizza et al., 2010] the values of C0 were determined using the LES-

based evaluations of the velocity structure functions and the Lagrangian spectra in convective and

neutrally-stratified ABLs. In this study the LES model had relatively low resolution, which can

be insufficient for accurate determination of this constant in the inertial subrange (see discussion

on the resolution requirements in [Lien and D’Asaro, 2002]). Nevertheless, the value C0 ∼ 3, in

the paper by [Rizza et al., 2010] is relevant for LSMs applied to the convective ABL, in that case

the constant is also responsible for the energy containing time scales which are well resolved in

LES. The detailed overview of the methods of determination of the constant C0 can be found in

[Poggi et al., 2008], where the discussion on the disagreements of the different approaches is also

included. The results of the LSMs are very sensitive to the choice for C0 as it was shown earlier

by [Du et al., 1995, Rotach et al., 1996, Wilson, 2015] and many others. Below we show that the

commonly used value of C0 ∼ 3− 4 can be greatly underestimated for LSMs applied to the stably

stratified ABL.

2) We excluded the sentence concerning the value of C0 in the Abstract.

Reviewer: If indeed the LES were fully validated and all the choices substantiated (see

major comment 1), the present simulations would correspond to ‘one more tessera’

in the picture of a possible nonuniversality of C0, be it due to stability dependence

or employed time scales (outside those corresponding to the Inertial Subrange). It

is felt that the conclusions drawn in the present paper (one ‘case’ – even with three

heights) do not warrant the quite general conclusions drawn (p. 21, l. 18), i.e. ‘the

optimal value is found to be close to 6’

Answer: We agree with the Reviewer.

Corrections: We add next clarification:

The optimal value for the parameter C0 for LSMs is found to be close to 6 under the condi-

tions considered here.
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(5) Footprints plotted in Fig. 11:

Reviewer: The footprints plotted in Fig. 11 of the manuscript and listed as Kljun

et al. (2015) do not coincide with FFP model results. Plotted below are footprints

derived from FFP for the input values mentioned in the manuscript, and optimised

parameters for neutral and stable conditions as listed in Kljun et al. (2015). (Note:

using the universal FFP parameters, e.g. from the online footprint tool still results

in different footprints than those plotted in Fig. 11). It can be seen in Fig. R1 that

the peak location of FFP fits very well the peak of LSMT with C0=3 in Fig. 11.

Footprint peak values, however, do differ, especially for larger measurement heights.

Regarding the absolute values of these peak values please see major concerns (2 and

3) above.

Answer: See answer to this comment above.

Reviewer: Also, the model of Kljun et al. (2004) is outdated; issues in stable condi-

tions were known and were one of the reasons for the update to the model of Kljun

et al. (2015).

Answer: We leave the decision concerning the model of Kljun et al. (2004) up to Reviewer

and Editor. This model is available online http://footprint.kljun.net/m2004/varinput.php with-

out notice for caution, so we have used this tool.

Reviewer: As FFP compares well with the Lagrangian footprint model it is based

on (see Fig. R2), and as different settings of C0 produce similar shifts in footprints

in LPDM-B (Kljun et al. 2002) and the LPDM used in this study (Fig. R2) -

the main question boils down to: what is the ’ultimate truth’ and what should a

footprint parameterisation be based upon? (See comments above.) This is a very

important question and I suggest that the authors highlight this fact even more in

their manuscript.

Answer: We are confident that the results presented in this paper are accurate for the pur-

pose of footprint evaluation (see answers to comments above) and will not change substantially if

any other LES model with sufficiently good resolution will be used.
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The questions remain:

Are the conditions of the numerical setup of the experiment GABLS-1 characteristic for the

stable ABL in nature and is this case appropriate for making general conclusions?

We believe that it is true because:

i. This setup is based on the observation data [Kosoviĉ and Curry, 2000] and LES reproduces

this case quite well.

ii. Usual nondimensional functions of the similarity theory are well satisfied in this case (see

e.g. [Basu and Porté-Agel, 2006, Beare et al., 2006, Glazunov, 2014, Zhou and Chow, 2011] ).

iii. A lot of single column models were tested in similar conditions [Cuxart et al., 2006] and

the results of their comparison with the LES were treated as the indicator of models performance

under stable stratification.

iiii. Similarity of the turbulent stable ABLs permits to conclude that the results obtained in

one case can be generalized for many others.

The fact that FPP predicts footprints based on LPDM-B indicates that it is able to reproduce

the correct form of footprint function, that the scaling approach proposed by [Kljun et al., 2015]

is well justified and that FPP is able to be calibrated with respect to this stochastic model and

with respect to the postulated nondimensional functions. Most probably, FPP, can be rescaled

using the other parameters for LPDM-B or any other data set, including the LES results.

We believe, this paper provides sufficient amount of information, concerning model development

techniques and the models evaluation. The investigation of other cases will require development

of additional scenarios which should be considered as a separate problem.

The authors would be pleased to work in cooperation with the author of the review if he/she

is interested in collaboration. In this case, please contact us directly.
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Minor Comments

Reviewer: (a) The term "Analytical footprint model" is commonly used for foot-

print models based on analytical solutions of the diffusion equation by applying a

K-theory approach. This is a distinctly different approach than used in the models of

Kljun et al. (2004, 2015). The latter models are footprint parameterisations. Please

correct throughout the manuscript.

Corrections: The term "Analytical footprint model" was substituted by "footprint parame-

terisations"

Reviewer: (b) p. 2, l. 5: ’. . . commonly, the application of these models is lim-

ited by the constant flux approximation’: this is not true at least for the Kljun et al.

papers cited above.

Corrections: This sentence was modified as follows:

Commonly, the applicability of the analytical models is limited by a "constant flux layer" simpli-

fication, assuming that the measurement height zM is much less than the thickness of the ABL

zi.

FPP is referred everywhere in the revised paper as the ’footprint parametirization’.

Reviewer: (c) p. 5, l. 26: If reference is made to ’the lake’, this lake must be

introduced beforehand. It is not appropriate to explain in brackets that the author

apparently works on a ’lake problem’.

Corrections: The term ’ lake’ is substituted for more neutral ’inhomogeneous surface’ which

has no direct association with another topic in which authors are involved.

Reviewer: (d) p. 8, l. 15: Euclidean: spelling?

Answer: It is not the spelling, it is a mistake. The continuous space is considered at this
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stage of description, so it will be better to write:

... reduces to minimization of the functional Ψ(X) =
∫
Ω εij(x⃗) εij(x⃗)dx⃗ where Ω is the model

domain and εij(x⃗) is the the residual of the overdefined system of equations ...

It was corrected.

Reviewer: (e) According to Eq. 2, fys corresponds to the crosswind-integrated foot-

print. Please use this well established term rather than ’crosswind averaged footprint’

(e.g. p. 14, l. 3 or p. 20, l. 18). Further, in the captions of Figs. 9 and 11, the

graphs are referred to as "One-dimensional footprints fys". This would suggest that

the footprint at y=0 is plotted. Please clarify.

Corrections: It was corrected.

Reviewer: (f) Wind profile: from Figure 1, it seems that simulated wind speeds

in the surface layer part of the domain are smaller than the ’standard’ wind profile

for stable conditions (e.g., Stull, 1988; Högström, 1996). Please add a couple of sen-

tences to explain why.

Answer: See the first answer.

26



Summary

In this table we summarise shortly all the comments which were accepted with the following

revision of the paper or rejected with the following minor corrections and the justification if it is

needed.

# Comment Answer and corrections

Major comments

(1) Model validation and argu-

mentation of approaches

Accepted partially. Confirmed by the

adding of new results. Some clarifica-

tions were included.

(2) Absorption condition Rejected. New confirmations were

added.

(3) Normalisation of footprints Accepted partially. Corrected with the

minor revision. Main results remain to

be unchanged.

(4) Kolmogorov’s constant for the

structure function in the Iner-

tial Subrange [C0]

Accepted. Corrected using the exclu-

sion of too general conclusions and with

the correction of the terminology.

(5) Footprints plotted in Fig. 11 Rejected. Minor clarification was in-

serted.

Minor comments

(a) The terminology Accepted. The appropriate corrections

were included.

(b) Mistake then citing Accepted and corrected.

(c) Embedded advertising (the

use of the word ’lake’)

Accepted and excluded.

(d) Spelling? Accepted by the other reason than

spelling. Improved.

(e) The terminology Accepted. Appropriate corrections

were included.

(f) Correctness of the LES results

(wind profile)

Rejected. The confirmation was in-

cluded.

27



References

[1] Колмогоров А. Н. Локальная структура турбулентности в несжимаемой жидкости при

очень больших числах Рейнольдса. // Докл. АН СССР.Т. 30, No 4. С. 299–303. 1941.

Kolmogorov A.N.: The Local Structure of Turbulence in Incompressible Viscous Fluid for Very

Large Reynolds Numbers. Dokl. Acad. Nauk SSSR, v. 30 No. 4, 299–303. 1941 (in Russian)

[2] Обухов А. М. О распределении энергии в спектре турбулентного потока. // Изв. АН

СССР. Сер. геогр. и геофиз. Т. 32, No 1. С. 22–24. 1941.

Obukhov, A.M.: On the distribution of energy in the spectrum of turbulent flow, Izvestiya AN

SSSR, Ser. Geogr. i Geofiz., V. 32., No. 1, 22–24, 1941. (in Russian)

[3] Ландау Л.Д., Лифшиц Е.М. Механика сплошных сред.// ОГИЗ Гостехиздат. 1944.

Landau L.D., Lifshitz E.M.: Mechanics of Continua. OGIZ Gostehizdat, 1944. (in Russian)

[Anderson, 2009] Anderson, P. S.: Measurement of Prandtl number as a function of Richardson

number avoiding self-correlation. Boundary-Layer Meteorol., 131, 3, 345–362, 2009

[Barad, 1958] Barad M.: Project Prairie Grass, a field program in diffusion, vol 2. Technical

Report Geophysical Research Papers No. 59, TR-58-235(II). Air Force Cambridge Research

Center, Bedford, 1958. 209 pp
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Response to Editor minor comments

Authors are grateful for a great job which was done.

Proposed by the authors and recommended by the Editor minor revision of the manuscript was

performed.

Next clarification was added in Conclusions (p.25, l. 14-19): "We emphasize that a very sim-

ple case of the moderately stratified stable ABL in almost steady state conditions was considered

here. This setup of numerical experiments permits the detailed intercomparison of a different

approaches for the particle dispersion modeling which utilize identical simplifications. On the

other hand, in real environment the scalar flux footprint functions can be greatly influenced by

the meteorological non-stationarity, the peculiarities of mixing inside the roughness layer, internal

radiative heating or cooling in ABL and so on. Also, a wider investigation of different stability

regimes from neutrality to strong stratification must be undertaken in future studies to confirm

the universality of the findings."

Besides, we have added two curves in Fig.5 (the results, obtained in LES with subgrid Lagrangian

RDM) and the appropriate short description of these curves in Sect.4.2.4 (p.18, l.1-4) .
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Figure 1: Schematic representation of footprint evaluation algorithm. (a) Setup of nu-

merical experiment. (b) Example of two trajectories (red and blue bold curves). Shifted

trajectories are shown by the dashed lines. Particle brings the impact into the value

fs(xS, yS,xM) if it intersects the test area δM in vicinity of the sensor position xM and the

origin of modified trajectory belongs to the test area δS.

33



262 263 264 265 266 267 268

0

50

100

150

200

250

300
z 

(m
)

� (K)

-6 -4 -2 0 2 4 6 8

0

50

100

150

200

250

300

 ✁
g
=12.5 m

 ✁
g
=6.25 m

 ✁
g
=3.125 m

 ✁
g
=2.0 m

 GABLS-1, other LES  ✂
g
=3.125 m

<u>=U
* 

( 
1
✄ln(z/z

0
)+5.3

z
L )

            (Högström, 1996)

       

         

<u> 

<v>

z 
(m

)

<u>,<v> (m/s)

(a) (b)

Figure AR1: (Fig.1 from the original version and Fig.2 from the revised paper) Mean wind

velocity ⟨u⃗⟩ (a) and temperature ⟨Θ⟩ (b) in runs with different grid steps (spatial step is pointed in legend).

Gray dots are the data from other LES models obtained in [Beare et al., 2006] (wind velocity is rotated

35o clockwise). ’Standard’ wind profile for stable conditions in accordance with [Högström, 1996] is shown

by the vertical dashes.
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Figure AR2: (Fig.11 from the original version and Fig.13 from the revised paper) Crosswind-

integrated footprints fy
s (a,c,e) and cumulative footprints F (b,d,f) for sensor height zM = 10 m (a,b),

zM = 30 m (c,d) and zM = 60 m (e,f). Solid lines - LES with grid steps ∆g=2.0 m. Triangles - LSMT

([Thomson, 1987] model), C0 = 6, absorbtion at z=100 m. Orange curves LSMT, C0 = 6, absorbtion at

z=300 m. Dashed blue lines - LSMT, C0 = 4. Solid blue lines - LSMT, C0 = 3. Red lines - parameterisation

[Kljun et al., 2004]. Green lines - parameterisation [Kljun et al., 2015]. Dashed lines online FPP calculator

with L=120. Dash-dot lines FPP calculator with L=48.
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Figure AR3: (Fig.3 from the original paper,with normalization) Crosswind-integrated scalar flux

footprints fy
s in stable ABL, computed by the different methods and with different grid steps; (a,c) sensor

height zM=10 m, (b,d) zM=30 m. Grid steps and methods are indicated in the legend: u - particles are

transported by a filtered LES velocity u⃗; u∗ - particles are transported by recovered velocity u⃗∗ = F−1u⃗;

cor div - the additional correction of velocity (Eqs. 33, 34); st 1l - stochastic subgrid model (Eq. 28) is

applied for the particles within the first computational grid layer.
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Figure AR4: (Fig.4 from the revised paper,without normalization) Crosswind-integrated scalar flux

footprints fy
s in stable ABL, computed by the different methods and with different grid steps; (a,c) sensor

height zM=10 m, (b,d) zM=30 m. Grid steps and methods are indicated in the legend: u - particles are

transported by a filtered LES velocity u⃗; u∗ - particles are transported by recovered velocity u⃗∗ = F−1u⃗;

cor div - the additional correction of velocity (Eqs. 34, 35); st 1l - stochastic subgrid model (Eq. 28) is

applied for the particles within the first computational grid layer.

37



0 1000 2000 3000 4000 5000

0,0

1,0x10
-4

2,0x10
-4

3,0x10
-4

4,0x10
-4

5,0x10
-4

z
M

= 30 m

f
y

s
(m

-1
)

xM-x (m)

2.m (u* + cor_div + st_l1)

3.125m (u + st)

6.25m ( u + st)

12.5m (u + st)

0 200 400 600 800 1000 1200 1400

0,0

5,0x10
-4

1,0x10
-3

1,5x10
-3

2,0x10
-3

2,5x10
-3

f
y

s
(m

-1
)

z
M

= 10 m

xM-x (m)

(a)
(b)Figure AR5: (Fig.5 from the original paper,with normalization) Crosswind-integrated scalar flux

footprints fy
s , computed using stochastic subgrid model (Eq. 28-32); (a) sensor height zM=10 m, (b)

zM=30 m. Grid steps are given in the legend. Crosses denote footprints computed with subgrid LSM

applied for the particles within the first grid layer only.
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Figure AR6: (Fig.6 from the revised paper,without normalization) Crosswind-integrated scalar flux

footprints fy
s , computed using stochastic subgrid model (Eq. 28-32); (a) sensor height zM=10 m, (b)

zM=30 m. Grid steps are given in the legend. Crosses denote footprints computed with subgrid LSM

applied for the particles within the first grid layer only.
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Figure AR7: (Fig.7 from the revised paper) Crosswind-integrated scalar flux footprints fy
s , obtained

in LES with ∆g = 6.25 m using different stochastic Lagrangian subgrid models RDM (Eq. 33) and LSM

(Eqs. 28-32); The results obtained with these subgrid models applied within the first computational grid

layer in combination with velocity recovering u⃗∗ = F−1u⃗ and correction of velocity (Eqs. 34, 35) are also

shown. Black lines are the footprints in LES with ∆g = 2.0 m.
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Figure AR8: (Fig.A1 from the revised paper) The footprint functions fy
s (a,b) and the cumulative

footprints F (c) obtained without the prescribed absorbtion (blue lines) in comparison with the results of

simulation where the absorbtion is imposed at the level z = 100 m (green lines). Red dashed lines are the

footprints from the particles which attained the level z = 100 m. (d) - Footprints obtained with the different

intervals of averaging [t1, t2] (shown in seconds in the legend), the normalized vertical concentration fluxes

⟨Fs(zM )/Fs(0)⟩[t1,t2] are shown in brackets.
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Figure AR9: (Fig.S1.1 from the Supplements to the paper) Crosswind integrated concentration

C̃y = CyUzi/Q depending on normalized height z/zi and non-dimensional distance from the source X =

xw∗/(Uzi). (a) CWIC profiles C̃y computed in LES with different resolution (solid lines) in comparison

with laboratory data (squares). (b) CWIC isolines computed with grid steps ∆g = 10 m≈ zi/100 and

∆g = 40 m≈ zi/25 (dashed line - first computational level z = ∆g).
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Figure AR10: (Fig.S1.3 from the Supplements to the paper) Footprints f y
s (a,b) and cu-

mulative footprints F (c,d) for the sensor heights zM=10m (a,b) and zM=100m (c,d),

computed with the different spatial resolution in LES. Symbols - observational data

[Leclerc et al., 1997]
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Figure AR11: Modified Fig.3. Concentration vertical flux profile obtained in LES with the absorbtion

condition applied at z=100 m and the liner flux profile as it was predicted by Stull, 1988 or Beare et al.,

2006 (blue dashed straight line)
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