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Summary: Stationary Hidden Markov models (HMM) are fitted based on long
timeseries obtained from meteorological tower, using Reynolds averaged mete-
orological state variables (wind speed, wind shear and stratification). The HMM
classifies the data into two regimes, corresponding to weakly stable boundary
layers (wSBL) and very stable boundary layers (vSBL). The fitted stationary mod-
els are used to obtain statistics of regime occurrences, regime transitions or
time between transitions. The HMM estimation provides a transition probability
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matrix describing regime transitions, and the sensitivity of regime statistics to
the matrix values is studied. The authors discuss limitations of the stationarity
assumption in the model and acknowledge a need to account for external influ-
ences in the transition probability matrix. The dynamics of transitions are shown
not to fit the Markovianity assumption. An idea to use a state dependent Markov
model, or regime transition probability matrix, in a turbulent kinetic energy bud-
get closure in a weather or climate model is sketched as a conclusion.

General comments: The idea of including a stochastic representation of SBL
regime transitions in a turbulence parameterization for weather or climate mod-
els is interesting, and suggesting ways to do so is a welcome contribution. As
discussed by the authors in the introduction, models have been proposed to ex-
plain transitions from weakly stable to very stable states, but no model exist to
represent a recoupling of turbulence to the surface after a decoupled state, or
in other words to represent transitions from vSBL to wSBL. Numerous observa-
tional studies show events such as gravity waves, instabilities or other types of
non-turbulent motions connected to a transition from vSBL to wSBL and such
transitions take a rather random character. Therefore, proposing to represent
such transitions as a stochastic process is an interesting direction. Yet, the
presented study falls short in several aspects. The authors start by discussing
HMM analyses of the considered tower data which are presented in parallel pa-
pers and which give clear signs of non-stationarity and non-Markovianity in the
regime statistics. Nevertheless, the authors choose to present the statistics of
regime transitions and occurrences that result from a stationary Markov model
and to compare those to the observational statistics, justifying this choice by the
wish to test the simplest possible approach. The comparison not surprisingly
shows the need to include non-stationarity in the model of regime transitions, as
was already discussed by the authors based on the HMM analyses in the cited
submitted papers. I am not convinced that this is a very important additional con-
tribution. Discussion of ways to consider non-stationarity in the model is kept
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to a minimum. Further, the non-stationarity is attributed to external influences,
such as synoptic meteorological states (cloud cover, geostrophic wind for exam-
ple, as was also described in Monahan et al. 2015, JAS). This is a very relevant
and important fact, and the work should at the very least discuss methods that
provide means of estimating non-stationary models of regime transitions explic-
itly influenced by external factors, and at best include non-stationarity in the
model. Methods to include explicit influence by external factors have been pro-
posed and implemented in atmospheric applications, including to describe SBL
regime transitions (eg: Horenko 2010; Metzner et al., 2012; O’Kane et al 2013;
Vercauteren and Klein 2015). We are very thankful for the general evaluation of the
reviewer and understand very well that our first manuscript came short in many as-
pects. The manuscript has been substantially revised and restructured to address the
reviewer’s concerns (see attached revised manuscript). As remarked by the reviewer a
state-independent HMM-based Markov-chain parameterization (which is investigated
to evaluate if such a simple approach suffice to simulate SBL dynamics) is not able
to simulate SBL regime dynamics which is why we have substantially shortened and
summarised this discussion. Instead, we have extended the discussion by presenting
an explicitly stochastic, state-dependent parameterisation of regime dynamics which is
able to account for the SBL regime dynamic features of interest.

The need for state dependent transition probabilities, in a stochastic model that
would be implemented in the turbulence closure scheme of atmospheric models,
is emphasized rightfully and the authors suggest to relate it to the Richardson
number. Why not test a Ri number dependence on the transition probability in
this paper? That would make the analysis much stronger. The HMM framework
is suggested as a foundation for a new parameterization of SBL turbulence, and
discussion on how the authors would see such a turbulence parameterization
could be expanded. The suggestion is to include random “kicks” of TKE in the
vSBL regime, which in turn affect Ri and eventually a transition to wSBL could
occur such as no extra TKE source term will be added anymore. Can the au-
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thors give ideas on how such a noise term could be defined? And how could
such a parameterization fit with the conclusion of the present study, which state:
1- that a stationary Markov chain is inappropriate to represent wSBL to vSBL
transition such as driven by radiative cooling. 2- it is inappropriate to repre-
sent the statistics of persistent wSBL and vSBL nights as those are impacted by
external influences or large-scale synoptic forcing which induces nonstationary
behaviour. 3- it could be appropriate to represent a vSBL to wSBL transition af-
ter an initial wSBL to vSBL transition. The third point fits with observational
and DNS evidence of perturbations that can drive the vSBL back to a wSBL
(such as the DNS of Donda et al. 2015, which are cited but not in this context).
The authors could also discuss efforts that have been made to describe such
“random” perturbations (eg Kang et al. 2014; 2015), which could help giving a
stochastic description of the random perturbations, if not of the impact on the
TKE itself. We are very thankful for the suggestion of the reviewer to actually write
down a state-dependent stochastic parameterisation which is now done in section 5.
First we investigate the state-dependent transition probabilities conditioned on internal
state variables (cf. section 5.1). In section 5.2 we then develop the complete stochas-
tic parameterisation for first order TKE closure models. During building a prototype
stochastic parameterisation, we have decided that if we actually develop the stochastic
parameterization, preliminary tests in an idealised single column model would better
demonstrate its feasibility. That is the reason why we included some results showing
that the conceptual framework shows potential of reasonably well representing the SBL
regime dynamics for weather and climate models (cf. section 5.3). Due to the length
of the paper (with the new section 5) we refrain from discussing detailed sensitivity
analyses of this parameterisation which will be done in a future study.

Specific comments:

1- P1 L20: I would suggest to replace “collapsed turbulence” by intermittent
turbulence, or turbulence which does obey Monin Obukhov Similarity Theory.
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Discussion paper about modeling difficulties for the turbulence would be appro-
priate to justify the need for stochastic parameterisation. We have replaced the
description of the turbulence in the two different regimes as suggested (cf. p. 1 ll.
18-24). Furthermore, in the revised manuscript we discuss in more detail why current
SBL parameterisations of the SBL fail to reproduce the regime dynamics (cf. p. 1 ll.
24-25 to p. 2 ll. 1-7). The need for stochastic parameterisations is described on p. 3 ll.
15-31.

2- P2 L30: unrealistic decoupling is also connected to misrepresentation of the
TKE. This point could be discussed. The fact that the unrealistic decoupling is re-
lated to the misrepresentation of the TKE has been added. (cf. p. 3 l. 4)

3- P3 L20: The point of representing regime transitions as a stochastic process
is clear, but what kind of parameterization is envisioned in each regime? A better
characterisation of stochastic parameterisation, its general idea, and why SBL dynam-
ics might profit from it has been described (cf. p. 4 ll. 3-5).

L25: seasonal dependence: is it not more accurately a dependence on exter-
nal influences? Such influences have been included in non-stationary regime
classification schemes (see general comments). As described in the general com-
ments we wanted to first investigate if state-independent parameterisations suffice to
simulate SBL regimes. Due to the weakness and inability of stationary Markov chains
to account for all SBL regime dynamics of interests, a more complex state-dependent
stochastic parameterisation is envisioned. The state-dependent explicitly stochastic
parameterisation presented in section 5 should be able to capture such non-stationary
behaviour.

4-5 P4 L30: the assumptions deserve discussion. The Markovianity assumption
could be tested or relaxed, see eg. Franzke et al. 2009. The stationarity assump-
tion is not fulfilled. P5 L15: work on non-stationary statistical clustering should
be discussed (see general comments and references). Work on nonstationary ap-
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proaches to cluster the data are briefly discussed and why we consider the stationary
approach in the first place has been justified more clearly (cf. p. 6 ll.11-23).

6- P6 L5: the fact that the influence of seasonal changes is due to changes in the
meteorological state means that explicit external influences would improve the
model dramatically. Please discuss how to take those into account. As described
above the state-dependent explicitly stochastic parameterisation should be able to ac-
count for the seasonal dependencies through state-dependent transition probabilities.

7- Section 4.1: shouldn’t the comparison of observation and stationary Markov
chain calculation be done for separate time periods? It could be more appro-
priate to compare the model results with the observational statistics by dividing
the dataset in a training part and a control part. We are thankful for the reviewer’s
reminder to be careful to consider potential overfitting by assessing our model perfor-
mance against the same data used to estimate model parameters. Our results show
that the ‘freely-running’ stationary Markov chain does generally not suffice to describe
SBL regime dynamics as estimated from observations which is why we argue that
state-dependent stochastic parameterisations are needed. Therefore, we think that
a potential overfitting by using the same data to estimate transition probabilities and
regime statistics against which we assess the model performance is not a primary
concern.

8- L 15-25: Can the results be discussed in light of, eg., the theoretical work of
wSBL to vSBL transitions (the MSHF framework by van de Wiel et al. discussed
in the introduction). The importance of physical factors highlighted in this model
is not included in the Markov model, again potentially calling for inclusion of
external factors. The new explicitly stochastic parameterisation is generally able to
account for these processes if only in a simplified manner.

9- L30: here the fact that the stationarity assumption gives satisfactory results is
probably consistent with the physical ideas of transitions being linked to random
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intermittent events. This could be discussed it in the context of existing work
(see general comments). Due to the fact that we have extended the discussion of the
new proposed stochastic parameterisation we have shortened the whole Markov chain
discussion to a minimum and refrain from discussing how some aspects might or might
not be well simulated by Markov chain approximations.

10- P7 L5-10 and Fig 5: Do the pdfs show the probability of time spent in a state?
The text and the figure caption do not seem to match, or rather, the figure caption
is not informative as it is. Yes, the distributions show the time spent in one state or
the event duration. Due to the restructuring we have changed the Figure substantially
including its caption to make it more informative (cf. Figure 4).

Moreover I do not really understand the grey band. Why is the width of the dis-
tribution so dependent on time after sunset? How is the width of the band cal-
culated? How about the seasonal dependence of the time between transitions?
Since it was shown to be critical, why forget it here? We acknowledge that our
description of that analysis was unclear as we compared non seasonal (observations)
with seasonal dependencies (FSMC). The event duration pdfs do not change sub-
stantially across the seasons except from the fact that the occurrence of longer event
durations become more likely as nights simply have more time for such events to occur.
Therefore, we analyse all data and compare those to FSMC event duration probabil-
ities computed for nights lasting 12 hours as an intermediate value representative for
all seasons. Detailed analyses of the seasons do not add any substantial content to
the discussion. We have changed the Figure 4 and have adopted a more consistent
description of the results (cf. p. 7 l. 28 to p.8 l.3).

Relaxation time: I believe that this could be considered by including finite mem-
ory in the Markov model (cf Franzke et al. 2009). The inclusion of explicit external
influences should be discussed. The recovery period is now accounted for in our
explicitly stochastic parameterisation.
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11- P8 L20-30 and Fig 7: each colour has a different number of dots, and the
caption does not state what individual dots represent. The discussion actually
presents results of an analysis which is different than the one presented in this
paper and is already presented in the submitted paper cited as a reference. I do
not believe that the results and conclusions should be repeated here. The au-
thors could simply state the conclusions of this parallel study in the discussion.
As suggested we have removed this Figure and the discussion from paper.

12- P9 L5: Table 3 only shows the observed probabilities and not a comparison
of theoretical and observed. That is correct. We have changed the formulation
that it is clearer that Table 3 shows only the occupation statistics as estimated from
observations and we compare those to calculations in the freely-running Markov chain
as presented in the Figures. (cf. p. 9 ll. 9-11).

13- Figure 10: what are the grey dots in the figure? The grey dots are regions where
the total VP consistency frequently changes. This Figure, however, has been removed
from the discussion as it did not add any important information for the discussion and
the results have been briefly summarised (cf. p. 9 ll. 28-33).

14- P10 L30: Figure 12 does not exist. The enumeration of the figures in the submit-
ted manuscript is such that "Figure 12" denotes the second figure.

15- P11 L5: how are non-stationarities considered in the analysis? If the station-
ary Markov chain is defined differently for each season, this is not stated very
clearly. Due to the restructuring this part has been eliminated from the discussion.

16- P11 L30: “The event duration probability density functions . . . display a
maximum an hour or two after sunset” I am confused here. I had understood
that the figure showed the pdfs of event duration, or time between two transi-
tions. That has nothing to do with the sunset time (And the sunset time is not
mentioned in the figure caption either), but would fit with the recovery time idea
which is discussed by the authors. We are very thankful to the reviewer for catching
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this mistake. This was completely wrong and the sentences have been eliminated.

Please also note the supplement to this comment:
https://www.nonlin-processes-geophys-discuss.net/npg-2018-44/npg-2018-44-AC3-
supplement.pdf

Interactive comment on Nonlin. Processes Geophys. Discuss., https://doi.org/10.5194/npg-
2018-44, 2018.
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