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The authors are extremely grateful to the reviewers’ valuable and constructive com-
ments on our manuscript. We are very sorry that we were not aware of the impor-
tant reference, Abalos et al. (2015, hereafter referred to as A2015). Unfortunately,
however, our methodology seems to be completely misunderstood by both reviewers
(Anonymous referee #1 and Dr. Marta Abalos). We think that it is necessary to care-
fully revise the methodology part so as not to confuse the readers. However, here we
will explain this method in detail as a quick response to comments from the reviewers.
The motivation of our research is partly similar to A2015, but the handling of the gravity
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wave drag is quite different.

We used the zonal momentum equation in the TEM framework, but we did not use
the gravity wave drag calculated from gravity wave parameterizations. This is because
we do “not” think that the gravity wave parameterizations accurately represent real
gravity waves. In a group work regarding gravity waves published as Geller et al. (J.
Climate, 2013), we showed a significant difference between observations and param-
eterized gravity waves, and concluded that further improvement through constraints by
observations would be necessary for the gravity wave parameterizations. Candidates
that may cause this significant difference from observations are that horizontal prop-
agation of gravity waves is not included in most parameterizations (e.g., Sato et al.,
2009; 2012), that small islands as a source of gravity waves are not included (e.g.,
Alexander et al., 2009), and that there is a large uncertainty in non-orographic gravity
wave sources and distribution. Thus, we examined and adopted an estimation method
without using the parameterized gravity wave drag.

A2015 reported that the residual mean flow v∗ estimated from the zonal momentum
equation using ∂u

∂t , 1
ρ0
∇ · F , and parameterized gravity wave drag did not match what

was obtained directly from its definition (Eq. 3 in the present ACPD manuscript). This
is possible evidence of deficiency of the gravity wave parameterizations.

In our study, we used the same zonal momentum equation, but not for the purpose of
estimating the residual mean flow v∗, but for the purpose of estimating gravity wave
drag in the real atmosphere (not parameterized gravity wave drag). The residual mean
flow v∗ was directly estimated from its definition in our study. We will explain the dif-
ference between the A2015’s method and our method by using the following simplified
zonal momentum equation:

∂u
∂t −fv∗ = 1

ρ0
∇ · F +GWD +X

(1) (2) (3) (4) (5)

C2



Here, GWD [Term (4)] is “not” parameterized gravity wave drag but real gravity wave
drag, and Term (5) is a friction and/or viscosity term.

A2015 used directly-calculated Term (1) and Term (3) and the parameterized gravity
wave drag as Term (4), ignored Term (5), and estimated Term (2). Thus, difference of
the parameterized gravity wave drag from the real gravity wave drag can cause large
estimation error in the residual mean flow [i.e., Term (2)]. The difference between the
parameterized gravity wave drag and the real gravity wave drag would be expressed
as an increment in the assimilation system.

In contrast, we used directly-calculated Term (1), Term (2), and Term (3), ignored Term
(5), and estimated Term (4). It is important that we calculated Term (2) by its definition
(Eq. 3 in the present ACPD manuscript). As is well known, the residual mean flow v∗

estimated by its definition is a good approximate of Lagrangian mean flow (Eulerian
mean flow + a quadratic term of Stokes drift) and is frequently used to estimate upward
mass flux etc. quantitatively.

We showed in Okamoto et al. (2011) that this method is effective to estimate Term (4)
[in other words, Term (5) is negligible compared with Term (4)] using data from a chem-
istry climate model (CCM). Note that gravity waves are parameterized components only
in this CCM where no assimilation module is implemented.

We hope that our methodology will be clarified by this explanation.

We will also revise as much as possible following all other comments by the reviewers,
if there is opportunity for revision.
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