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Abstract
The literature includes a wide variety of definitions or perceptions of non-stationarity. Non-
stationarity can be expressed in terms of turbulence statistics or variability of the forcing of
the turbulence such as time changes of the wind vector, the horizontal pressure gradient, or
the surface heat flux. Our survey emphasizes the development of non-equilibrium turbulence
caused by non-stationary forcing. The degree of non-equilibrium of the turbulence is most
reliably evaluated following the local flow rather than using the more available fixed-point
measurements. We survey methods to eliminate non-stationary records or partially filter out
the non-stationarity. We also summarize issues with parametrization of the non-stationarity.
Non-stationarity over the sea can be complex due to time-dependent wave state and surface
roughness. The impact of non-stationarity is generally less understood in the stable boundary
layer compared to the unstable boundary layer.

Keywords Equilibrium turbulence · Non-stationarity · Spectral gap · Submeso · Turbulence
adjustment

1 Introduction

The term non-stationary is defined in different ways and on different scales. Non-stationarity
may refer to the turbulence statistics or to the non-turbulent flow that forces the turbulence.
For some investigations, examination of non-stationarity is motivated by possible violation
of similarity theory (e.g., Smeets et al. 1998). Our review focuses on the impact of the
non-stationary wind field on the turbulence and whether the turbulence can maintain quasi-
equilibrium with the changing flow.

Boundary-layer stationarity is often approximately valid in certain situations such as the
polar night (Yagüe and Cano 1994; Grachev et al. 2007; Petenko et al. 2019), although
sometimes wave-like motions are important. Stationarity is also common in open-ocean
conditions where the diurnal forcing is small. Stationarity additionally requires relatively
steady horizontal pressure gradients.
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Frequently, the turbulence becomes non-stationary in response to time changes of the
surface heat flux (thermal forcing). The diurnal trend with clear skies includes concentrated
rapid changes of the thermal forcing during the late-afternoon transition to stable flow (Lothon
et al. 2014; Angevine et al. 2020) and the morning transition to unstable flow (Hicks et al.
2018). To a lesser degree, the heat flux during the day is also non-stationary as it increases,
reaches amaximumsometime after solar noon, and subsequently decreaseswith time, causing
the turbulence intensity to decrease (Grimsdell and Angevine 2002; Nilsson et al. 2016).
During both the evening andmorning transitions, the relationships for equilibrium turbulence
can break down (Hicks et al. 2018). The elimination of the morning surface inversion is
typically more abrupt than predicted by the surface heat flux alone due to the downward
entrainment of warmer air (Angevine et al. 2020).

Individual cloud elements commonly force important variations of the surface radiation
balance for both unstable and stable conditions. The impact on the turbulence is sometimes
difficult to establish from observations at a fixed site, particularly if the cloud elements are
moving in a different direction from the surface wind direction. That is, the upwind history
of the thermal forcing of the turbulence may be quite different from that inferred from fixed-
point measurements. This complex cloud contribution to non-stationarity is outside the scope
of our survey.

The non-stationarity is also driven by time-dependent horizontal pressure gradients
(dynamic forcing), as inMomen and Bou-Zeid (2017b). Non-stationarymodes are associated
with propagating submeso motions, mesoscale disturbances, and synoptic fronts. Submeso
motions include scales up to the smallest mesoscale motions typically on time scales of
one hour, or horizontal scales of several kilometres, depending on the study. Non-stationary
submeso motions often propagate and include smooth wave-like modes, sharp microfronts,
and numerous more complex modes (e.g., Monti et al. 2002; Acevedo et al. 2014; Mahrt
2014; Sun et al. 2015a, b; Vercauteren et al. 2016; Cava et al. 2017; Mortarini et al. 2018.
Micro-cold events can sometimes be well defined with sharp edges and arrive as microfronts
(Zeeman et al. 2015; Kang et al. 2015; Lang et al. 2018).

With stable stratification and low wind speeds, the submeso motions may be primarily
horizontal (Kristensen et al. 1981; Lilly 1983; Anfossi et al. 2005;Mortarini et al. 2016). Hor-
izontal two-dimensional modes can result from vertical decorrelation (Lilly 1983) associated
with the conversion of vertical kinetic energy to potential energy in the presence of strong
stable stratification. These conditions often include meandering of the wind vector, some-
times in layers. Locally generated large eddies in the stable boundary layer (SBL) also lead to
non-stationary intermittent turbulence and non-compliance with similarity theory (Ansorge
and Mellado 2016; Ansorge 2019). Cases where a scale gap occurs between the turbulence
and the submeso motions increase the possibility of quasi-equilibrium turbulence. Examples
of such quasi-equilibrium turbulence can be found in Vercauteren et al. (2016, 2019).

The non-stationary pressure gradients often generate non-turbulent motions on time scales
just larger than the largest turbulent scales preventing a gap in scales. Figure 1 provides one
example of partitioning the stable boundary layer into different regimes that recognizes non-
stationarity. We define these regimes in terms of length scales, which must be somewhat
inferential because the observations in the atmospheric boundary layer are primarily time
series at fixed sites. For the SBL, the length scale of the largest turbulent eddies is chosen to
be 10m in Fig. 1, only as an example. This value decreases with the magnitude of the stability
and increases with the height above the ground. In this example, the maximum horizontal
length scale of the submeso motions is chosen to be the scale traditionally specified for the
smallest mesoscale motions, approximately 2 km (Orlanski 1975).
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Fig. 1 Plausible, but simplified, scale dependence of the motions for stationary and non-stationary motions
for stable and unstable boundary layers. The diagram is horizontally not to scale because the unstable regime
encompasses a much larger range of scales. The terminology is imprecise and varies between studies. The
horizontal length scales of 10m and 2km are only examples; zi is the depth of the convective boundary layer

Figure 1 could be expanded by partitioning the SBL according to the strength of the
stability (such as weakly stable and very stable classes) and could also be expanded according
to height above the ground (surface layer, outer layer). These potential generalizations are
excluded from our survey. Unlike the unstable boundary layer, the depth of the SBL is often
not a useful scaling variable because some submeso motions are confined to near the surface
while other submeso motions are much deeper than the perceived boundary-layer depth. In
addition, the top of the SBL is often poorly defined.

For unstable conditions, the scale of the largest turbulent eddies can be one or more
orders of magnitude larger than that for stable conditions. A spectral gap for the horizontal
velocity components seems less common compared to the absence of a well-defined gap.
Large boundary-layer eddies often eliminate the spectral gap between the turbulence and
mesoscale motions, particularly for the horizontal velocity components (Kaimal et al. 1972;
Kunkel and Marusic 2006).

Several different classification schemes have been developed for motions on scales larger
than the largest turbulent eddies in the unstable boundary layer. We roughly follow the
approach of Salesky and Anderson (2018) and Katul (2019), but do not review the origins of
this thinking from the engineeringfluid dynamics community (e.g., Smits et al. 2011). Salesky
and Anderson (2018) and Katul (2019) have summarized much of this earlier material.
The larger eddies are theoretically partitioned into large-scale motions (LSM) on scales
comparable to the boundary-layer depth, zi , and very large-scale motions (VLSM) that are
order of 10 zi where zi is the depth of the unstable boundary layer. For near-neutral conditions,
the dominant eddies are typically longitudinal vortices (Salesky et al. 2017). Based on the
horizontal dimension in the downwind direction, these eddies are part of the VLSM regime
(Salesky and Anderson 2018).

As the thermodynamic instability increases from neutral, the horizontal scale of the large
eddies first increases and then subsequently decreases, and themotions becomemore isotropic
in the horizontal direction (Shah and Bou-Zeid 2014; Salesky et al. 2017). The longitudinal
eddies break down into disorganized convection as part of a dynamic–convective regime
(Katul 2019), which might be considered as intermediate between the LSM and VLSM
regimes. With convective conditions (large instability), the eddies become more like orga-
nized convection characterized by quasi-isotropy in the horizontal direction. These eddies are
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Fig. 2 The left-hand side (black) broadly identifies the approachwhere all measurements are retainedwhile the
the right-hand side (red) identifies the common approach where non-stationarity is at least partially removed.
The path on the left-hand side has received only nominal quantitative attention. NS refers to non-stationarity.
Parametrization of the non-stationary motions are briefly discussed in Sect. 8 while the corresponding modi-
fication of the turbulence is explored in Sects. 2 and 3. Filtering of records to reduce the non-stationarity and
the complete removal of non-stationary records are both discussed in Sect. 5

in the LSM regime. Such convective boundary-layer scale eddies are generally considered
part of the turbulence but sometimes parametrized separately (Beljaars 1995). We consider
the LSM regime to be part of the turbulence in the most general sense but find that distinction
between such a LSM regime and the “rest” of the turbulence can be useful. Non-stationary
motions in the unstable boundary layer can also be forced by perturbation pressure gradients
at or above the boundary-layer top associated with wave modes. Such waves may be coupled
to the convective boundary-layer eddies (Kuettner et al. 1987).

Longitudinal vortices occur over a large range of horizontal scales. Hairpin vortices occur
on a variety of scales and include smaller scales where the vortices are attached to the surface
and generally included as part of the turbulence (Hutchins et al. 2012; Li and Bou-Zeid 2013).
Theymay coalesce into larger vortices that could be classified as the LSMregime. Streamline-
aligned roll vortices sometimes develop in associationwith Ekman instability (LeMone 1973,
1976; Brown 1980). These vortices are relatively low frequency when observed at a fixed
point as the vortices slowly drift in the cross-wind direction. The along-wind length scale
can significantly exceed 10zi , depending on the synoptic situation. Such vortices could be
considered as the VLSM regime. Transverse vortices (Boppe et al. 1999) are characterized
by a small length scale in the along-wind direction and a larger length scale in the cross-wind
direction. These motions appear to be less common than the longitudinal motions.

Although the above classification schemes organize our thinking, they are not unique and
are also incomplete compared to actual atmospheric flows. Furthermore, it is not possible
to review the literature with a single definition of the non-stationarity. In simple terms, our
review of disruption of turbulence equilibrium is broadly guided by the left-hand side of
Fig. 2.

2 Equilibrium and Non-equilibrium Turbulence

We first offer a conceptual framework of equilibrium and non-equilibrium turbulence.

2.1 LagrangianVersus Eulerian

Consider idealized stationary flow where the horizontal variation of the turbulence is neg-
ligible, which is a stronger assumption (more restrictive) than the assumption of surface
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homogeneity. Then, Eulerian stationarity at a fixed point implies Lagrangian stationarity,
and Lagrangian stationarity implies Eulerian stationarity.

In general, the turbulent eddies moving with the flowmay experience much different non-
stationarity than that inferred from observations at a fixed site. Consider a simple disturbance
with enhanced turbulence that is propagating at the same speed as the local wind speed
(Fig. 3a). Turbulence equilibrium is not determined by how long the enhanced turbulence
requires to pass the fixed observational site but rather by how long the turbulence has been
adjusting to the wind field of the propagating disturbance. From another point of view,
quasi-equilibrium turbulence requires that the turbulence adjustment time scale is small
compared to the lifetime of the disturbance and must be formally evaluated moving with
the turbulence (Lagrangian stationarity). Even if this stationarity condition is satisfied, the
Eulerian observations at a fixed site indicate non-stationarity where the observed turbulence
increases with time, reaches amaxima, and then decreases with time as the disturbance passes
the fixed observational point (Fig. 3a).

A common reverse example, where the flow is Lagrangian non-stationary with non-
equilibrium turbulence but Eulerian stationary, occurs with flow over a surface roughness
or temperature change (Garratt 1990, 1994). The turbulence is not in equilibrium but rather
decays as it transitions to a smoother surface (Fig. 3b). However, as observed at a fixed site,
the turbulence is independent of time, giving the false impression of equilibrium turbulence.

The assumption that a disturbance with enhanced turbulence propagates with the local
mean flow can be a poor approximation for some situations. If a disturbance in the pressure
field is propagating at a speed and direction different from the local wind vector (Rees et al.
2000; Mahrt et al. 2009; Lang et al. 2018), then the turbulence may no longer be Lagrangian
stationary nor Eulerian stationary. A common example is a wave-like mode that propagates
through the flow.

2.2 Equilibrium Requirements

Quantification of “quasi equilibrium” formally requires observations in a Lagrangian frame-
work. The evolution of the eddies can be viewed to some degree in the Lagrangian framework
through remote sensing of eddies (Higgins et al. 2012) and through fibre-optic measurements
(Thomas et al. 2012; Zeeman et al. 2015; Pfister et al. 2019) for cases where the wind vector
is aligned with the vertical plane of the observations. Unmanned aircraft also offer potential
assessment of short-term evolution of the spatial variability near the surface (e.g., de Boer
et al. 2018).

In the usual absence of such measurements, non-equilibrium turbulence is tentatively
inferred fromfixed-pointmeasurements, as discussed below.With fixed-pointmeasurements,
the horizontal length scale of the dominant eddies, �, can be estimated as Uτp where τp is
the time scale for the eddies to pass the fixed point and U is the local wind speed. This
approximation requires that

τp << τad j , (1)

where τad j is the eddy adjustment time scale. That is, Eq. (1) assumes that the dominant
eddies do not evolve significantly during the time it takes them to pass the tower, as if they
were “frozen.” This can be viewed as a consequence of Taylor’s hypothesis.

Turbulence quasi-equilibrium requires that the eddy adjustment time scale, τad j , is small
compared to the time scale of the smallest significant non-turbulent motions characterized
by time scale τsm . The adjustment time scale τad j might be related to the time scale of the
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Fig. 3 a Idealized ensemble horizontal structure of turbulence (red dashed line, arbitrary units) is in equilib-
rium with the moving frozen structure of the mean flow (black solid line, arbitrary units), but is statistically
perceived at a fixed point (X) as non-stationary flow with inferred non-equilibrium turbulence. b Flow over a
heterogeneous surface is perceived as stationary at a fixed point (X) but in fact corresponds to non-equilibrium
turbulence

large eddies, τt , which is written in terms of the simplest possible dimensional argument
(Tennekes and Lumley 1972; Kaimal and Finnigan 1994) as

τt ≡ Ce�/ue, (2)

where � and ue are the length scale and velocity scale of the dominant eddies, respectively,
andCe is a non-dimensional coefficient that could be nominally set to unity. As one example,
ue could be chosen as the surface friction velocity. The eddy size, �, is sometimes assumed
to be proportional to the boundary-layer depth.

Relating τad j to τt , and assuming quasi-equilibrium turbulence such that τad j << τsm ,
we obtain

τt << τsm, (3)

where τsm describes the time scale of the smallest important non-turbulent flow.
The time scale τt , when estimated from the friction velocity and boundary-layer depth,

represents the adjustment time of the largest eddies. However, the full spectrum of turbulent
eddiesmight be adjustingwith different time scales (MomenandBou-Zeid2017b).Therefore,
the condition expressed in Eq. 3 might be insufficient for some purposes, depending on how
the flow is evolving. For example, if the bulk mean shear suddenly changes through a change
in the pressure forcing, the large structures are affected first and adjust with a time scale∼ τt .
However, because the smaller and smaller scales that feed on the energy of these larger scales
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sequentially equilibrate, the equilibration of the full spectrum requires a time scale that is
longer than τt .

If the forcing is completely removed, the full decay of turbulence requires the long
time scale of l2/ν (Tennekes and Lumley 1972). On the other hand, if static stability is
abruptly introduced, it acts directly on smaller scales down to the Dougherty–Ozmidov scale
(Dougherty 1961), and the spectrum might equilibrate faster than suggested by τt because
the smaller scales have shorter eddy turnover time.

Analogous to the adjustment time scale, the relaxation time scale is often invoked in
Rotta-type models of the pressure redistribution terms where τr ≡ e/ε, where the turbulence
kinetic energy (TKE, e) and dissipation rate (ε) vary with scale. See Katul et al. (2014)
and references therein. This relaxation scale is also intended to express how rapidly eddies
equilibrate by returning to isotropy. In spectral models of the redistribution, formulation of
this relaxation time makes its dependence on scale or wavenumber k more explicit, (e.g.,
τr (k) ∼ k−2/3ε−1/3).

In practice, the input quantities for the above time scales are difficult to estimate from
geophysical time series. Normally, non-equilibrium turbulence is inferred from surrogate
calculations as outlined below.

3 Generation of Non-equilibrium Turbulence

Departure of the turbulence from equilibrium with non-stationary motions can be most fun-
damentally examined in terms of forcing by time-dependent horizontal pressure gradients or
a time-dependent surface heat flux in a numerical setting where the physics can be at least
partially isolated. Momen and Bou-Zeid (2017b) explicitly identified the role of the time
scale of a specified non-stationary horizontal pressure gradient. When the time scale of the
forcing by the horizontal pressure gradient is large compared to the characteristic time scale
of the turbulence (a scale gap), the turbulence maintains quasi-equilibrium with the forcing.
In contrast, the turbulence does not maintain equilibrium when the forcing time scale is the
same order of magnitude as the time scale of the main turbulence eddies.

The very stable boundary layer can be considerably more complex where forcing may
simultaneously occur on a variety of scales, including scales just larger than the turbulence.
However, new stochastic analyses are providing valuable insight into the generation of tur-
bulence by non-stationary motions, including possible switching back and forth between
different states (McNider et al. 1995; Sun et al. 2012; Monahan et al. 2015; Kang et al.
2015; Vercauteren et al. 2016; Sun et al. 2016; Abraham and Monahan 2020). Through
extended multiresolution analysis, Nilsson et al. (2013) were able to identify the generation
of momentum flux due to specific scales of the non-turbulent submeso motions. The influ-
ence of non-stationary motions on the turbulence can also be viewed as externally forced
turbulent intermittency (Monti et al. 2002; Yagüe et al. 2006; Acevedo et al. 2014; Sun et al.
2015a, b; Burman et al. 2018; Cava et al. 2019; Vercauteren et al. 2019) although the term
“intermittency” varies substantially between studies.

The non-stationarymotions canbepartitioned into a deceleration phase and an acceleration
phase where the impact on the turbulence is different. With flow deceleration, fluxes can
be greater than equilibrium predictions due to frequent increasing directional shear with
decreasing airflow, inflection point instability associated with flow distortion, and turbulence
that is decaying but still influenced by previous higher wind speeds (Mahrt et al. 2013). That
is, the turbulence intensity decreases during the deceleration phase, but remains larger than
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the equilibrium value due to the lag of the of the decaying turbulence. With accelerating
flow, the intensity of the lagging turbulence is less than the equilibrium value. On average,
non-stationarity in the stable boundary layer can lead to a net increase in the turbulent
transport (Mahrt 2008), although the generality of this result is not known. Salesky and
Anderson (2018), and citations therein, find that LSM and VLSM can significantly modulate
the amplitude of small-scale turbulent fluctuations.

Most observational studies do not consider the feedback of the turbulent fluxes upon the
non-stationarymotions. Increased turbulence and downwardmomentum flux can lead to flow
acceleration such that cause-and-effect relations between the flow and turbulence become
obscure or unexpected (Shah and Bou-Zeid 2014). Alternatively, the generation of significant
mixing might eliminate or damp the non-stationary motions responsible for the turbulence
generation and become the main cause of the turbulence demise.

4 Measures of Non-stationarity and Non-equilibrium Behaviour

How far can the flow depart from stationarity before the assumption of equilibrium turbulence
becomes invalid? Yaglom (1973) formally defines and comprehensively discusses various
degrees of stationarity: see also Tennekes and Lumley (1972), Panofsky and Dutton (1984),
and Sorbjan (1989). For example, complete turbulence stationarity theoretically requires
that the lagged autocorrelation coefficient depends only on the lag (for any lag) and not on
the position in the time series. In other words, turbulent statistics for one part of the record
should be the same as for any other part of the record. However, the estimate of these turbulent
statistics requires a sufficiently long sub-record length so that the random errors are small
for each sub-record, which in turn requires that the total record length is very long. Very
long stationary records are difficult to find in the atmospheric boundary layer. In addition,
evaluating the random error formally requires stationarity, leading to a circular problem.

The lack of an inertial subrange can be an indicator of important non-stationarity (Sorbjan
and Grachev 2010; Grachev et al. 2013; Li et al. 2015). Li and Fu (2011) identified the impact
of non-stationarity in terms of clustering and intermittency behaviour. Non-stationarity can
also be inferred from sensitivity of the integral scale to the record length and failure to
converge without filtering or conditioning of the data (Panofsky and Dutton 1984; Dias
et al. 2018). Because of common non-stationarity, Panofsky and Dutton (1984) recommend
avoiding integral scales for the analysis of atmospheric observations. Simiu et al. (2019)
estimated the integral scale based on fitted spectra, though the behaviour of the integral scale
may differ between different variables (Dias et al. 2004).

Non-stationarity is more commonly inferred from the lack of a spectral gap (Fig. 1),
usually in terms of the horizontal velocity spectra. Spectral gaps above the boundary layer
(in the free troposphere) are generally not evident (Nastrom and Gage 1985; Gage and
Nastrom 1986), noting that spectral gaps are expected in stationary boundary layers. In
stable boundary layers, Vercauteren et al. (2016) found a subclass of submeso motions that
were separated in scale from the turbulent motions, allowing turbulence quasi-equilibrium.
A subclass with an incomplete or non-existent spectral gap between the turbulent and non-
turbulent motions suggests that the turbulence cannot maintain equilibriumwith the submeso
motions (Vercauteren et al. 2016). For very stable conditions over land, the lack of a spectral
gap may be related to the obscurity of the transition between turbulent and non-turbulent
scales, possibly due to scale overlap of the submeso motions and the turbulence. This regime
is intrinsically non-stationary.
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A spectral gap may be “shallow” in the unstable boundary layer corresponding to signifi-
cant kinetic energy within the gap (Larsén et al. 2016). Panofsky and Dutton (1984), Schulz
and Sanderson (2004), Lenschow and Sun (2007), Simiu et al. (2019), and citations therein,
provide examples of poor or nonexistent scale gaps. Even though the spectral gap for the
horizontal velocity components may be limited or missing, the cospectra may still be useful
for identifying the turbulent scales. If the cospectra are poorly defined, the estimated turbulent
fluxes become sensitive to the choice of averaging time (Schulz and Sanderson 2004).

One can consider dissipation/production of turbulence intensity and estimate how much
these vary in time, and in equilibrium turbulence, these quantities, or at least their ratio,
should be steady. Dissipation can be practically estimated from observations of structure
functions. A basic test for equilibrium examines the potential production–dissipation balance
of TKE, where dissipation is evaluated indirectly from observations (Freire et al. 2019) or
non-equilibrium is evaluated directly from direct numerical simulations. Momen and Bou-
Zeid (2017b) used the criterion that the ratio of the shear production to the dissipation for
neutral conditions should remain≈ 1 for turbulence to be in equilibriumwith a varying mean
flow. Cancelli et al. (2012) applied this test to scalars for unstable conditions and showed that
strong vertical transport of scalar covariance disrupts the production–dissipation balance.
This disruption violates Monin–Obukhov and temperature–humidity similarity theory. They
also proposed dimensional indicators to gauge the effect of transport on the imbalance.

5 Removal of Non-stationarity

A number of less rigorous methods have been developed to quantify non-stationarity toward
the goal of removing non-stationary records or attempting to “filter” out the non-stationary
scales. While the removal of non-stationary records improves the performance of similarity
theory, numericalmodels are often applied to all conditions, including non-stationary periods.
As a result, similarity relationships calibrated to stationary conditions might lead to a flux
bias when applied to all situations.

Methods to remove non-stationary records all make assumptions and generally require
specification of threshold values. Večenaj and De Wekker (2015) and Babić et al. (2016)
provide extensive surveys and examine a number of methods that allow objective removal
of non-stationary records. Because the methods can disagree substantially, Večenaj and De
Wekker (2015) simultaneously applied several methods to better ensure removal of the signif-
icant non-stationarity. Coulter and Doran (2002) removed records with large non-stationarity
based on a measure of the intermittency and a threshold value. Violation of similarity theory
can be dominated by large deviations of a limited number of individual points from similar-
ity relationships (outliers), and such outliers contribute to the overall non-stationarity of the
time series. Removal of outliers improves the performance of similarity but may exclude real
behaviour.

Removal of the non-stationary scales from records without removing entire records is
more complex. Filtering non-stationarity from the non-turbulent flow provides more mean-
ingful fluxes by reducing the inadvertent non-turbulent contribution to the turbulent fluxes
but does not remove the non-equilibrium character of the turbulence. Examples of filtering
can be found in Večenaj and De Wekker (2015); detrending techniques are a form of filter-
ing for removing non-stationarity (Rannik and Vesala 1999). Metzger and Holmes (2008)
removed non-stationarity based on various characteristic time scales estimated from the time
series. Based on a multi-resolution decomposition, Howell and Sun (1999) examined the flux
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intermittency for each scale posed in terms of the standard error and filtered out the larger
scales based on the standard error. Local wavelet transforms are particularly effective for
examination of non-stationary turbulence (Collineau and Brunet 1993; Cornish et al. 2006;
Metzger and Holmes 2008; Martins et al. 2017).

6 Non-stationaryMean Flows with Quasi-Equilibrium Turbulence

Although we focus primarily on deviation of the turbulence from an equilibrium state, we
briefly examine non-stationarity on larger time scales where the turbulence may maintain
quasi-equilibriumwith the evolving flow.The non-stationarity of themeanflowon time scales
much larger than the turbulent time scale and larger than the spectral gap, when it occurs,
generally permits quasi-equilibrium turbulence and compliance with classical theories. Non-
normalized turbulence statisticsmay still be unsteady. Inmany cases, these transient dynamics
of the mean are the dominant characteristic of the flow and dictate the time dependence of
the turbulence dynamics and surface fluxes.

During the evening transition, the decrease in turbulence intensity at any level can reduce
the coupling with the surface, setting up an inertial oscillation whereby the flow above
the surface accelerates significantly, producing a low-level jet. These dynamics were first
modelled by Blackadar (1957) as an undamped oscillator where the eddy viscosity (and thus
the stress-divergence term) is assumed to suddenly vanish at the idealized transition time.
Improvement on this model was later obtained in terms of a sudden (Shapiro and Fedorovich
2010; Van de Wiel et al. 2010; Momen and Bou-Zeid 2016), or gradual (Momen and Bou-
Zeid 2017a) reduction of the diffusivity. The transient response of the mean flow can then
be predicted for any change in the balance between the pressure gradient, Coriolis, and
friction forces (such as change of synoptic pressure gradient, decrease in the turbulent stress
associated with increased stability, and so on).

The quasi-stationarity assumption is valid only if the forces change over sufficiently long
time scales tomaintain a spectral gap. Then classic turbulence closures can be used to develop
Reynolds-averagedmodels of the time evolution of themeanwind vector. Themean flow also
evolves sufficiently slowly to allow equilibrium turbulence in some katabatic flows (Shapiro
and Fedorovich 2010), land-sea breezes (Gilliam et al. 2004), and possibly the response of
the boundary layer to the passage of a synoptic frontal zone.

7 Over the Sea

The lack of a significant diurnal trend over the open ocean reduces one of the main causes
of non-stationary airflow. However, non-stationarity of the wind field over the sea can lead
to greater complexity compared to that over land surfaces because the wave state and sur-
face roughness are jointly adjusting to the non-stationary wind field. Over land, the surface
roughness at a fixed point is more or less constant, at least for a given wind direction. Non-
stationarity of the airflow over the sea influences the surface stress both directly (as would
occur with fixed surface roughness) and indirectly through modification of the surface wave
field and surface roughness.

Different frequencies of the wave field respond differently to changes in the wind vector
(Rieder and Smith 1998). The capillary waves and small gravity waves respond more quickly
and more likely achieve quasi-equilibrium with the changing wind field, with the main wind-
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driven waves and the swell requiring more time to adjust. Mahrt et al. (2016) found that
for a given averaged wind speed, non-stationarity enhanced the sea-surface stress. Under
low-wind conditions, Grachev et al. (2003) found that the non-stationarity of the airflow
can generate large cross-wind stress angles. Chen et al. (2018), and citations therein, also
show that non-stationarity of the wind field can cause large deviations of the direction of the
sea-surface stress vector from the wind direction. They recommend routinely assessing the
importance of the non-stationarity of the airflow.

8 Parametrization of the Non-stationaryMotions

Unfortunately, the parametrization of the overall influence of the small-scale motions on the
turbulence first requires predicting the non-stationary motions themselves. The causes of
such motions are often unknown, and they may propagate from outside of the observational
domain. Small-scale non-stationary motions are frequently not resolved by the spatial reso-
lution of numerical models, are not included because of incomplete physics in the models, or
are eliminated by implicit or explicit horizontal diffusion (Belušić and Güttler 2010; Güttler
and Belušić 2012).

As a general indicator of non-stationarity evaluated from measurements in the SBL,
Acevedo et al. (2014) defined the ratio Rsm ≡ esm/σ 2

w, where esm is the submeso kinetic
energy and σw is the standard deviation of the vertical component of the turbulence. They find
this ratio to increase with increasing stability. In some studies, the submeso kinetic energy
esm increases only slowly with increasing wind speed, U , without any obvious dependence
on stability (Anfossi et al. 2005). Vickers and Mahrt (2007) and Acevedo et al. (2014) found
that, on average, esm is largest in complex terrain, smaller over flatter surfaces, and small-
est over the sea. Because esm increases with the largest scale included in the calculation of
esm , and because both U 2 and σ 2

w can be relatively independent of this scale, the ratio Rsm

increases with the largest scale included in the calculation of esm .
At the time of writing, progress is being made on the formulation of the non-stationary

motions for the unstable boundary layer and their impact on the turbulent fluxes (personal
communication, Scott Salesky 2020). This problem is better posed in the unstable boundary
layer compared to the SBL because different types of non-stationary motions in the SBL are
commonly superimposed and may originate non-locally.

9 Future Directions

Determination of the degree of equilibrium of the turbulence and the validity of similarity
theory for the surface fluxes is an important motivation for assessing non-stationarity in
boundary layers. Common causes of non-stationary turbulence are time-dependent thermal
forcing and time-dependent dynamical forcing bymotions on scales just larger than the largest
turbulent eddies. Small-scale motions that dynamically force non-equilibrium turbulence are
often unpredictable themselves.

The departure from equilibrium turbulence is not well understood, partly because existing
observational systems do not allow following the modification of the turbulence by moving
with the local flow. Measurements at fixed points reveal only “snapshots” of eddies or tur-
bulent patches as they pass a fixed point, without adequate information on the generation of
such turbulence upwind from the fixed point or the decay of such turbulence downwind from
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the fixed point. Networks of observations over homogenous surfaces provide the opportunity
to examine turbulence adjustment in a Lagrangian framework although such investigations
remain for future work. Fibre-optic sensing and remote sensing by lidar can yield detailed
insight into the evolution of the turbulence moving with the flow (Sect. 2.2).

Non-stationary submeso motions in the SBL are currently not well resolved or else poorly
predicted by numerical models. These scales include a variety of different types of motion
that include those that propagate over long distances. Progress may be afforded by detailed
comparison of fields from model simulations with spatially-resolved observational networks
that include a sufficiently large range of space scales. This allows the evaluation of the
Lagrangian and Eulerian unsteadiness and associated disruption of turbulence equilibrium.

To organize future studies of the effect of non-stationarity, Fig. 1 provides a plausible non-
unique classification of non-stationarity regimes. Is this preliminary classification scheme,
or any classification scheme, useful for examining the degree of turbulence equilibrium and
for estimating any systematic deviation of the fluxes from equilibrium values? Can Fig. 1 be
improved and expanded to include transitional periods?

A general path of future investigations might follow the left-hand side of Fig. 2. The
parametrization of the non-stationarity is expected to be only very approximate for the stable
case butmore tenable for the unstable case. Prediction of non-stationarymotions is required to
formulate modification of the turbulence and turbulent fluxes. The goal is to at least modestly
improve upon the use of existing similarity theory. A more immediate short-term goal might
be to pragmatically improve the prediction of similarity theorywith simple adjustments of the
coefficients to correct for “climatic bias”, such as systematic underestimation of the surface
stress. A longer term goal is to move toward understanding the full range of non-universal
motions from the turbulence production range up to the mesoscale, and how they interact
under non-equilibrium conditions.
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