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We greatly appreciate the reviewer’s invaluable and constructive comments. We have
revised our manuscript in response to your and the other reviewer’s comments. Re-
sponses to each of the major and minor comments are written below.

1. Major comments

> My first major concern is on the way, the methodology of the ”weighted
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low PV area” is introduced and motivated. While the PV-area conservation
equation (Equ. 1) is widely used, the low PV area weighted by the thick-
ness (isentropic density sigma) is introduced in this study (at least to my
knowledge). First of all, the weighted low PV area (Â) should be properly
defined.

As you suggested, we have added the definition of the PV area to the main text as
follows.

Â(t)q≤q0 ≡
∫
q≤q0

σdA =
∫ ∫

σr2 cosφdλdφ, (1)

> Most importantly, I would like to see the derivation of the equation for the
weighted low PV area Â, i.e. Equ. (3) in the paper. Moreover, the derivation
of the equation for only the western part of the PV area (Equ. (4)) could also
be explained better, e.g. to elucidate the emergence of the Flux term. Is the
diabatic term (term 2 on right hand side of Equ. (4)) indeed integrated over
the whole low PV area, or only over the western part, as I would assume?
If sou, please modify the equation to make this clear.

We also agree that Eqs. 3 and 4 need proper derivation, as also suggested by the other
reviewer. In addition, as the other reviewer pointed out, the equation for unweighted low
PV area, Eq.1, was not properly described in the original manuscript. The multiplicative
factor for line element (|∇θq|−1) was missing, while it was properly described in the
reference article (Garny and Randel, 2013). Eqs. 3 and 4 need to be revised in a
similar way. Moreover, we have noticed that both of those equations have another
missing term regarding diabatic heating. We are sorry for the inaccurate description
of the original manuscript. The correct forms of Eqs. 3 and 4 are as follows. The
derivation of Eqs. 3 and 4 has been added to Appendix B of the revised manuscript
and also at the bottom of this reply.
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d

dt
Âtot(t) =

∮
q=q0

(
−q∂θ̇

∂θ
+ θ̇

∂q

∂θ

)
σdS

|∇θq|
−
∫
q≤q0

∂

∂θ
(σθ̇)dA

+ (unresolved term) (2)

d

dt
Âwest(t) = −F̂ (λ0) +

∮
q=q0,λ≤λ0

(
−q∂θ̇

∂θ
+ θ̇

∂q

∂θ

)
σdS −

∫
q≤q0,λ≤λ0

∂

∂θ
(σθ̇)

+ (unresolved term) (3)

> Next to the proper definition and derivation, I would appreciate a deeper
physical reasoning for the weighting of the PV area. If I understand it cor-
rectly, the relevant effect here is that, given the conservation of PV for a
given air mass, a vertical (i.e, in theta) compression of this air mass leads
to a larger horizontal extend, i.e. an increase in area. Thus, by applying this
scaling you essentially move to an equivalent 2-d representation of the air
parcel, and Â is the area of this equivalent 2-d air parcel. Maybe the addi-
tion of a simple sketch would help the reader to get a better understanding
of the meaning of the scaling.

We appreciate the suggestion. As you pointed out, the weighting of the PV area is
related to tracking an air parcel on 2-d surface. We have added the explanation about
it at lines 151-160 in Section 2 of the revised manuscript.

> A related question on the scaled versus non-scaled PV area: according
to your equations, the divergence term vanishes for the density-scaled area
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equation. If my above understanding of the weighted-PV area is correct,
this would imply, that the role of the divergence term merely is to deform
the air parcel. However, as you mention, in earlier work it was shown that
the divergence term in the conventional PV area equation is closely related
to the diabatic term, and indeed maximizes in the regions of low OLR (as
indication for convection). Following this finding, the interpretation would be
that the divergence (i.e., convective outflow) induces the low PV, and not
merely deforms the air parcel. Is this effect completely incorporated in the
diabatic term in the weighted low PV equation, or how can I understand the
physical meaning of the terms?

It is the diabatic term that induces low PV, not directly the divergent term. The diver-
gent term is likely to follow the diabatic forcing by deep convection, resulting in high
correlation between it and low OLR, but the divergent term without nonconservative
forcing does have nothing to do with the weighted low PV area. The revision we made
in lines 151-160 in Section 2 in the revised manuscript includes this explanation.

> The period of the “quasi-biweekly” oscillation is not clearly quantified until
rather late in the paper, namely with the power spectrum in Fig. 6. Rather,
the motivation for those time-scales is given by visual analysis of the time-
series of the weighted low PV area in Fig. 2. I’d encourage the authors to
move the power spectrum to an earlier point in the paper, and compare it
to the power spectrum of the total weighted low PV area (see also specific
comment below). Further, the peak in the power spectrum of the fluxes (Fig.
6) is rather broad (with a plateau-like peak between 20 to 9 days), does this
range of time-scales still correspond to the “quasi-biweekly” oscillation?

We did not mean to state that “quasi-biweekly” timescale is dominant here yet. Rather,
section 3.1 examplifies that the total weighted PV area Âtot(t) shows over-30 day vari-
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ability dominates as already mentioned in earlier studies and there are also secondary
signals with a shorter time scale. In this sense, we consider the sentense ‘The analysis
regarding the total area so far confirmed . . . ’ was misleading. We have revised the first
paragraph of section 3.2 to make it clear. Also, we agree that the peak in Fig. 6 does
not show clear characteristic time scale of ‘quasi-biweekly’. There is broad range of
possible characteristic time scale centered around quasi-biweekly. We have revised
lines 226-228 in the revised manuscript.

> My third major comment is on the interpretation of the results, mainly
the overarching question of the nature of the quasi-biweekly oscillation as
“passive advection” versus reflecting variability in sources (i.e., convective
forcing) or sinks (e.g., the actual shedding of air from the anticyclone). This
comes down to the question, whether the total low PV area is conserved
during the oscillations (as is shown for the life cycle analysis in Fig. 13),
or, whether the total flux across the defined boundary at 60 E explains the
in- and decrease of low PV area to the west and east of the boundary.
The latter is indicated to be the case by the close match of timeseries of
area change and fluxes in Fig. 5. However, I wonder whether this analysis
couldn’t be made more quantitative by repeating it for longer time series
(multiple years), and actually quantifying to which degree the total western
PV area is explained by the flux (for both increasing and decreasing ar-
eas, i.e., positive versus negative values of dÂ/dt and the flux F ). Also,
I wonder to which degree the eastern part of low PV area is explained by
the flux term. As the diabatic source is located east of 60 E, it maybe not
surprising that the western part is explained by the fluxes from the east. In
general, also the location of the boundary at 60 E could be varied to test
the sensitivity of the results on the choice of the boundary longitude.

We have found that the close relationship between the flux term F and the low PV area
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to the west of 60E is satisfied in general, also for other years. We have shown the
correlation factor 0.663 between dÂ/dt and the flux F for 1979-2016 in line 204 of the
original manuscript. We consider this value shows that the correspondence between
these two terms is quite significant. We do not expect the similar clear relationship for
the eastern part of the anticyclone, where the diabatic forcing term has a significant
role.

> Moreover, the results mentioned above are all valid for the 370 K level
(if I’m not mistaken, I found it hard to identify which level the analysis is
performed on at many places, see specific comment below). According
to your Fig.3, in which the fluxes of low PV area across the 60 E line are
shown for both 370 K and 360 K, the fluxes behave rather different at the
two levels: At 370 K, the flux is close to zero in the mean (indicating back
and forth advection), while at 360 K, the flux is clearly eastward, which
is in accordance with the “source” of low PV (i.e. convection) being mostly
located east of 60E. Therefore, I wonder in how far the result on the “passive
advection” of low PV air is valid also for the 360 K level (which does not lie
well above the main convective outflow and heating level, as does the 370
K level).

We have revised Figs. 4 and 5 to show the results at three different levels 360, 370,
and 380 K. As expected, the contribution of the longitudinal advection to the low PV
area distrubution is less clear at 360 K at 380K, as there are more significant source
and sinks. The whole picture of the budget of low PV airmass is more complicated than
what is seen at a single level, we consider the longitudinal ocsillatory behavior with a
time scale of quasi-biweekly is one important feature, and the low PV air at 370 K is
the best proxy for that feature. We have revised section 3.2 adding this discussion.

> Another major comment I have is on the interpretation of the OLR anoma-
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lies during the oscillation life cycle (as presented in Fig. 14). I can identify
from the figure a clear signal in the OLR anomalies, with westward prop-
agating negative OLR anomalies during phase 5 to 8, and positive OLR
anomalies during phase 2 to 4. Thus, this might suggest that variability in
the forcing of the anticyclone does play a role on those time-scales after all.
This possibility is indeed phrased in the summary (lines 329-330), but this
is a bit controversial to what is stated earlier (e.g. lines 302 to 303). On
the other hand, the consistent OLR anomalies could also indicate that the
quasi-periodic circulation anomalies of the anticyclone influence the occur-
rence of convection. This result might be consistent with the troposphere-
deep circulation anomalies at 35-45 N, as shown in Fig. 15. This possible
implication is discussed in the summary (lines 335 onwards), but I’d sug-
gest that you could add here, that the OLR anomalies in the ”life cycle” also
show indications in this direction.

We consider the exsitence of the significant OLR signal does not rule out the possib-
lity that the variability is driven by internal dynamics, then lines 329-330 and 302-303
of the original manuscript does not contradict with each other. The OLR anomaly in
composite map can be just a response to the dynamically-driven variability as well as
the essential driver of the variability. We does not conclude it but provide the sug-
gestion of the possibility of the former case, considering the spatial location of OLR
anomaly and low PV area in phase 6. This has been written in lines 324-330 in the
original manuscript but the explanation may be not clear. We have revised lines 276-
278 in Section 4 and a paragraph starting from line 336 in Section 5 in the revised
manuscript.

2 Specific / minor comments

> title: Change to “geopotential height fields”. In my opinion, the latter half
of the title (“.. using PV and geopotential...) could also be skipped, but this
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is a matter of taste, so I leave it to the authors to decide.

We apprieciate the suggestion. We have added ‘height’ to the original title.

> line 24: ”to be dominant“: consider rephrasing to ”to be the dominant
transport process“

We have revised line 24 as suggesteed.

> line 48-50: I wouldn’t agree in that the paper by Nuetzel et al showed that
the bimodality is a robust feature. Indeed, they showed that the bi-modality
is very prominent only in older (NCEP) reanalysis data sets.

We appreciate the important comment.Our original manuscript does not correctly refer
to their conclusion. We have revised lines 47-49 in the revised manuscript.

> line 113: This sentence makes it sound as if the low PV area in the an-
ticyclone is usually conserved, but just not strictly, because of the ”forcing
processes such as deep convection“. Diabatic heating and associated out-
flow from deep convection (divergent motion) is THE forcing process of the
anticyclone, if it wasn’t for that, there would be no low PV area to start off
with. Therefore, I find this formulation a little weird. Please rephrase it to
make the role of deep convection on forcing low PV more clear.

We meant to emphasize the effect of thickness variation as another factor which causes
the change in the low PV area, besides of the diabatic heating. We have revised lines
110-113 of the revised manuscript to provide clearer explanation.
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> line 130 / Equ. 2: On a similar note as major comment 1, a definition
for the longitude-dependent quantity L(λ, t) along the lines suggested for Â
could be given (i.e. as integral over φ).

We have added Eq. (4) for the definition.

> line 171: here, the authors state that the analysis of the timeseries in the
preceding subsection ”confirmed” that the dominant timescale of variabil-
ity is the ”quasi-biweekly” timescale. However, in the daily timeseries pre-
sented in Fig. 2, a monthly period is predominant, and the quasi-biweekly
timescale is, if at all, only to be guessed ”by eye”. So either you have to
weaken the statement here (e.g. indicates that quasi-biweekly variability
can be identified from the timeseries) or make the analysis more quantita-
tive (see also major comment 2).

We agree the statement ‘The analysis regarding the total area so far confirmed . . . ’
was too strong. It was not confirmed in the previous section. We have revised the first
paragraph of section 3.2.

> line 186: For 360 K, the flux is negative around its minimum, even within
the range given by the standard deviation. So this argument holds only for
Fig 3a (370 K), right?

We think it is still possible for the airmass to move both eastward and westward even
the latitudinally averaged flux is mostly westward at 360K. But in that situation, the
interpretation is more complex because the movement of passive tracer does not follow
the movement of the airmass as there is a large nonzero PV source/sink. Therefore,
we limit this statement only for 370K and 380K where the diabatic process is less
significant. We have revised section 3.2 accordingly.
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> line 193/194: ”fixed latitude range in the southern part of the AMA” - in
Garny et al, the total low PV area within 15-45 N was shown (see their
Fig. 6), so this is not really a fixed latitude range, and neither only the
southern part? The main difference is, apart from the slightly larger latitude
range here, rather the weighted versus non-weighted low PV area, and the
addition of the fluxes.

We agree that the statement was not accurate. The difference from Garny et al. is ba-
sically the thickness weighting that may give clearer picture to focus on both westward
and eastward movement of the air. We have revised the description in line 205-207 of
the revised manuscript.

> line 197: why only ”as far as PV conservation holds”? Is the flux not valid
if the the diabatic term is not equal zero? This would be worrisome for the
whole analysis of the paper.

We meant that the interpretation using the simple relationship between the low PV air
mass and its flux is valid under the assumption of the PV conservation. However, it is
true that we can use the flux itself regardless of the convervation as you suggested.
We have simply removed the phrase ‘as far as PV conservation holds’.

> line 209: ”dominant period of the variability in total low PV area” - actually
show the power spectrum of the low PV area (see also comment on line
171, and major comment 2)?

The dominant period of the variability seen in the total low PV area has been found to
be around 30 days in previous studies, and we do not mean to revisit it. We should
have put the reference Garny and Randel (2013) here. We have added the reference,
and revised the paragraph following your major comment.
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> line 219: Do you mean to say that the timeseries filtered with a band pass
filter within 5-20 days periods? Please specify.

Yes, that is what we did. We have added the description to the first paragraph of
Section 4.1.

> line 232: ”zonally averaged total perturbation variance”: Do you mean the
variance in terms of anomalies at each longitude, and then this variance is
zonally averaged?

Yes we do. The original manuscript meant to describe the contribution of the leading
two components to the total variance as a function of latitude. However, we reconsider
that this statement is not necessary and decided to remove.

> line 233: the studies mentioned here rather analyzed tele-connections to
the mid-latitudes than variability of the anticyclone itself, correct? So maybe
it is not surprising that they find different pattern? ( Also, correlation to the
time-series ”at a point at a midlatitude” is a bit vague - please clarify).

Yes. As they focus on midlatitude dynamical variability they used different methods and
target variables and captured different variability patterns. In this part, it was found that
the description “simple correlations with a time series at a point at a midlatitude” was
not correctly described what has been done in Ding and Wang (2007). They made
the composite analysis for the extreme events of positive geopotential height anomaly
averaged over 35-45N, 55-75E. We are sorry for misleading. We have revised line
250-251 of the revised manuscript accordingly.

> I find the EOF analysis, and the PC lag analysis and life cycle a great
approach to characterize the variability. Possibly, adding actual data points
to Figure 9 to see the progression of the phases would be beneficial?
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We appreciate the suggestion. The phase progress for the year 2016 has been added
to Fig 9 as an example. Also, the caption of Fig. 9 has been revised.

> Fig. 11: agree that there is clear westward extension from phase 5 to 8,
but does the low PV area ”move back” to the east from phase 1 to 4, or is it
shed? From the extend and strength of the low PV occurrence, it seems like
the total PV area decrease over those phases. Related, is the total integral
over the westward flux (in Fig. 12) equal to the sum of the eastward Flux
over all phases? This would prove this point, and I guess it has to be the
case, given that the total area appears to remain rather constant according
to Fig. 13.

Our idea based on Figs. 12 and 13 is that, the low PV area mostly moves back to the
east rather than ‘shed’ westward away from the main anticyclone vortex. Though this
does not rule out the existence of some part of low PV actually shed and dissipated
to the west, the shedding is likely to have only a small contribution to the budget of
the air inside the anticyclone. This is supported by Figs. 12 and 13. The eastward
and westward flux is nearly balanced on average over phases and the total PV area
is nearly constant with the phase. The fact that the area of high low-PV probability
decreases as phase progresses from 1 to 4 in Fig. 11 can be explained by the thickness
variation. The average σ over 30N is larger than that over 20N on 370 K. Therefore,
when the weighted low PV area does not change, the low PV airmass takes smaller
area when it is moved northward in phase 2-4.

> Fig. 15: Not sure what the difference of black contours and color shading
is - deviations from zonal mean versus anomalies from this deviation?

The black contours show the deviation from the longitudinal mean over the sector (0-
150E) for each phase, which indicates the location of the anticyclone center. It shows
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how the variability is large enough to change the anticyclone location The color shading
shows the deviation from climatological mean, which indicates the longitudinal struc-
ture of the perturbation.

> lines 281-282: I’m not sure I understand the statement on the role of the
subtropical jet on the deep gph anomalies. Please either remove, or add
explanation/ citation for this statement.

What determines the vertical structure of the variability pattern is beyond the scope of
this article. Therefore we have removed that sentence for simplicity.

> line 307: would you consider 30the ”dominant variability”?

We consider the leading two EOF components corresponds to the most significant vari-
ability pattern in the area in a 5-20 day time scale. But the word ‘dominant’ may sound
not suitable for the components which contribute to only about 30% of the total (nor-
malized) variance. Therefore we have removed the word “dominant” from the sentense
in line 336 of the revised manuscript.

> line 305/306: here you state that the west/east-ward flux of low PV is
consistent with ”eddy shedding”, which could be true, but this notation im-
plies that the eddies are at least partly ”shed” from the Anticyclone, while
your analysis seems to suggests that the total area is conserved during
the quasi-biweekly variability, i.e. no actual ”shedding“ occurs. In Fig.3 b),
where you show that the total eastward flux at 360 K is negative, does that
imply actual westward shedding?

We used the word ‘eddy shedding’, in lines 252 and 305/306 in the original manuscript,
in a broader context describing the westward movement and the detachment of the
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partial anticyclonic vortex from the main anticyclone, regardless of whether it is re-
versible or not. But later we stated in line 347 that they are mostly not actual ‘shedding’
at 370K level as you suggested, This might have made confusion, therefore we revised
those lines without the notation ‘eddy shedding’. About the low PV area budget at 360
K, there is still no clear answer from the result of this study. The source of the weighted
low PV area on 360K is likely to be diabatic heating over the area of deep convection
located overt the eastern part of the antiyclone. But its sink on the west of the anticy-
clone cannot be specified. The westward shedding may conrtibute, but it may be by
diabatic heating/cooling . We have revised section 3.2 and include this discussion to
line 217-225.

> general: State in all Figure caption, and possibly more often in the text,
at which level the analysis is performed on! (I found this information to be
rather hidden).

We are sorry for the insufficient information. We have added proper information of the
isentropic and pressuer level in the text (in lines 189, 202, 273, and 274) and the figure
captions (Figs. 4, 5, 6 ,12, 13, and 14).

3 Typos / technical

- line 165: ”pointed out by...” (add ”out”)
- line 220: dividing ”by” their standard deviation (insert ”by” )
- line 225: ”longer months“: change to ”longer period“ ?
- line 275: ”rest phases”: change to ”for the rest of the phases” ?
- Fig. 15: Title and legend should say 15-25N and 35-45N rather then E.
- line 409: ”noize“: change to ”noise“
- line 420: ”persentage”: change to “percentage”
- Fig. 4: which level?
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- Fig. 13: I would suggest to change/remove the heading“A west”, as not
only “A west” is shown

We have corrected the manuscript accordingly.

Derivation of Eqs. 2 and 3 (Eqs. 3 and 4 in the manuscript) :

Equation 2 can be derived in a way similar to the derivation of Eq. (13) of Butchart et
al. (1986). For consistency, their notation is used in the following. They begin with the
small change in the area ∆A(t)χ≥χ0 enclosed by an isopleth χ = χ0, denoted by Γ,
with respect to the change in the contour position ∆~x. Note that they assumed that the
value of χ increases inward of the area.

−
∮

Γ
∆~x · ∇θχ

|∇θχ|
ds = ∆A(t)χ≥χ0 (4)

To extend this formulation to the thickness-weighted area Â(t)χ≥χ0 , there needs an
additional term for thickness change ∆σ in the left hand side,∫

χ≥χ0

∆σdA−
∮

Γ
∆~x · ∇θχ

|∇θχ|
σds = ∆A(t)χ≥χ0 (5)

Using the equation for thickness
∂σ

∂t
+∇θ · (σ~v) = − ∂

∂θ
(σθ̇), (6)

the first term on the left hand side of Eq. (5) can be rewritten as follows.∫
χ≥χ0

∆σdA = ∆t
[
−
∫
χ≥χ0

∇θ · (σ~v)dA−
∫
χ≥χ0

∂

∂θ
(σθ̇)dA

]
(7)

= ∆t

[∮
Γ
~v ·

~∇θχ
|~∇θχ|

σds−
∫
χ≥χ0

∂

∂θ
(σθ̇)dA

]
(8)
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where ~v is two-dimensional velocity, and ~∇θ is two-dimensional gradient on an isen-
tropic surface.

The second term on the right hand side is transformed using ∆~x · ~∇θχ ' −∆t · ∂χ/∂t
as shown in ?. Then by applying ∆t→ dt we obtain the following,

d

dt
Â(t)χ≥χ0 =

∮
Γ

(
∂χ

∂t
+ ~v · ∇θχ

)
σds

|∇θχ|
−
∫
χ≥χ0

∂

∂θ
(σθ̇)dA (9)

As the first integral contains the advection term, the bracket can be replaced with a
nonconservation term F .

∂χ

∂t
+ ~v · ∇θχ = F (10)

When χ is potential vorticity and the area A is defined to have potential vorticity below
the reference value, Eq. (2) is obtained. The subgrid scale mixing term in Butchart
et al. (1986) comes from the difference between the true divergence term and the
divergence term calculated from resolved variables. Although our equation does not
have divergence term, we consider it is still better to include unresolved effect such as
subgrid scale mixing, which is included in F . Then, when χ is potential vorticity and
the area A is defined to have potential vorticity below the reference value, using

F = −q∂θ̇
∂θ

+ θ̇
∂q

∂θ
+ (unresolved term) (11)

thus we obtain Eq. (2).

Equation (2) can also be derived from the general mass conservation expression
in a PV-θ coordinate introduced in Nakamura (1995; https://doi.org/10.1175/1520-
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0469(1995)052 (
∂m

∂t

)
q,θ

+
(
∂M(q̇)
∂q

)
θ,t

+

(
∂M(θ̇)
∂θ

)
q,t

= 0 (12)

where m =M(1) and thickness-weighted area integration operatorM is defined as

M(∗) =
∫ ∫

q≤q0
(∗)σdA =

∫
q∗≤q

dq∗
∮
q∗

(∗) σds

|∇θq∗|
(13)

Substituting q̇ = F and expandM(q̇) andM(θ̇), we obtain Eq. (2).

Next, let us derive Eq. (3). Now suppose the small change of the area ∆Â(t)χ≥χ0,λ≤λ0

enclosed by the isopleth χ = χ0 and the circle of longitude λ0. Let Γq and Γl respec-
tively be the isopleth and the circle of longitude consisting the border of the area as
shown in Fig. 1. Equation (4) is modified as follows,

The integral of the first term on the left hand side is performed over the area
∆Â(t)χ≥χ0,λ≤λ0 , and the line integral of the second term is performed only over Γq,
as Γl is constant with time. The first term can be rewritten as follows, using the
Gauss’theorem for Γq and Γl,

∫
χ≥χ0,λ≤λ0

∆σdA = ∆t
[
−
∫
χ≥χ0

∇θ · (σ~v)dA−
∫
χ≥χ0

∂

∂θ
(σθ̇)dA

]
(14)

= ∆t

[∫
Γq

~v ·
~∇θχ
|~∇θχ|

σds+
∫

Γl

uσds−
∫
χ≥χ0

∂

∂θ
(σθ̇)dA

]
(15)

Then we obtain Eq. (3) with the additional term F̂ (λ) defined as follows. The integral
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is performed over the longitude circle λ0 consisting the border of the area.

F̂ (λ) =
∫
q≤q0,λ0

uσds =
∫
q≤q0,λ0

uσRdφ (16)

Interactive comment on Atmos. Chem. Phys. Discuss., https://doi.org/10.5194/acp-2020-424,
2020.
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Fig. 1.
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