Response to the Comment by the Anonymous Referee #1
The authors thank the referee #1 for his/her valuable comments. We clarify what the referee pointed
out. The responses to each of the referee's comments are listed below.

Specific comments:
Page 32640
1. Title. The title seems to be a bit generic. It could be a good idea to include something about
jets/fronts in the title, since this appears to be the focus of the paper.
> The title is changed following the suggestion.
2. Abstract L4,11: The shortened labels for the waves (W1,W2,W3,. . .) while useful in the main
body of the paper should not appear in the abstract.
> The shortened labels (W1–W5) are deleted in the abstract in the revised manuscript.
3. L8 “. . .eastward, which is difficult for the waves to propagate. . .” This sentence doesn’t make
sense. Perhaps split into two sentences e.g. “. . .eastward. These waves have difficulty propagating
upward. . .”
> The sentence is modified in the revised manuscript [L7, P2] as suggested.
4. L13 “The generation mechanism . . . is discussed”. Please state your results as to what this
generation mechanism actually is, i.e. generation at the surface front.
> As the referee suggested, we state the results regarding the generation in the revised
manuscript [L12–14, P2].
5. L4,13 It would be better to not use the acronym (GW) in the abstract.
> The acronym (GW) is deleted in the abstract in the revised manuscript.

Page 32641
1. L5/6. Presumably your simulations are initialised in a balanced state, so any mechanism of
generation is going to be “spontaneous” — therefore, is geostrophic adjustment (which is the
system adjusting to unbalanced initial conditions, e.g. Rossby 1938) actually relevant here? I
suggest removing “geostrophic adjustment” and just retaining “spontaneous balance adjustment”
– also sometimes called spontaneous adjustment emission (SAE).

> As the referee pointed out, our simulation is initialized in a balanced state, and thus, the
geostrophic adjustment is not relevant to our simulation. We remove “geostrophic adjustment”
in the revised manuscript [L5, P3].
2. L6/7. What is the difference between unbalanced instabilities and shear instability, or is shear
instability a class of unbalanced instability?
> The difference between the shear instability and unbalanced instabilities is that the rotation
effect is not relevant for development of the shear instability. The shear instability can occur
at very short horizontal scales, and it has been considered mainly in nonrotating flow. On the
other hand, unbalanced instabilities typically have been considered in flow with small Rossby
numbers (for more details, see Plougonven and Zhang, 2014).

Page 32644
1. L8. “Considerably small amplitudes” – I think you mean “negligibly small amplitudes”.
> The phrase is changed following the referee's correction in the revised manuscript [L2, P6].
2. L10. Please define “Running average” a little more carefully. Does this have a time window over
which averaging occurs (i.e. a moving average) or is it an average over all time from initialisation
to the present instant? Why/how did you make this choice? A mathematical expression defining the
background flow field would be helpful.
> The spatially moving average is performed at each instant. We do not perform any temporal
averages because the time series of the spatially averaged field were slowly varying. We
clarify this averaging method in the revised manuscript [L5, P6].

Page 32647
1. Just a comment. I really like the idea of separating out the wave packets via decomposing the
spectral domain into various sectors. I haven’t seen this done before but it seems a very useful
technique.
> We thank the anonymous referee for the encouraging comment. The difference in the wave
vector between the wave packets enables us to separate the waves.

Page 32650
1. L16. “. . .the isoline of c corresponds to an isoline of the vertical wavenumber m for a given

background state, as mˆ2=Nˆ2/cˆ2”. I don’t understand where this formula came from. I get
cˆ2=wˆ2/Kˆ2 where wˆ2= fˆ2+Nˆ2 Kˆ2/mˆ2 for hydrostatic waves. This only reduces to your result
if you are assuming that Kˆ2/mˆ2»fˆ2/Nˆ2. Are you making this assumption? In either case, please
state where the formula comes from and any assumptions involved.
> Yes, we use that approximation (“medium-frequency approximation”, see Fritts and
Alexander, 2003) which is valid in our case (not shown). We clarify this in the revised
manuscript [L17, P12].
2. L26. “Resonant generation of waves”. Is this really a mechanism of generation? I agree that the
vertical flow structure can be responsible for selecting the dominant scale of the waves. However, I
don’t see how resonance (which is a scale selection and amplification process) can be responsible
for the initial generation of the wave. Surely the generation still requires some sort of flow
imbalance, e.g. a sharp front?
> We agree that the resonance effect is not a mechanism for the wave generation but for the
spectral shape of the generated waves. The statements regarding this point is revised as
pointed out [L16, P12; L1, P21].
3. L29 and following page L1: The formula from previous is stated again here c=Nˆ2/mˆ2. Note that
a power-of-2 is missing on the c. Also refer to my comments above regarding where this formula
comes from?
> The typo is corrected in the revised manuscript [L29, P12]. We clarify where the formula
comes from in the revised manuscript [L17, P12], regarding the comments above.

Page 32652
1. L3-5. What wavelet function are you using? I don’t understand the reasoning for the
multiplication by exp(-z/(2H)). Why is this done?
> The Morlet wavelet function is used. This is stated in the revised manuscript [L2, P14].
The vertical velocity is normalized before the wave analysis in vertical direction because, in
theory, the amplitude of gravity waves increases with height by exp[z/(2H)].

Page 32654
1. L13,17. Here you discuss that the waves might be damped by model diffusion. What are the
values of the model diffusivity and viscosity used in these simulations?
> The horizontal Smagorinsky first order closure is used without any other (background)
horizontal/vertical diffusion schemes. Therefore, the vertical diffusion coefficient is zero

everywhere, and the horizontal diffusion coefficient varies depending on the horizontal
deformation value at each model grid. In addition to the explicit diffusion, it should be noted
that the significant model-implicit diffusion occurs for small-scale waves, as discussed in
L13–18, P32654 in the original manuscript.

Page 32658
1. L12-14. You state that the “GWs are generated by the surface front”. However, there are many
mechanisms of surface front generation; e.g. strain flow acting over a front (Shakespeare 2015,
JAS) — this is a linear process — and where the front behaves as an obstacle to the surrounding
flow (Snyder et al, 1993, JAS, also seen in Shakespeare 2015) — this is a non-linear process. Note
that both mechanisms give waves that are stationary relative to the front. From your results, it
seems that the second mechanism is the one operating in your simulations, but you could check this
by evaluating the magnitude of the large-scale confluence (needs to O(0.2f) or greater for the first
mechanism).
> Following the referee's suggestion, the large-scale confluence is calculated using the
background variables. It is confirmed that the magnitudes of the confluence near the fronts at
z = 250 m are ~1f on Day 4 and become much larger afterward (not shown). Therefore, we
could not exclude the possibility of the first mechanism the referee mentioned. It was difficult
to further identify the exact mechanism operating in our simulation. The paper mentioned by
the referee (Shakespeare, 2015) is referred to in the revised manuscript [L9, P20].

Page 32660
1. I like the analysis using the frontogenesis function. However, it would be useful to label the
packets (W1,W2, etc) on figure 11 to avoid the need for complicated descriptions of their locations
e.g. “58-65 deg N west of 30 deg E”.
> The wave packets are labeled on Fig. 12 in the revised manuscript (Fig. 11 in the original
manuscript), and the complicated descriptions are removed [L6–10, P22].
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Response to the Comment by the Anonymous Referee #2
The authors thank the referee #2 for his/her valuable comments. In the revision process, we
performed a new experiment and compared results between the two experiments, following the
Major comment 1. Also, a new figure is added in the revised manuscript following the Major
comment 2. The responses to each of the referee's comments are listed below.

Major comments:
1. Limitation of the experimental design
In addition to the current experiments, I would also strongly suggest that the authors spend enough
time (e.g., 1-2 months) in updating the current initial profile by including a more realistic upperlevel jet, since the biggest concern for me on this paper is on the experimental design, where the
background wind in the stratosphere differs from that in the real atmosphere. Based on the
description from page 32655 (line 28) to page 32656 (line 19), the upper-tropospheric jet-front
system seems so unrealistic that the wave analysis in the stratosphere region is almost impossible.
> Following the suggestion, we performed an additional simulation with a modified initial
profile. Figure A1 shows the initial zonal wind used in the original (ORG) and additional
simulations (MOD). In MOD experiment, the westerly is set to decrease smoothly with height
above the jet core (~11 km), so that the wind in the midlatitude lower stratosphere has a speed
comparable to its climatology. The thermodynamic variables are determined for the initial
state to be balanced with the given wind field. The balanced state is obtained using the
governing equations of the WRF model so that the prognostic variables of the model have
zero tendency when the initial wavenumber-9 perturbation is not added.
Figures A2 and A3 are the same as Figs. 1 and 2 but in the MOD experiment. The
background fields below 8 km in the MOD experiment are nearly same as those in the ORG
experiment (Figs. 1 and A2), implying negligible differences in the baroclinic wave evolution
between the two experiments. At 8 km and above, the amplitude of the baroclinic wave is
slightly larger in the MOD experiment than in the ORG experiment. Gravity waves revealed
at 8 km have very similar structure and amplitude between the two experiments (Figs. 2 and
A3).
In the stratosphere, the gravity waves reveal different features in the two experiments.
Figure A4 shows the vertical cross-sections of w' for W1–W5 in the MOD experiment. All of
W1–W5 undergo more dissipation above ~11 km in the MOD experiment, compared to the
ORG experiment (Fig. 11 in the revised manuscript). It is not surprising because the modified
initial wind profile in the MOD experiment might lower the intrinsic frequency and vertical
group velocity of the waves above ~11 km. Waves with slow vertical group velocity undergo
diffusion for long durations.
There are two major aspects in this paper, which may be actually related to the current model
setting on the background wind.

Firstly, 8 km is chosen as a representative level on wave analysis (e.g., Figure 2-9 in the current
manuscript). As far as I am concerned, 8 km is either within or below the jet core region, and it is
largely within the upper troposphere as well. Compared to 8 km, many other articles actually
choose a relatively higher altitude for wave analysis. For example, Zhang (2004) uses 13 km (e.g.,
his Figure 5), Wei and Zhang (2014) uses 12 km (e.g., their Figures 3-5), and they are generally
above the potential source of upper-tropospheric jet-front systems. Instead, 8 km may be good
enough for frontogenesis gravity wave, but it is really be too close to the source of uppertropospheric jet-front, and source and wave are hard to be separate from each other within this
region.
> We agree that the upper-level jet can be also a possible source of gravity waves. Therefore,
it would be better if the waves could be analyzed above the upper-level jet in our simulation
(e.g., at ~13 km). However, the simulated waves (W1–W3) are significantly damped around
10 km due to the numerical diffusion of the model (L6–18, P32654; Fig. 10a in the original
manuscript). For this reason, we choose z = 8 km as the analysis level.
From comparison of the results between the ORG and MOD experiments, it is found that
the upper-level jet was not a source of the simulated gravity waves: the gravity wave field at 8
km exhibits very similar structures and amplitudes in the two simulations (Figs. 2 and A3)
despite the different structures of the upper-level jets (Fig. A1). This implies that the gravity
waves at 8 km were not affected by the upper-level flow. Excluding the upper-level jet, the
possible source of waves at the highest altitude in our simulation might be the mid-level jet
formed around 5 km on Day 5–7 (L18–21, P32645; Fig. 1), and our analysis level (8 km) is
higher than this altitude.
Secondly, I have an impression that the evidence for gravity waves generated by upper-tropospheric
jet-front systems is rather weak in this manuscript. For example, based on the summary in the
current manuscript, W1-W5 are all generated by the low-level fronts, regardless of the speed or
latitude of the fronts. Therefore, I wonder whether the current model setting actually largely
constrain the generation of gravity waves by the upper-tropospheric jet-front system. Please note
that the authors actually use several sentences at the beginning of the paper and introduce the
importance of gravity waves associate with the jets, so it is quite disappointing for me to realize in
the end that the source of upper-level jets appears to be rather secondary in their results.
> We investigate a low-level baroclinic instability case in this study, as mentioned in
Introduction (L24–28, P32642). In our case, the meridional gradient of the temperature and
the vertical shear are maximal at the surface and decreased with height (L9–12, P32643; Fig.
A1). As a result, the baroclinic wave amplifies in the lower troposphere, and the gravity
waves are generated there. It is true that generation of gravity waves in the upper-level jetfront system is largely constrained in the current case. However, the unrealistic setting of the
stratosphere seems not responsible for the constraint on the wave generation because even in
the MOD experiment, the gravity waves are not generated in the upper levels.
Although a more realistic initial profile is used in the MOD experiment, we will keep the
results from the ORG experiment in this paper. The Jablonowski and Williamson (2006)'s
baroclinic instability case used in the ORG experiment is one of the very few global test cases

using analytic initial profiles. Therefore, it is worth publishing the results of the ORG
simulation.
In addition to the above-mentioned suggestion, another concern related to the current study is on
the resolution of simulation. For example, the horizontal resolution is ~10 km, and the lower bound
of gravity waves in Table 1 could be as short as 40 km (only four times the horizontal resolution).
Therefore, it would be interesting to know the sensitivity of the wave characteristics to the enhanced
resolution. Similar work has also been done in some of the past studies (e.g., Table 1-4 in
Plougonven and Snyder 2007 for dry idealized baroclinic simulations; section 6c in Wei and Zhang
2014 for moist baroclinic jet–front systems with varying degrees of convective instability). However,
if there is not enough time for the sensitivity experiment to resolution, I think that it is okay to
ignore it temporarily for now and save it for the future study.
> As the referee pointed out, it is desirable to conduct the simulation with higher resolutions.
However, it was not possible to perform it because of the limitation of our computational
resources.

2. Wave characteristics analysis and the associated uncertainties
The major part of the wave characteristics analysis is based on the multi-dimensional Fourier
transform, which is acceptable and probably one of the best methods for calculating phase-velocity
momentum-flux spectrum. However, there are also several limitations or aspects associated with the
method. For example, Fourier transform may not be able to calculate the energy/amplitude for very
short-scale waves or waves with very high frequency (which is limited by the spatial/temporal
resolution).
> In general, Fourier transform is not able to properly calculate the amplitude for the waves
of wavelengths/periods shorter than ~4∆, where ∆ is the spatial/temporal spacing of data.
However, in numerical models, the waves with such short wavelengths are suppressed by
explicit/implicit diffusion of the models and, thus, have only a very small amplitude,
compared to the larger-scale waves. Therefore, the numerically simulated waves, whose
wavelengths are typically larger than ~4∆, can be analyzed properly using Fourier transform.
The limitation regarding the spatial resolution comes from the numerical models, not from the
analysis method of Fourier transform.
In addition, we use the model results saved every 5 minutes (Sect. 2) which is short enough
to analyze the waves in this simulation. In our results, the hydrostatic approximation can be
applied, given that the relative difference between the vertical pressure gradient and
gravitational force is less than 10–2 everywhere every time (not shown). The hydrostatic
gravity waves typically have periods of ~1 hour or longer (see also Fig. 7) which are longer
than 4∆ (20 minutes).
Also, there may be sensitivity to the chosen area for Fourier transform analysis. If the area is too
large, it may cover the signals that are not interested. However, if the area is too small, the results

may also suffer from the boundary error. Similarly, there may also be sensitivity to the chosen
period for Fourier transform analysis. In this study, 24 hour is used as a time window for Fourier
transform analysis, which may be rather short for W4 and W5, probably even for W3.
> The areas for the Fourier transform analysis (D1 and D2) are not too small because all the
perturbations for W2–W4 and large portions of the perturbations for W1 and W5 are included
in the areas (Figs. 2 and 4). Also, D1 and D2 are not too large to separate the waves. W4 and
W5 are not included in D1, and W1–W3 are not in D2. In each domain, the waves have
different directions of wavenumber vectors with each other, which makes possible to separate
the waves in the domain.
We agree that there may be sensitivity to the chosen time window for the Fourier transform
analysis for W3–W5. The period spectra for W3–W5 exhibit significant power at periods of
~24 hours or longer (Fig. 7), which are longer than the time window. Therefore, we perform
additional analyses, following the referee's suggestion at the end of Major comment 2.
Finally, according to Table 1 in the current manuscript, the ranges/uncertainties of the wave
characteristics are quite large. For example, the range of the horizontal wavelength in W4 is from
70 km to 400 km. Also, the range of the vertical wavelength in W5 is from 5.8 km to 14 km, which
could be twice as long as the scale height (∼7 km). Since there are large uncertainties in the wave
characteristics, it is almost impossible to verify the consistency between the estimated wave
characteristics and those predicted by linear theory.
> As the referee pointed out, the ranges of the wave characteristics are quite large. However,
the wide ranges do not indicate large uncertainties but broad spectra of the wave
characteristics.
Due to the above-mentioned factors, I would like to make the below suggestions for further
improvement, even though I think that the authors should still keep most of the results with Fourier
transform analysis. Firstly, please give a zoom-in horizontal plot for each of the W1-W5, and mark
their corresponding locations in Figure 2 (as well as the areas for D1-D2). If necessary, please also
show the corresponding zoom-in cross section plots as well. Figure 2 may be good enough for the
overview of the waves, but it is hard to see each WP in detail. Secondly, please choose a
representative height, a representative time step, and two neighboring representative phase lines in
order to estimate the horizontal wavelength, vertical wavelength, as well as the transient phase
velocity within a relatively short time (e.g., 3 hours). Thirdly, please evaluate the representative
intrinsic frequency, vertical group velocity, and other parameters if available. Also, please verify the
consistency between the estimated wave characteristics and those predicted by linear theory. Similar
examples can be found in Zhang (2004; his Figures 5-9; his section 4d), Plougonven and Snyder
(2007; their Figures 3, 6, 8), Wang and Zhang (2007; their Table 3), Wei and Zhang (2014; their
Figures 6-9; their Table 1), and Wei and Zhang (2015; their Figures 2, 4, 5, 7, 8, 10; their Tables 23)
> Following the suggestions, we provide the zoom-in horizontal plots for each of W1–W5
(Fig. 3 in the revised manuscript) and estimate the horizontal wavelength, phase velocity, and

vertical wavelength from the two neighboring phase lines [L16, P8–L3, P9 in the revised
manuscript]. The vertical wavelengths obtained here [L27–28, P8 in the revised manuscript]
are generally similar to those predicted by the linear theory (not shown). We could not
evaluate the group velocities because the waves are in quasi-steady state, so that it was
difficult to capture the movement of the wave packets.

3. Frontogenesis Function analysis
It is very good that the analysis of Frontogenesis Function is included in the last part of the paper.
In particular, it is interesting to know that Frontogenesis Function is found to be useful as an
indicator for the generation of W1, W3, W4, and W5, but not for W2. However, there are still many
questions in my mind, which may not be fully answered in this article. If possible, it would be nice if
the authors could try to address part of my questions (if not all of them) listed as below.
3a) Please compare frontogenesis function with the large-scale diagnostics of imbalance in
Plougonven and Zhang (2007) based on the spontaneous balance adjustment hypothesis, for the
purpose of wave generation study. The authors could also include other available diagnostics or
parameters (e.g., PV, horizontal gradient of potential temperature) as well. Practically speaking,
which method is the best for gravity wave parameterization associated with fronts?
> Figure A5 shows the large-scale diagnostics based on the spontaneous balance adjustment
hypothesis (PZ hereafter) which is defined as the right-hand side of Eq. 15a in Plougonven
and Zhang (2007, PZ07). Although the horizontal field of PZ shows a noisy feature, it can be
found that PZ has significant values near the regions of W1 and W2 at 250 m and near the W3
region at 1.5 km on Day 6. Also, PZ has large values near the regions of W4 and W5 in the
lower to middle troposphere on Day 7. However, PZ is also large around the warm and cold
fronts in 30–40ºN where GWs do not exist (Fig. A5).
Practically speaking, it seems difficult to use PZ for gravity wave parameterizations in
models because it includes time derivatives of some variables, such as (ΔNBE)z,t, where the
subscripts indicate partial derivatives. To calculate this term in models, the models should
save many variables at the previous time step. In addition, the noises in the PZ field, which
are caused by the term (ΔNBE)z,t, could also make difficult to determine the regions of wave
generation in parameterizations. We think that more detailed comparison between FF and PZ
(or other diagnostics) is required to improve the parameterizations, but it is beyond the scope
of our study. We only include this statement in the revised manuscript [L9–11, P24].
3b) Please try to reveal the relationship between frontogenesis function and the characteristics of
waves from fronts (e.g., horizontal/vertical wavelength, wave amplitude), in addition to the results
that gravity waves and fronts are quasi-stationary to each other.
> We could not find further information on the relationship between the frontogenesis
function and the gravity wave characteristics. This should be investigated in the future [L8–
11, P24 in the revised manuscript].

3c) Based on Figure 11, how to choose the launch level or source level for parameterization?
> For gravity waves from the surface fronts, as in our case, we could choose the lowermost
level above the planetary boundary layer as the launch level of the waves. In general case
(e.g., for upper-level fronts), however, it seems not simple to determine the source level.
Investigation of many other cases might be needed to answer this question.
3d) Please highlight the major differences and consistencies between gravity waves from low-level
fronts and those from upper-level jets/fronts, including their wave characteristics, large-scale
diagnostics for wave generation, and parameterization.
> Regarding the wave characteristics, the major difference is the large vertical wavelength of
the waves from the low-level fronts. This is stated in L13–14, P23 in the revised manuscript.
Other characteristics are not very distinct between the waves generated in the lower- and
upper-level jets/fronts.
As mentioned above, we did not investigate the various large-scale diagnostics, nor develop
detailed parameterization methods because they are beyond the scope of this paper. Thus, we
do not add statements regarding this point.

Minor comments:
1. Line 9, page 32647. It is okay to use (k,l) here, but it would be much better if the authors could
also provide their corresponding wavelength in physical space. I have the same suggestion for the
other lines with (k,l), such as line 19 on page 32647, line 24 on page 32648, and so on.
> We do not provide their corresponding wavelengths in the manuscript because too many
pairs of (k,l) are mentioned in the text. Adding the wavelength information might significantly
lengthen the text. In addition, the anonymous referee #3 suggests to shorten the text.
2. Please provide the contour levels or contour intervals for the black contours and green contours
in Figure 2. Please provide the contours levels or contour intervals for the background pressure in
Figure 4. Also, please provide the meaning of the green lines in Figure 4. Even though the abovementioned information may be mentioned in the manuscript or somewhere else, it is still necessary
to provide them in the figure titles.
> We include all these informations in the figure captions in the revised manuscript,
following the suggestions by the referee.
3. Section 2. Is any PBL scheme used?
> No, we did not use any PBL scheme.

4. Line 22-23, page 32657. Please explain the method of the calculation of intrinsic frequency. Is it
again based on the Fourier transform? As I mention in the second part of the major comment, it
appears to me that the ranges/uncertainties of the estimated wave characteristics are quite large.
> Yes, it is based on the Fourier transform. We state this in the revised manuscript [L17, P19].
The statement in L22–23, P32657 is true even when the intrinsic frequency is estimated from
two adjacent phase lines (not shown). That is, the estimated intrinsic frequencies are larger or
smaller than |f|, depending on where the two adjacent phase lines are defined.
5. Line 14-25, page 32657. I am wondering how to separate gravity waves and other signals (e.g.,
frontal circulation) at low levels where the background is very complex. Can they easily be separate
from each other by scale?
> They cannot be easily separated from each other based on their scales only. Thus, we did
not explicitly separate the perturbations at low levels into gravity waves and others.
6. What determines/controls the zonal velocity of the fronts at both high-latitudes and lowlatitudes?
> In our case, the zonal velocity of the front at high latitudes is determined by the speed of
the baroclinic wave because the front is trapped in the wave trough after intruding into the
high latitudes (Figs. 1 and 11b in the original manuscript). The movement of the midlatitude
fronts are controlled by the secondary low isolated from the high-latitude trough at the
breaking stage of the baroclinic wave.
7. I also have a short comment on source mechanism analysis in this article. I am generally
convinced that the source of the waves is the low-level front in this paper. However, strictly
speaking, it would be more convincing to the readers if the four-dimensional ray tracing analysis
(e.g., Wei and Zhang 2015) is included, in addition to the other studies (e.g., horizontal views at
different levels, cross section study and frontogenesis function study). This is especially true for the
waves that have travelled for a long distance or for a long time, or waves that have been largely
constrained by the complex background (e.g., Plougonven and Snyder 2005).
> We agree that the ray tracing analysis is useful to see whether the waves are traced back to
their sources, especially for waves propagating far. In our case, however, the waves travel for
only a short distance (~1–3º) in horizontal direction (see the vertical cross-sections in Fig. 11
in the revised manuscript). Thus, it is not difficult to vertically trace the perturbations using
horizontal views at different levels (Fig. 12a in the revised manuscript). We do not include the
ray tracing analysis in this study.
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Fig. A1. Initial zonal wind in the original (ORG, black) and additional simulations (MOD, red).

Fig. A2. The same as in Fig. 1 except in the MOD simulation.

Fig. A3. The same as in Fig. 2 except in the MOD simulation.

Fig. A4. The same as in Fig. 11 except in the MOD simulation.

Fig. A5. The same as in Fig. 12a except for the diagnostics in Plougonven and Zhang (2007) (PZ,
black). PZ is plotted at values of ±0.2, 0.4, 0.6, 0.8, and 1 × 10–15 m–1 s–3.

Response to the Comment by the Anonymous Referee #3
The authors thank the referee #3 for his/her valuable comments. We add several statements
regarding the points the referee commented on. The responses to each of the referee's comments are
listed below.

Main points:
1. The text may be a bit long. Sometimes, the figures are discussed in perhaps too much detail. On
the other hand, the precise and careful description of all the figures and of the approach contributes
to avoid confusions and to make sure that the different points that have been analyzed are well
understood. The authors may try to reduce the text a little.
> We tried our best to reduce the text in the revised manuscript. However, the text becomes
even longer during the revision process, mainly due to the addition of Fig. 3.
2. It is very good to test the relevance of the frontogenesis function (FF). The tests are not
encouraging, which is not so surprising as the FF was proposed as an indicator of gravity wave
generation on heuristic arguments, not from theorectical arguments. This part of the study is not
included in the summary (section 5). A firmer conclusion on this topic could be included, such as
'Investigation of the relation between gravity waves and the frontogenesis function did not reveal
any systematic relation between the two. Using the FF in parameterizations certainly provides a
rough indication of regions where fronts are developing, thereby introducing intermittency in the
sources, but the present simulations do not provide any evidence for a quantitative or even a precise
spatial relation between the two.'
> The conclusion regarding FF is included in Summary in the revised manuscript [L5–11,
P24].

Minor points:
p32648: line 6: is -> are ?
> It is corrected as pointed out [L8, P10].
p32652: line 16-19: an important reason may be that the present baroclinic life cycle emphasizes
tropospheric processes near the ground (as recalled on p32655, lines 28-29 and onwards), rather
than upper-level jet processes. This is closer to the anticyclonic run of PS07, which also had longer
vertical wavelengths (especially as resolution increased).
> We agree. The statement regarding this point is added in the revised manuscript [L16–19,
P14].

p32661: It would be good to recall, here in the summary, the point above, ie that the present life
cycle differs from previous ones in that it emphasizes surface processes.
> A statement is added to recall this point in Summary in the revised manuscript [L26, P22–
L2, P23].
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Gravity waves at high latitudes have a significant impact on the shape and magnitude of
the polar jet in the middle atmosphere by large-scale deposition of the momentum that they
transport (Kim et al., 2003). Because the horizontal scale of gravity waves (GWs) is about
10–1000 km, they are not properly represented in numerical models with grid sizes similar
to or larger than 1◦ and should be parameterized. Mountains are one of the main sources of
GWs at high latitudes and have been parameterized in global models for a long time (e.g.,
Palmer et al., 1986). However, the momentum deposited by mountain GW parameterization
does not fully account for the momentum required to reproduce the observed polar jet
structure in models (e.g., Sato et al., 2012; Choi and Chun, 2013). Moreover, in the summer,
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An idealized baroclinic instability case is simulated using a ∼ 10 km resolution global model
to investigate the characteristics of gravity waves (GWs) generated in the baroclinic life
cycle. Three groups of GWs (W1–W3) ::::::
gravity:::::::
waves :appear around the high-latitude surface trough at the mature stage of the baroclinic wave. They have horizontal and vertical
wavelengths of 40–400 and 2.9–9.8 km, respectively, in the upper troposphere. The twodimensional phase-velocity spectrum of the waves is arc-shaped with a peak at 17 m s−1
eastward, which is difficult for the waves to propagate .:::::::
These:::::::
waves :::::
have:::::::::
difficulty ::
in
propagating
upward
through
the
tropospheric
westerly
jet.
At
the
breaking
stage
of
the
::::::::::::
baroclinic wave, a midlatitude surface low is isolated from the higher-latitude trough, and two
groups of quasi-stationary GWs (W4 and W5) ::::::
gravity:::::::
waves :appear near the surface low.
These waves have horizontal and vertical wavelengths of 60–400 and 4.9–14 km, respectively, and are able to propagate vertically for long distances. The generation mechanism of
the simulated GWs is discussedsimulated
gravity waves seem to be generated by surface
:::::::::::::::::::::::::::::::::::::::::::::::::::::
fronts,
given
that
the
structures
and
speeds
of wave phases are coherent with those of the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
fronts.
:::::
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mountain GWs are difficult to propagate to the stratosphere, which has the easterly jet,
because they are stationary waves.
Jet-front systems have been considered as a feasible source of high-latitude GWs, since
many observations have revealed enhanced GW activities near the jets and fronts (e.g.,
Uccellini and Koch, 1987; Fritts and Nastrom, 1992; Eckermann and Vincent, 1993; Guest
et al., 2000). Several mechanisms of GW excitation in jet-front systems have been proposed, including geostrophic adjustment (or higher-order imbalance adjustment), spontaneous balanced adjustment, Lighthill radiation, unbalanced instability, and shear instability
(see Plougonven and Zhang, 2014, and references therein). Further investigation on these
proposed mechanisms is still ongoing to understand GW generation. Jet-front GWs have
been observed to have horizontal wavelengths of about 50–500 km, vertical wavelengths
of 1–7 km, and typical intrinsic frequencies of ∼ 1–3f , where f is the Coriolis parameter
(Uccellini and Koch, 1987; Guest et al., 2000; Plougonven et al., 2003). Note that the GW
characteristics estimated from measurements have some uncertainties because each measurement can detect only a portion of waves and the analysis methods used to estimate
the characteristics (e.g., hodograph analysis) include uncertainties (Zhang et al., 2004).
Jet-front GWs have been simulated using mesoscale models to study their generation,
propagation, and characteristics. Because the jet-front systems are likely to associate with
baroclinic waves and their instability, modeling studies have often involved simulating baroclinic life cycles (e.g., O’Sullivan and Dunkerton, 1995; Zhang, 2004; Plougonven and Snyder, 2007; Mirzaei et al., 2014). Zhang (2004) simulated an idealized baroclinic life cycle
associated with upper-tropospheric jet-front systems using a high-resolution model. He
detected vertically propagating GWs with horizontal and vertical wavelengths of ∼ 100–
200 km and ∼ 2.5 km, respectively, which originate from the upper-tropospheric jet exit region. Wang and Zhang (2007) extended the work of Zhang (2004) and showed that the
characteristics of the GWs near the upper-tropospheric jet exit vary depending on the baroclinicity. They demonstrated that the growth rate of the flow imbalance is correlated with that
of the baroclinic wave and the intrinsic frequency of the GWs at the same time. Plougonven
and Snyder (2007, PS07 hereafter) simulated standard (cyclonic) and anti-cyclonic life cy-
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cles of baroclinic instability. In the standard life cycle, GWs are excited from the upper-level
jet exit region, which is consistent with the other studies discussed above, with horizontal
and vertical wavelengths of about 210 and 1.1–1.5 km, respectively. On the other hand, the
anti-cyclonic life cycle reveals GWs that are emitted just ahead of the surface front with
a large vertical wavelength (∼ 6.4 km).
From the perspective of parameterizing jet-front GWs, it is important to know the spectral shapes of the waves. In practice, the horizontal phase-velocity spectrum (or verticalwavenumber spectrum with respect to the phase direction) is crucial information for GW
parameterizations, among other wave characteristics. Previous studies have reported on
the dominant phase velocities of the GWs simulated in jet-front systems. For example,
Wang and Zhang (2007) showed that the dominant phase speed of the GWs in their four
simulations ranged from 0 to 11 m s−1 in directions perpendicular to the background flow.
PS07 showed that the zonal phase speeds of the GWs in their simulations were about 13–
15 m s−1 . The phase speed appears to significantly vary depending on the case and particularly the model resolution of simulations. PS07 also highlighted that the phase speed of
the GWs is the same as that of the baroclinic wave in both the cyclonic and anti-cyclonic
wave cases (see also O’Sullivan and Dunkerton, 1995). If this is also true in other cases,
it may be a hint to expecting the peak of the phase-velocity spectrum of GWs generated in
baroclinic jet-front systems. The shapes of phase-velocity spectrum, e.g., the spectral width
and dependency on the phase direction, have not been investigated enough.
It is notable that most of the recent studies regarding GWs in (standard) baroclinic life cycles, including those described previously, considered jet-front systems in which the baroclinic wave grew fast and had large amplitudes in the upper troposphere. Provided that
the GWs excited near the surface can have a large vertical wavelength (PS07) and thus
have the potential to propagate far vertically, low-level baroclinic instability cases are also
of interest. In this study, we investigate the spectral characteristics of GWs simulated in an
idealized low-level baroclinic instability case. Section 2 describes the experiment and GW
detection method. Section 3.1 describes the overall features of the simulated baroclinic
wave evolution. Section 3.2 presents the GW characteristics in the upper troposphere, and
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Jablonowski and Williamson (2006, JW06 hereafter)’s idealized baroclinic instability case
is simulated using the global version of the Advanced Research Weather Research and
Forecasting Model (WRF). The zonally symmetric, balanced component of the initial values
of the variables in this case is illustrated in Fig. 1 in JW06. Note that the meridional gradient
of the temperature and the vertical shear are maximal at the surface at 45◦ and decreased
with height (for the geometric height-based wind profile, see also Fig. 2 in Park et al., 2013).
The peak of the zonal wind is at about z ∼ 11 km with a speed of 35 m s−1 . The topography
and moisture are not included in this case, which eliminates the possibility of GW generation
by topography or diabatic heating. Thus, the GWs in this simulation are generated internally.
Previous studies on GWs in baroclinic life-cycle simulations have often used nested domains (e.g., Wang and Zhang, 2007) because these simulations simultaneously require
large coverage of the domain to model the synoptic-scale baroclinic waves and high resolutions to capture the GWs. However, Park et al. (2014) highlighted that nesting can induce
spurious reflection and distortion of waves from lateral boundaries. In addition, PS07 noted
that numerical artifacts can potentially be included in the nested fields of variables when
the fields are transited from one domain to another. In our study, high-resolution global simulation is performed without nesting in order to prevent such numerical artifacts and other
potential problems arising at lateral boundaries.
The model uses horizontally uniform grids in latitude–longitude coordinates with a resolution of approximately 0.09◦ (∼ 10 km at the equator and ∼ 7.3 km at 45◦ ). Fifty levels
are used from the surface to 10 hPa (∼ 31 km), including the sponge layer at the uppermost 5 km. The third-order Runge–Kutta integration scheme is used with a time step of
30 s. The simulation is initialized by a small-amplitude sinusoidal perturbation with a zonal
wavenumber of 9 at ∼ 50◦ N, which triggers the growth of the baroclinic wave with the same
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Sect. 3.3 presents aspects of the upward propagation of the waves. The origins of the GWs
are discussed in Sect. 4, and Sect. 5 summarizes the study.
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wavenumber (for details on the initialization, refer to Park et al., 2013, where the simulations similar to here were performed but using different models and resolutions). Therefore,
the simulation results are essentially symmetric for every 40◦ in longitude. The results are
saved every 5 min from Day 4, when the GWs begin to appear with considerably :::::::::
negligibly
small amplitudes.
In this study, the large-scale background flow is defined for every variable at each grid
point and time as a running average over the area bounded by the great-circle distance
(ra ) of 300 km from the grid point ::
at :::::
each:::::::
instant. Then, the perturbation is defined as
a departure from the background field. The averaging area to obtain the background and
perturbation fields with ra = 300 km is about 2.8 × 105 km2 , which is comparable to that of
previous modeling studies on mesoscale GWs (e.g., Kim and Chun, 2010). We confirmed
that the perturbation contains waves with horizontal wavelengths of smaller than ∼ 2000 km
(not shown). The waves with these scales include almost the entire spectrum of GWs and
a small portion of the baroclinic wave. A larger value of ra than 300 km results in a larger
portion of the baroclinic wave in the perturbation fields, whereas a smaller value causes
some portions of the GWs to be eliminated from the perturbations. In our case, the amplitude of the baroclinic wave is small in the upper troposphere, as described in the next
section. In particular, the baroclinic-wave amplitude in the vertical-velocity perturbation in
the upper troposphere is negligible when ra = 300 km. The characteristics of the GWs are
analyzed in the upper troposphere using the vertical-velocity perturbation, as described in
Sect. 3.
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Results
Description of the baroclinic wave

This section briefly describes the features of the simulated baroclinic wave before presenting the analysis of the GWs. Figure 1 shows the background fields of the pressure and
horizontal wind speed at z = 0.25, 2, 5, and 8 km from Days 4 to 7 along with the 250 m
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Figure 2 shows the evolution of the perturbation vertical velocity (w0 ) at 8 km from Days 4
to 8, superimposed on the 250 m background pressure and potential temperature. The perturbations at 8 km appear on Day 5 at 50–62◦ N above the low-level trough with a small
magnitude. The magnitude increases with time, and some organized structures of wave
packets are found after 12:00 UTC on Day 5 at the western and eastern parts of the trough.
These packets are identified as gravity waves based on their horizontal wavelength scale
(∼ 100 km). On Day 6, three major groups of GWs are found with large amplitudes: with
a southeastward wave vector at the eastern part of the low-level trough (50◦ N, 35◦ E at
12:00 UTC) (W1), with a eastward wave vector at the western part of the trough (58◦ N,
20◦ E) (W2), and with a northeastward wave vector over the regions from the eastern part
of the trough to the ridge (62◦ N, 45◦ E) (W3). Their locations relative to the phase of the
low-level baroclinic waves are maintained throughout the simulation. The overall structure
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background potential temperature. On Day 4, the baroclinic wave is in the developing stage
and has a maximum amplitude at 50–60◦ N at 250 m for the pressure (15 hPa) and potential
temperature (14 K). As the wave grows, a low-level jet develops at 45–60◦ N on the western
and eastern sides of the trough. On Day 5, the wave reaches the mature stage. The warm
core at about 60◦ N begins to be isolated from the front at lower latitudes by the low-level jet.
During the developing and mature stages of the wave, the upper-level perturbations have
much smaller amplitudes than below, although they grow gradually. On Day 6, the breaking
stage of the wave, the 250 m pressure pattern exhibits a meridionally overturned structure
around 42◦ N, 16◦ E. The trough at this latitude grows away from the higher-latitude trough
and becomes isolated on Day 7. This secondary low moves much slower than the higherlatitude wave. In particular, it is almost fixed at 31–33◦ E between 00:00 and 12:00 UTC
on Day 7 (see Fig. 2). At 50–58◦ N, the pressure gradient becomes large, which results in
a strong westerly jet in the lower to middle troposphere (Days 6 and 7). The magnitude of
the jet constructed during the breaking stage of the wave reaches about 45 m s−1 at 5 km
on Day 7 (Fig. 1).
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of the wave packets northward of about 50◦ N is also qualitatively maintained until around
12:00 UTC on Day 7 by exhibiting the three distinct wave-vector directions. It becomes complex afterward (Fig. 2). Note that the phase lines of W1 and W2 are almost parallel to the
isentropic lines at 250 m until at least 12:00 UTC on Day 7. In particular, the shape of the
phase lines of W2 changes following the change in the isentropic lines during the ∼ 24 h
period from 12:00 UTC on Day 5 when the warm core at 60◦ N is isolated. This is not the
case for W3. A possible reason for these is discussed later.
On Day 7, other wave groups are detected at around 42◦ N, where the secondary low is
isolated and developed near the surface. One of these is located to the east of the low with
a north-northeastward wave vector (W4), and the other is to the northwest of the low with
a east-southeastward wave vector (W5). For W4, the amplitude increases with time until
around 12:00 UTC on Day 7 and decreases afterward, while the amplitude of W5 seems to
increase steadily. W5 has a complex structure that changes significantly with time. When the
secondary low is located west of the high-latitude trough (00:00 and 00:06 UTC on Day 7),
the northeastern part of W4 is overlapped with the southwestern part of W1, while they
are well separated when the secondary low is east of the high-latitude trough (18:00 UTC
on Day 7). Note that W5 after 12:00 UTC on Day 7 resembles the GWs generated by the
surface cold front in an anti-cyclonic baroclinic wave simulation by PS07 (see their Fig. 10).
Figure 3a shows the horizontal fields of w0 when the magnitude of w0 is largest in
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
each
location of W1–W5, and Fig. 3b shows their close-up views. The location of the |w0 |
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
maximum
is indicated by the green circle in Fig. 3b. The horizontal wavelengths of the GWs,
:::::::::::::::::::::::::::::::::::::::::::::::
:::::
measured
by the distance between two adjacent constant phase lines, are approximately
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
70,
60, 200, 60, and 80 km for
W1–W5, respectively, near the |w0 | maximum. Figure 3c
:::::::::::::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::
0
shows
the time series of |w | along the horizontal line that passes the |w0 | maximum in the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
direction
of wave vector (green line in Fig. 3b). The phase speeds of the GWs near the
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
0 | maximum, measured by the slope of the phase line at the origin in Fig. 3c, are about
|w
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
19,
15, 10, 1.5, and 2.3 m s−1 for
W1–W5, respectively. Their periods corresponding to the
::::::::::::::::::::::
:::::::::::::::::::::::::::::::::::::::::::::::::::::::
horizontal
wavelengths and phase speeds are 60, 70, 330, 670, and 580 min,::::::::::::
respectively.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
The
vertical
wavelengths
are
also
estimated
in
a
similar
manner
in
vertical
cross-sections
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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(not
shown). W1–W5 have vertical wavelengths of 4.5–5, 4.5–5.5, 4–5, 6–6.5, and 9–12 km,
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
respectively.
It should be noted that the wave characteristics obtained here can vary
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
significantly
depending
on when and where the two adjacent phase lines are defined. For
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
example, the horizontal wavelength of W4 varies significantly with the location (Fig. 3b), and
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
the
phase speeds of W3 and W5 vary with time (Fig. 3c). This implies that the characteristics
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
of
the
simulated waves may have broad spectra.
:::::::::::::::::::::::::::::::::::::::::::::
The horizontal wavelength spectra of the five groups of GWs are investigated using
::::::::::::::::::::::::::::::::::::::::
the Fourier spectral method. The first three groups (W1, W2, and W3) are analyzed by
the two-dimensional Fourier transform of w0 at 8 km in the domain of 48–73◦ N, 20–60◦ E
(D1) to the (k, l) space, where k and l are the zonal and meridional wavenumbers, respectively. Here, the longitudinal band of 20–60◦ E is chosen because the simulation results are symmetric for every 40◦ in longitude, as mentioned in Sect. 2. Figure 4a shows
the power spectral density (PSD) of the 8 km w0 in D1, averaged over 12 h. At 00:00–
12:00 UTC on Day 6, the PSD exhibits three distinct peaks at (k, l) = (1.2, −0.7), (1.6, 0.3),
and (0.3, 0.2) × 10−2 cycle km−1 . Note that the directions of the wave vector (k, l) for each
of the three peaks correspond to those for W1, W2, and W3 in Fig. 2, respectively. After
12:00 UTC on Day 6, the overall magnitude of the PSD increases, and it is maximal at
00:00–12:00 UTC on Day 7. Afterward, the three peaks become less distinguishable than
before.
Based on the spectral shapes of the three peaks, we decompose the spectral domain into three parts, as indicated in Fig. 4a, in order to separate the wave groups
W1–W3. The decomposition is performed for the 24 h period from 12:00 UTC on Day 6,
during which the wave amplitude is large and the spatial and spectral structures of
the waves are maintained with time (Figs. 2 and 4a). The spectral components around
(k, l) ∼ (0.1, −0.3) × 10−2 cycle km−1 are not included in any of the decomposed domains.
In addition, there are gaps between the decomposed domains. We did not analyze these
spectral components, because they represented more than one wave group (not shown).
Figure 5a shows the 8 km w0 reconstructed for each of the three decomposed spectral domains. The three reconstructed fields are confirmed to capture the major characteristics of
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W1, W2, and W3. For example, the waves are reconstructed with horizontal wavelengths
similar to those shown in Fig. 2. The amplitude of the reconstructed waves is about 89 % of
that of the waves in D1 in Fig. 2. This reduction in amplitude is expected owing to the gaps
between the decomposed spectral domains (Fig. 4a). In addition, W2 and the eastern part
of W3, which overlaps with each other with significant amplitudes (e.g., at around 56◦ N,
32◦ E at 00:00 UTC on Day 7; see Fig. 2), are well separated in the reconstructed fields
(Fig. 5a).
Figure 6 shows PSDs of the decomposed waves as a function of horizontal wavelength.
W1 and W2 have similar wavelengths of 40–110 and 50–120 km, respectively, with primary
peaks at about 80 km for both. Here, the range of the wavelengths (and the ranges of other
characteristics that is are
investigated afterward) is determined so that the waves within
::::
that range represent 80 % of the total variance for each wave group (i.e., the variance by
the waves with wavelengths larger than the upper limit is 10 % of the total and vice versa
for the lower limit). W3 has larger wavelengths (70–400 km with a peak at 250 km) than W1
and W2. Previous studies have shown that the horizontal wavelengths of GWs simulated
in dry baroclinic life cycles range from about 80 to 300 km when models with horizontal
resolutions of approximately 10 km or finer are used (Zhang, 2004; Wang and Zhang, 2007;
Waite and Snyder, 2009; Mirzaei et al., 2014). Based on the spectral peaks shown in Fig. 6,
the horizontal wavelengths of the GWs simulated in our case are in the range obtained from
the previous studies.
W4 and W5 are analyzed in the same way as W1–W3. Figure 4b shows the PSD of
the 8 km w0 in 21–46◦ N, 20–60◦ E (D2) as a function of k and l. Here, we do not include
latitudes higher than 46◦ N into D2, although a non-negligible portion of W5 is sometimes located there (e.g., at 00:00 UTC on Day 8; Fig. 2). At those latitudes, W5 and the southwestern edge of W1 are co-located with similar wave vectors. Thus, it is not easy to separate the
two wave groups. Significant wave amplitudes appear in D2 between 00:00 UTC on Day 7
and 00:00 UTC on Day 8 (Fig. 4b). At 00:00–12:00 UTC on Day 7, PSDs with large magnitudes are distributed broadly around a strong peak at (k, l) = (0.15, 0.25)×10−2 cycle km−1 .
Note that the PSD at this peak is an order of magnitude larger than the PSD peaks in
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Fig. 4a, implying that the amplitude of this wave group is much larger than that of the others. After 12:00 UTC on Day 7, this peak weakens, and a second peak appears at about
(k, l) = (0.4, −0.2) × 10−2 cycle km−1 . The directions of the wave vectors for the first and
second peaks correspond to those for W4 and W5, respectively (Fig. 2). The other peak at
around (k, l) = (0.9, 0.2) × 10−2 cycle km−1 is not analyzed in this study because the waves
corresponding to this peak have only a small amplitude and represent neither W4 nor W5
(not shown).
The spectral domain for D2 is decomposed into two parts as indicated in Fig. 4b, for
the 24 h period from 00:00 UTC on Day 7. Figure 5b shows the reconstructed fields of w0
for the decomposed domains. The reconstructed fields capture major characteristics of W4
and W5 with an amplitude of about 94 % of that of the waves in D2 revealed in Fig. 2. The
horizontal wavelengths of the two are obtained from the spectra shown in Fig. 6. W4 and
W5 have wavelengths of about 70–400 and 60–220 km, respectively, with primary peaks
at 290 and 180 km, respectively. The horizontal wavelengths of W1–W5 are summarized in
Table 1 along with the other characteristics described below.
The phase velocities of the GWs at 8 km are obtained by calculating the PSD of w0 in
D1 and D2 as a function of k , l, and ω with the three-dimensional Fourier transform, where
ω is the ground-based frequency. The PSD is then transformed into a function of c and ϕ,
1
where the phase speed c = |ω|/(k 2 + l2 ) 2 . The propagation direction ϕ is determined to
be tan−1 (l/k) if the signs of k and ω are the same or tan−1 (l/k) + π otherwise. Figure 7
shows the PSD with respect to c and ϕ for W1–W5. W1 and W2 have similar ranges of
phase speed (14–19 and 15–18 m s−1 , respectively) with peaks at about 17 m s−1 for both.
W3 has a broad spectrum for the phase speed and propagation direction. A major portion
of the PSD for W3 is located in the north-northeastward–eastward directions with phase
speeds of 4–19 m s−1 . In contrast to W1–W3, the PSD for W4 is spread over two directions,
south-southwest and north-northeast, around c = 0. The PSD at c < 4 m s−1 explains ∼
80 % of the total variance of W4 with a peak at c = 0. That is, W4 is a quasi-stationary wave.
The spectrum for W5 is also spread around c = 0 over two directions (east-southeast and
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west-northwest). The peak of the PSD for W5 appears at c ∼ 2 m s−1 in the east-southeast
direction.
The rightmost panels of Fig. 7 show the PSDs in D1 and D2, which are calculated using
the whole pairs of (k, l) before the decomposition into the five wave groups. Therefore, W1–
W3 are represented together in the PSD for D1, and W4 and W5 are represented in the PSD
for D2. The total spectrum in D1 can be explained by the sum of the PSDs for W1, W2, and
W3, except in the south-southeast to south direction (−90◦ < ϕ < −60◦ ). The excepted
part results from the decomposed spectra for W1–W3, which do not include PSDs around
(k, l) = (0.1, −0.3) × 10−2 cycle km−1 (Fig. 4a). The total spectrum in D1 has a continuous,
single structure: the major portion of the PSD is distributed following an arc that passes
the origin and (c, ϕ) = (17 m s−1 , 0). The PSD is also bounded by two circles of which one
passes (c, ϕ) ∼ (24 m s−1 , 0) and the origin and the other passes (c, ϕ) ∼ (10 m s−1 , 0) and
the origin.
Using simple geometry, one can show that if a reference frame moving with a certain
velocity cr is defined, the isoline of the phase speed relative to the reference frame c̃ =
c−cr ·(cos ϕ, sin ϕ) is shaped like a circle passing the origin in the c–ϕ domain. The isoline of
c̃ = 0 is shaped into a perfect circle that passes the origin and (c, ϕ) = (|cr |, ϕr ), where ϕr is
the direction of cr . If we set cr = U , where U is the background horizontal wind, c̃ becomes
the intrinsic phase speed ĉ. Note that, for hydrostatic waves, the isoline of ĉ corresponds
to an isoline of the vertical wavenumber m for a given background state, as m2 = N 2 /ĉ2
when the medium-frequency approximation is applied (Fritts and Alexander, 2003) . These
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
facts suggest three possible mechanisms by which the total spectrum in D1 can be made
into the arc shape shown in Fig. 7a.
The first is the generation of waves whose phases are locked to the wave source moving
eastward at a certain speed cs (i.e., moving obstacle effect). That is, the phase speed
relative to the moving source is zero. If we set the reference frame following the moving
source, cr = (cs , 0), then the spectral peak would appear where c̃ = 0, i.e., on the circle
passing (c, ϕ) = (cs , 0) and the origin for the c–ϕ spectrum. If this is the case, cs should be
approximately 17 m s−1 , considering the peak in the spectrum in D1 (Fig. 7a).
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The second possibility is the vertically resonant generation of waves resonance
of waves
::::::::::::::::::
to
a vertical structure of the flow. If the GWs in D1 are generated resonantly to a certain ver:::::::::::::::::::::::::::::
tical scale that the GW source would have, the generated waves can have a strong spectral
peak at the corresponding vertical wavenumber m, and thus ĉ (= N 2 /m2::::::::::
= ±|N/m|) (e.g.,
Song and Chun, 2005). In this case, the spectrum in the c–ϕ domain at the generation altitude would have an arc shape. Then, if the waves do not undergo significant filtering during
their propagation from the generation altitude to z = 8 km, the arc-shaped spectrum would
be preserved at 8 km. If this is the case, the direction of cr = U should be almost zonal and
eastward at the generation altitude for all of W1–W3, considering the spectral shape in D1
(Fig. 7a).
The third possible case is when a considerable amount of critical-level filtering occurs
by the background flow, where ĉ ∼ 0. If the GWs in D1 are strongly filtered by background westerlies with wind speeds of & 24 m s−1 and . 10 m s−1 , only the waves with
10 cos ϕ < c < 24 cos ϕ m s−1 can remain, and the spectrum would be bounded sharply, as
shown in Fig. 7a. The validity of these three possibilities for our case can be probed by using information such as the level of gravity-wave generation, vertical structures of the waves
and background flow, and/or moving speed of candidate sources of GWs. This is discussed
in Sect. 4.
The total spectrum in D2 can also be explained by the sum of the PSDs for W4 and W5,
except at 0 < ϕ < 15◦ . The excepted part results from the spectral components (k, l) ∼
(0.9, 0.25) × 10−2 cycle km−1 that are not included into the decomposed spectra for both
W4 and W5 (Fig. 4b). In contrast to the total spectrum in D1, that in D2 is not shaped into
an arc structure with a constant c̃ and is not sharply bounded by some ranges of (c, ϕ).
Rather, it can be characterized by the dominance of very low phase-speed components.
One feasible explanation for this may be the generation of waves by a quasi-stationary
source (obstacle effect). The possible source is further discussed in Sect. 4.
The periods of W1–W5 can be obtained by integrating the PSD(k, l, ω) with respect to
k and l for each decomposed spectrum. Figure 8 shows the (ground-based) frequency
spectra of w0 at 8 km. Here, the positive and negative frequencies indicate eastward
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(−90◦ < ϕ ≤ 90◦ ) and westward (90◦ < ϕ ≤ 270◦ ) propagation directions, respectively. W1
and W2 have periods of about 44–110 and 53–130 min, respectively. The period of W3
(1.6–24 h) is much longer than that of W1 and W2; there is a spectral gap between W3 and
W1/W2 at about 3 h. As noted above, W4 is quasi-stationary (ω ∼ 0). W5 has long periods
with a peak at 24 h.
The vertical wavelength spectra for W1–W5 at 8 km are obtained by wavelet analysis. The
Morlet
wavelet transform is performed for vertical profiles of the reconstructed w0 multiplied
::::::
by exp (−z/2H) in D1 and D2 during the selected 24 h periods shown in Fig. 4a and b, respectively, where the scale height H = 7 km. The resulting wavelength spectra at z = 8 km
are averaged horizontally and temporally and shown in Fig. 9. W1 and W3 have wavelengths of about 3–7 and 3–10 km, respectively, with peaks at 4 km for both. W2 has wavelengths of 4–7 km with a peak at 5 km. W4 and W5 have generally larger vertical wavelengths than W1–W3. Their wavelength ranges are 5–12 and 6–14 km, respectively, with
peaks at 7 and 8 km, respectively. Note that, for this wavelet result at z = 8 km, the spectrum at vertical wavelengths larger than ∼ 8 km would contain uncertainty (Torrence and
Compo, 1995). However, even though the uncertainty at these wavelengths is considered,
the peak wavelengths for W4 and W5 do not become less than 7 km (Fig. 9). The vertical wavelengths simulated in our case are generally greater than those in the previous
modeling studies (e.g., Zhang, 2004, and PS07). Possible reasons for this may include the
difference in the baroclinic wave structure and evolution in the studies, which may affect
both the structure of the wave sources and the background flow, and the :.:::::
Note::::
that::::
the
baroclinic
wave
in
our
simulation
has
large
amplitudes
near
the
ground,
while
the
previous
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
modeling
studies have emphasized baroclinic waves in the upper troposphere (cf. cyclonic
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
and
anti-cyclonic
life-cycle simulations in PS07). The differing analysis method between
the
::::::::::::::::::::::::::::::::::::::::::::::::
:::::::::::
studies
could also be responsible for the difference in the results.
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Figure 10 shows the phase-velocity spectra of the vertical flux of horizontal momentum
for the waves (ρ0 u0 w0 and ρ0 v 0 w0 , where ρ0 is the mean density, and u0 and v 0 are the
zonal and meridional-velocity perturbations, respectively) in D1 and D2 at 8 km. The spectral shapes of the momentum flux in D1 and D2 are generally similar to those of w0 (Fig. 7).
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The absolute horizontal momentum flux (ρ0 [u0 w0 + v 0 w0 ] ) for W1–W5 is presented
in Table 1. This is calculated by integrating the phase-velocity spectra of the momentum
flux for each wave group (not shown) with respect to c and ϕ. The momentum flux values in
Table 1 can be interpreted as averages over the whole area of D1 or D2 (25◦ latitudes × 40◦
longitudes) during the 24 h when the spectra are calculated. The momentum flux for W4
(1.2 mPa) is the largest (Table 1) because its amplitudes are much larger than those of the
others (Fig. 4). Given that the momentum flux launched by GW parameterizations in climate
models is typically about 1–3 mPa for one azimuthal direction of propagation (e.g., Geller
et al., 2013), the averaged amount of momentum transported by W4 is considerable. Note
that the momentum flux parameterized by the frontal GW scheme used in Richter et al.
(2010) was about 0.4–2.8 mPa at 100 hPa in the mid- to high latitudes (see their Fig. 3). The
averaged momentum fluxes for W1, W2, and W5 are small (Table 1), although these waves
have significant momentum fluxes locally (not shown).
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The zonal momentum flux in D1 is dominantly negative, and the meridional momentum flux
is negative and positive for the waves propagating northeastward and southeastward, respectively. That is, the direction of the horizontal momentum in D1 is opposite to and the
same as that of the ground-based phase velocity if the momentum is transported upward
and downward, respectively. Given that the background wind for W1, W2, and W3 at 8 km
is westerly at speeds higher than ∼ 20 m s−1 (Fig. 1), the direction of the wave propagation
relative to the background flow (i.e., direction of the intrinsic phase velocity) is opposite to
that of the ground-based phase velocity. In theory, the direction of the horizontal momentum transported by GWs is the same as that of the intrinsic phase velocity. Therefore, the
signs of the zonal and meridional momentum fluxes shown in Fig. 10a consistently imply
the upward transport of momentum by the waves in D1. The signs of the momentum flux in
D2 also imply the upward transport of momentum by the waves. Considering that the background westerly is stronger than 15 m s−1 , the directions of the intrinsic phase velocity of
W4 and W5 are southwest and northwest, respectively. They are the same as the directions
of the horizontal momentum transported by W4 and W5 when the flux is upward (Fig. 10b).
This result indicates that the sources of W1–W5 exist below 8 km
.
1
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Figure 11 shows the vertical cross-sections of the reconstructed w0 for W1–W5 along the
axes indicated in Fig. 5 (green lines), superimposed on the speed of the background wind
projected onto the propagation direction of each wave (i.e., |U ·(cos ϕ, sin ϕ)|). The position and angle of the axes are determined so that the cross-sections capture the perturbations at the highest altitude possible and, at the same time, at the lower troposphere.
Consistent with the previous discussion (Fig. 10), the cross-sections of W1–W3 exhibit the
structures of waves propagating upward: the phase lines of the waves with westward intrinsic phase velocities tilt upwind. During the upward propagation, W1, W2, and W3 are
significantly damped around z ∼ 11, 14, and 9 km, respectively. For W1 and W2, the background wind around z ∼ 11 and 14 km, respectively, does not significantly change in the
vertical direction. Thus, the projected background-wind speed does not become close to
the phase speed of the waves (. 24 m s−1 , Fig. 7a) in the upper troposphere and above
(Fig. 11a). This confirms that W1 and W2 do not undergo the critical-level filtering process.
Rather, it is feasible that they are damped by the numerical diffusion of the model. Note
that the peak value of the horizontal wavelengths for W1 and W2 (80 km) corresponds to
∼ 8∆h , and that of the vertical wavelengths (4–5 km) to ∼ 7∆z in the upper troposphere,
where ∆h and ∆z are the horizontal and vertical grid spacings, respectively. The waves with
scales smaller than these peak values may undergo significant implicit diffusion, provided
that the effective resolution of numerical models is typically considered as ∼ 6∆h (e.g., Skamarock et al., 2014). The stronger damping of W1 compared to W2, as shown in Fig. 11a, is
also suggestive of numerical diffusion, which is more effective for horizontally and vertically
smaller-scale waves than for larger waves (Figs. 6 and 9).
The damping of W3 is attributed to both numerical diffusion and critical-level filtering.
The background wind for W3 changes significantly in the vertical and horizontal directions
(Fig. 11a). This horizontal and vertical wind shear results from the formation of the strong
low-level jet southwest of the cross-section domain (see Fig. 1). From about 9 km, the pro-
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jected background-wind speed becomes less than 20 m s−1 at 57.4◦ E. It may have filtered
some portion of W3 with the phase speed of . 20 m s−1 (Fig. 7a) above z ∼ 9 km.
W4 and W5 propagate to higher altitudes with less damping than W1–W3 (Fig. 11b).
The less damping may have resulted from the larger vertical and/or horizontal scales of
W4 and W5 compared to W1–W3 (Figs. 6 and 9). In addition, W4 and W5 tilt vertically
with much smaller zenith angles than W1–W3, which can be found in the vertical crosssections perpendicular to the wave vectors (not shown). A small zenith angle implies high
intrinsic frequency and vertical group velocity (Holton, 1992). Thus, W4 and W5 propagate
upward faster and undergo diffusion for shorter durations than W1–W3. They do not undergo critical-level filtering during the upward propagation because their phase speed is
much less than the background-wind speed (Fig. 7b).
In Fig. 11, a node structure appears in the wave perturbation, particularly for W3 and W4.
A node structure can appear when two or more packets of waves are co-located. W3 and
W4 are not (quasi-)monochromatic waves. The k –l spectrum in D2 at 12:00–24:00 UTC on
Day 7 (Fig. 4b) has two distinct peaks for W4 at l ∼ 0.2 and 0.7 × 10−2 cycle km−1 , which
indicate the two wave packets. The spectrum in D1 at 00:00–12:00 UTC on Day 7 (Fig. 4a)
has several peaks for W3 at (k, l) ∼ (0.3, 0), (0.1, 0.45), (0.6, 0.5) × 10−2 cycle km−1 , etc.
The node structure can also be partly attributed to the partial reflection of waves. A partial
reflection occurs where the wind or stability of the background flow changes significantly,
and it causes interference between the primary wave and reflected wave in perturbation
fields (e.g., Gossard and Hooke, 1975; Kim et al., 2012). The background wind for W3
has a large gradient in the vertical and horizontal directions in the lower and middle troposphere (Fig. 11a), which can possibly induce the partial reflection. In fact, in the horizontalwavelength spectrum with respect to the height (not shown), we confirmed that the horizontal wavelength of W3 decreases continuously with height; this suggests the possibility
of partial reflection. The possibility and details of the partial reflection associated with the
baroclinic jet merit further study in the future, provided that the reflection can affect the
amount of momentum transported into the upper levels.
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It was shown in Fig. 11 that the perturbations for the upward propagating waves are observed throughout the troposphere, which suggests that the wave sources are in the lower
troposphere. In this section, the perturbations in the lower troposphere are investigated,
and the generation of the waves are discussed.
Figure 12a shows w0 at selected levels from z = 250 m to 5 km at 12:00 UTC on Day 6
and at 06:00 UTC on Day 7, superimposed on the (total) potential temperature at z = 250 m
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It is noteworthy that the initial setting for the background flow used in this experiment
(JW06) is focused on the troposphere. The background wind in the stratosphere here differs from that in the real atmosphere. In this experiment, the upper tropospheric midlatitude
jet, for which the core is at z ∼ 11 km with a speed of 35 m s−1 (refer to Fig. 2 in Park et al.,
2013), does not decelerate enough above the jet core. Thus, the background-wind speed
reaches ∼ 30 m s−1 at the model lid (z ∼ 31 km) (Fig. 1a in JW06). This makes further investigation of the wave propagation into the stratosphere from the simulation results invalid.
Moreover, the numerical damping mentioned above suppresses the wave propagation into
the stratosphere. However, the spectral analysis of the phase velocities for the simulated
waves gives some insights to the stratospheric propagation. The phase speeds of W1–W3
range from 10 cos ϕ to 24 cos ϕ m s−1 (Fig. 7a). If the background westerly decelerates to
U0 , the waves with phase speeds higher than U0 cos ϕ must be filtered at their critical levels.
In the midlatitudes, the westerly typically decelerates to about 10 m s−1 or lower above the
jet. Thus, it is hard for the waves to propagate upward. Only in case when the midlatitude
tropospheric jet and stratospheric winter jet are connected at the northern edge of the midlatitude jet, the wind speed there can be higher than ∼ 10 m s−1 , and some portion of the
waves has the potential to propagate there. On the other hand, W4 and W5 have very low
phase speeds with peaks at 0 and 2 m s−1 , respectively (Fig. 7b). They could propagate
into the stratosphere in the wintertime. In the summertime, when the stratospheric wind is
easterly, all of W1–W5 must be filtered by the easterly.
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(green). The w0 field at 12:00 UTC on Day 6 exhibits comma-shaped disturbances at 250 m
around the high-latitude warm core. The alignment of these disturbances is almost parallel
to the 250 m isentropic lines around the warm core, except at ∼ 66◦ N, 18◦ E. The tail of the
comma-shaped disturbances is aligned to follow the occluded front where the warm and
cold fronts meet. The disturbances have a broad horizontal-wavelength spectrum ranging
from about 50 to 1000 km, with a dominance at 300–500 km (not shown). The magnitude
of w0 is largest at about z = 1.5 km. At this level, it is clearly seen that the larger-scale
disturbances (with wavelengths of several hundred kilometers) dominate the w0 field and
that the smaller-scale disturbances (with wavelengths of ∼ 100 km) are superimposed on
the larger-scale disturbances (Fig. 12a). The amplitude of the larger-scale disturbances
above z ∼ 1.5 km decreases with height, and they disappear above z ∼ 4 km, except at
around 61◦ N, 46◦ E. On the other hand, the smaller-scale disturbances reach z = 5 km
(Fig. 12a) and further above this height.
The disturbances at z = 5 km closely resemble those at z = 8 km, as shown in Fig. 2. This
confirms that the smaller-scale disturbances above the occluded front and at the western
part of the 250 m warm core are W1 and W2, respectively. The larger-scale disturbances
northeast of the warm core at 5 km are W3. In addition, the wave packet of W3 that is
aligned with the isentropic lines at 250 m is advected eastward in the lower troposphere
(Fig. 12a). This explains why W3 at 8 km is not aligned with the 250 m isentropic lines,
as discussed previously in Sect. 3.2 (Fig. 2). The large-scale disturbances disappearing at
z . 4 km could not be confirmed to be gravity waves , which must have absolute intrinsic
frequencies (|ω̂|) that are larger than |f |. This is because the spectral
range of |ω̂| that we
::::::::
estimated using
the
Fourier
transform
(not
shown)
included
f
in
this
layer.
This implies that
:::::::::::::::::::::::::
some of them are GWs undergoing critical-level filtering during the propagation in this layer
(|ω̂| = f ), and the others are non-GWs.
At 06:00 UTC on Day 7, a large magnitude of w0 appears at z = 1.5 km at 44◦ N, 33◦ E,
where the midlatitude low and associated fronts are isolated from the higher-latitude trough
(Fig. 12a). The perturbations have horizontal scales of approximately 50–500 km and tend
to align with the 250 m isentropic lines. The perturbations propagate upward to z = 5 km
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and further, and they disperse eastward during the upward propagation without significant
changes in the horizontal scale. Comparing w0 at 5 and 8 km (Fig. 2) confirms that the
perturbations aligned in the east-southeast direction eastward of ∼ 33◦ E are W4 and those
at the northwest of the cold front are W5.
The disturbances at z = 1.5 km around the high-latitude warm core at 12:00 UTC on
Day 6 (Fig. 12a) resemble the gravity waves above the occluded surface front in the simulation of the cyclonic baroclinic life cycle by PS07 (see their Fig. 8). Note that, in our simulation, the occluded front intrudes into the warm core. In addition, the structure of W5 is similar
to that of the frontal gravity waves simulated in the anti-cyclonic baroclinic life cycle by PS07
(see their Fig. 10) in terms of the alignment of the phase line and location near the cold front.
This is seen more clearly at 8 km, as shown in Fig. 2. Therefore, it can be suggested that
the GWs in our simulation is generated by the surface front. Snyder et al. (1993) ::::::::
Previous
studies
showed
that,
when
the
surface
front
is
developed
with
a
sufficiently
small
cross:::::::
frontal scale, GWs can be emitted above the front, which are stationary with respect to the
front (e.g.,
Snyder et al., 1993; Shakespeare, 2015, in press) .
:::::::::::::::::::::::::::::::::::::::::::::::::::
In order to compare the phase speeds of the waves generated in the lower troposphere
to the moving speeds of the frontal system, the phase-velocity power spectra of w0 at
z = 1.5 km are calculated in D1 and D2 (Fig. 13). In D1, the spectra are obtained separately for the larger-scale and smaller-scale perturbations by filtering w0 at the horizontal
wavelength of 150 km. The spectra for the larger- and smaller-scale perturbations have
a similarity (Fig. 13a and b): they are arc-shaped and have a peak at ∼ 16 m s−1 in the eastsoutheastern direction, although the spectrum for the larger-scale perturbations is noisy
and seem broader. This implies that the phase speed of the perturbations generated in D1
does not significantly depend on their horizontal scale. Based on the analysis of the phasevelocity spectrum in Sect. 3.2, the arc passing (16 m s−1 , 0) in the c–ϕ spectrum would be
the isoline of the zero phase speed relative to a reference frame moving at 16 m s−1 . Given
that the high-latitude warm core and associated occluded front move eastward at a speed
of 16.0–17.4 m s−1 following the baroclinic-wave trough (Fig. 2), the perturbations in D1 are
quasi-stationary relative to the warm core. The perturbations in D2 are quasi-stationary
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with respect to the ground (Fig. 13c), and the location where the midlatitude warm and
cold fronts meet is almost fixed (∼ 44◦ N, 33◦ E) between 00:00 and 12:00 UTC on Day 7
(Fig. 2). Based on these results, the GWs in D1 and D2 are concluded to be generated by
the surface fronts.
In Sect. 3.2, three possible mechanisms for the spectral shapes of W1–W3 in the upper troposphere (Fig. 7) were suggested: the generation of waves whose phase is locked
to a source moving eastward at ∼ 17 m s−1 , vertically resonant wave generation::::::::::
resonance
of
waves
to
a
vertical
structure
of
the
flow,
and
a
large
amount
of
critical-level
filtering.
::::::::::::::::::::::::::::::::::::::::
As discussed in this section, we already found that the first is the responsible mechanism
associated with the surface fronts. Nonetheless, the possibility of the others is worth assessing. If W1–W3 were generated resonantly with the vertical scale of the frontal system,
the background-wind direction near the surface should be almost zonal for all of W1–W3
(Sect. 3.2). However, this was not true. The critical-level filtering does not seem significant
in the middle troposphere (Fig. 11a). In addition, the phase-velocity spectra at 8 km are
generally similar to those at 1.5 km, although there is a slight shift in the phase direction
for the spectral peak in D1 from about −15 to +10◦ (Fig. 13). This also confirms that the
critical-level filtering in the middle troposphere does not significantly affect the spectrum of
the waves.
For the purpose of GW parameterization, it is required to predict the occurrence of
subgrid-scale GWs using grid-scale variables. The parameterization of frontal GWs was
first attempted by Charron and Manzini (2002); their work has been used in the Whole
Atmosphere Community Climate Model (WACCM) (Richter et al., 2010). In this parameterization, a certain threshold value of the frontogenesis function (FF) (Miller, 1948; Hoskins,
1982) defined by
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is used to diagnose the GW occurrence in each model grid point, where θ, λ, φ, and a are
the potential temperature, longitude, latitude, and mean radius of the Earth, respectively.
Therefore, it might be important to assess the ability of the FF diagnostic as an indicator of
GW generation in order to further improve the frontal GW parameterization.
FF in the lower troposphere is shown in Fig. 12a (black). Here, FF is calculated using the
background fields of the potential temperature and horizontal wind which are also shown
in Fig. 12b at z = 250 m. At 12:00 UTC on Day 6, FF at 250 m exhibits large values at two
regions: along the cold front due to the strong deformation of the northerly flow and northeast of the high-latitude warm core due to the convergence of the southerly flow (Fig. 12b).
At this time, W1 is connected to the northern region of the large FF along the cold front at
250 m (∼ 45◦ N), and it seems to stretch northeastward following the strong southwesterly.
W3 at 250 m and 1.5 km is located in the large FF region at 250 m northeast of the warm
core. However, there is no indication of W2 by the FF fieldat about 58–65N west of 30E.
In fact, FF is largely negative at this region ::
in::::
the ::::::
region:::
of ::::
W2 :owing to the divergence
of the northerly flow (Fig. 12b). The negative FF implies that the (background) potentialD
temperature gradient weakens following the flow, as FF = 21 Dt
|∇θ|2 (Eq. 1). Note that, althe
though the change in |∇θ| is negative following the northerly at 58–65N west of 30E in
:::::
W2
region
(Fig.
12b),
|∇θ|
itself
is
still
large
there,
which
may
have
caused
the
excitation
::::::::::
of W2. At 06:00 UTC on Day 7, when the midlatitude low and fronts are isolated, the 250 m
FF at the cold front has two local peaks (Fig. 12). W4 and W5 are developed at 1.5 km in
the region of the northern peak of 250 m FF, whereas the southern peak seems not linked
with any GW perturbations. There is also a significant FF signal at 48◦ N, 47◦ E at 250 m,
where W1 is located at the time. The magnitude of FF significantly decreases with height
(Fig. 12a) because |∇θ| decreases with height in our case. In addition, in the upper levels,
the region of the significant FF near the cold front largely shifts northward. Overall, FF at the
lowermost troposphere is found to be useful as an indicator for the frontal GW generation
W3, W4, and W5. However, FF fails to indicate the generation of W2, where
of W1 , and
::::
|∇θ| begins to decrease. Also, along the cold front, the significant FF is distributed on an
overly broad area, ::::::::::
compared ::
to:::
the::::::::
regions ::
of::::
W4::::
and::::
W5,:which would make it difficult to
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The idealized baroclinic instability case of JW06 is simulated using the global version of
WRF, and the characteristic spectra for the GWs generated in the baroclinic life cycle are
investigated. ::
In::::
this:::::::::::
simulation,::::
the :::::::::
baroclinic::::::
wave::
is::::::::::
amplified :::::::
largely ::
in::::
the ::::::::::
lowermost
troposphere,
differing
from
the
previous
studies
in
which
upper-level
baroclinic
waves
have
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
been
emphasized. After the mature stage of the baroclinic wave (Day 5) is reached, three
::::::::::::::::::
groups of GWs (W1–W3) appear at high latitudes around the surface trough. Their phase
lines are generally aligned with the near-surface isentropic lines that are associated with
the intrusion of the occluded front into the high-latitude trough. W1–W3 have horizontal
wavelengths ranging from 40 to 400 km in the upper troposphere, which are similar to those
in previous studies. The periods and vertical wavelengths have broad spectra (0.7–24 h and
2.9–9.8 km, respectively). During the upward propagation in the upper troposphere, they
seem to undergo model diffusion and show significant dissipation near the tropopause.
At the breaking stage of the baroclinic wave when the midlatitude trough is isolated from
the higher-latitude trough (Day 7), two groups of quasi-stationary GWs (W4 and W5) appear
above the midlatitude fronts around the isolated low. They have horizontal wavelengths of
60–400 km. The vertical wavelengths of W4 and W5 (4.9–14 km) are larger than those of
the GWs generated from the upper-tropospheric jet (e.g. Zhang, 2004). Because of the
large vertical wavelengths, they undergo less diffusion than W1–W3.
The phase-velocity spectrum of W1–W3 exhibits an arc-shaped structure (Fig. 7) that is
characterized by a zero phase speed with respect to a reference frame moving eastward at
16–17 m s−1 . This spectral structure is suggestive of GW generation by the occluded front
intruding into the high-latitude trough moving at this speed. The phase-velocity spectrum
of W4 and W5 is characterized by the dominance of very low phase-speed components,
which can be explained by the GW generation due to the midlatitude stationary fronts at
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approximate the location of GW generation by using the FF diagnostic. Further study on
these points is required to improve the parameterization of frontal GWs.
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the surface. PS07 highlighted that the phase speed of the GWs in their simulations was
the same as that of the baroclinic wave, as referred to in Introduction. In this context, our
results for W1–W5 are also generally consistent with those of PS07, and it seems feasible
to expect the peak of the phase-velocity spectrum of GWs by estimating the speed of the
baroclinic jet-front systems. However, more case studies are necessary.
The phase-velocity analysis also gives some insights to the stratospheric propagation
of the waves, although the waves in the simulation are dissipated by the artificial model
diffusion. Considering the phase speeds of W1–W3, they are difficult to propagate to the
stratosphere unless the midlatitude tropospheric jet is connected with the stratospheric winter jet at the northern edge of the tropospheric jet. On the other hand, the quasi-stationary
W4 and W5 are able to propagate to the middle atmosphere in the wintertime without significant filtering.
The relation between the simulated GWs and the background (large-scale) frontogenesis
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
function
is investigated. The frontogenesis function seems to provide a rough indication of
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
regions
for some wave groups (W1 and W3), but not at all for W2. Also, significant values
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
of
the
frontogenesis
function are distributed on overly broad areas. There is no relationship
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
between the amplitudes of GWs and frontogenesis function. Further study on the relation
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
between
the generation/characteristics of GWs and the frontogenesis function, as well as
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
other
large-scale
diagnostics, is required.
::::::::::::::::::::::::::::::::::::::
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Phase speed [m s−1 ]
Vertical wavelength [km]
Absolute momentum flux [mPa]

W3

W4

W5

southeast
40–110
80
44–110 min
90 min
14–19
17
2.9–6.9
4.1
0.083

east
50–120
80
53–130 min
100 min
15–18
17
4.1–6.9
4.9
0.15

northeast
70–400
250
1.6–24 h
6h
4–19
13
2.9–9.8
4.1
0.66

quasi-stationary
70–400
290
& 12 h
–
0–4
0
4.9–12
6.9
1.2

southeast
60–220
180

> 3.4>
3h
:::
24 h
0–9
2
5.8–14
8.3
0.060
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Period

W2

|

Propagation direction
Horizontal wavelength [km]

W1
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Table 1. Characteristics of the five groups of simulated gravity waves at z = 8 km. The values in bold
indicate the primary peaks obtained from the spectra for each characteristic.
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Figure 1. Background fields of the pressure (black contour) and horizontal wind speed (shading)
at z = 0.25, 2, 5, and 8 km (from bottom to top) on Days 4, 5, 6, and 7 at 12:00 UTC (from left
to right). The background potential temperature is also plotted at z = 0.25 km (red contour). The
contour intervals for the pressure and potential temperature are 8 hPa and 8 K, respectively.
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Figure 2. Perturbation vertical velocity (w0 ) at z = 8 km (shading) superimposed on the 250 m background pressure (black) and potential temperature (green) from 12:00 UTC on Day 4 to 00:00 UTC
on Day 8. The figures are shown with 12 h intervals before 00:00 UTC on Day 6 and with 6 h intervals afterward. The
contour intervals for the pressure and potential temperature are 8 hPa :::
and::
8 K,
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
respectively.
::::::::::
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Figure 3. (a)
w0 at z = 8 km when
the magnitude of w0 is largest for each of the five wave groups
::::::::::::
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
(W1–W5,
see the text) (from top to bottom) and (b) enlargements of the green boxes in (a). (c)
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
Cross-sections
of w0 along the green lines in (b) with respect to the time relative to the instants in
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
0
(a)
and (b). w in (c) is normalized by its maximum, and the normalized w0 for W4 is further divided
:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
by
5 for display purposes.
::::::::::::::::::::::
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Figure 4. 12 h averaged power spectra of w0 at z = 8 km as a function of zonal and meridional
wavenumbers calculated in (a) 48–73◦ N, 20–60◦ E and (b) 21–46◦ N, 20–60◦ E from Day 6 to Day 8
(from left to right). In (b), the plot for 00:00–12:00 UTC on Day 6 is omitted.
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Figure 5. w0 at z = 8 km (shading) (a) at 00:00 UTC on Day 7, reconstructed from the three spectral
domains (1–3) indicated in Fig. 4a, and (b) at 12:00 UTC on Day 7, from the two spectral domains
(4 and 5) in Fig. 4b. The background pressure at 250 m is superimposed (contour) with
intervals of
:::::::::::::
8
hPa
.
The
green
lines
indicate
the
axes
along
which
the
vertical
cross-sections
are
shown
in Fig. 11.
:
::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::
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Figure 6. Horizontal-wavelength power spectra of w0 at z = 8 km averaged over 24 h from 12:00 UTC
on Day 6 for W1 (red), W2 (yellow), and W3 (green) and from 00:00 UTC on Day 7 for W4 (blue)
and W5 (black). The spectra for W1–W5 were obtained from the spectral domains 1–5 indicated in
Fig. 4, respectively. For W4, the power spectrum is divided by 2.
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Figure 7. Power spectra of w0 at z = 8 km as a function of phase speed and propagation direction
calculated in (a) 48–73◦ N, 20–60◦ E and (b) 21–46◦ N, 20–60◦ E. The rightmost panels were obtained using all pairs of (k, l), and the other panels are for W1, W2, and W3 in (a) and for W4 and
W5 in (b).
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Figure 8. Frequency power spectra of w0 at z = 8 km for W1 (red), W2 (yellow), W3 (green), W4
(blue), and W5 (black). The positive and negative frequencies indicate eastward and westward propagation of the waves, respectively. For W4, the power spectrum is divided by 10.
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Figure 9. The same as in Fig. 6 except for the vertical-wavelength power spectra of w0 at z = 8 km.
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Figure 10. (left) Zonal and (right) meridional momentum flux spectra at z = 8 km as a function of
phase speed and propagation direction calculated in (a) 48–73◦ N, 20–60◦ E and (b) 21–46◦ N,
20–60◦ E.
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Figure 11. Vertical cross-sections of the reconstructed w0 (shading) along the axes indicated by
green lines in Fig. 5. The background wind projected onto the propagation direction of each wave is
also plotted (contour). w0 is multiplied by exp (−z/2H), where H = 7 km.
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Figure 12. (a) w0 (shading) and frontogenesis function (FF, black) at z = 0.25, 1.5, 3, and 5 km (from
left to right) superimposed on the 250 m total potential temperature (green) and (b) 250 m background potential temperature (green) and horizontal wind (arrow) along with FF (black) at (upper)
12:00 UTC on Day 6 and (lower) 06:00 UTC on Day 7. w0 is multiplied by exp (−z/2H). FF is plotted
at values of 0.1, 0.3, 1, 3, and 10 K2 (100 km)−2 h−1 . The contour intervals for potential temperature
and pressure are 8 K and 8 hPa, respectively.

|

40

Discussion Paper
|
Discussion Paper
|
Discussion Paper
|
Discussion Paper

Figure 13. Power spectra of w0 at z = 1.5 km as a function of phase speed and propagation direction
calculated in (a, b) 48–73◦ N, 20–60◦ E and (c) 21–46◦ N, 20–60◦ E. In (a) and (b), the spectra were
obtained for the wave components with horizontal wavelengths larger and smaller than 150 km,
respectively.
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