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Introduction
1.1 The atmospheric boundary layer
In this thesis we investigate the dynamics of turbulence, wind and temperature in the nocturnal atmospheric boundary layer. The boundary layer is the
lowest part of the atmosphere which is directly influenced by the presence
of the earth’s surface, and responds to surface ’forcings’ with a time-scale of
about an hour or less. These ’forcings’ include aspects of frictional drag, heat
transfer, surface evaporation and e.g. pollutant emission (Stull [1988]). As
a consequence of the diurnal radiative heating by the sun, the sensible and
latent heat fluxes between the earth and the atmosphere experience a daily
cycle. This characteristic pattern is followed by the near-surface temperature
and humidity of the air. Indirectly, the thermodynamics also induce a diurnal
pattern in both wind and turbulence, as will be motivated below.
During daytime, the sun heats the earth. The air near the surface becomes
warmer than the overlying air. Such situation is dynamically unstable: warm,
near-surface air starts to rise in the form of thermals. This coherent rising
induces sinking of relatively cold air in neighbouring regions. In this way the
daytime boundary layer mixes spontaneously by convective turbulence. On
mid-day a relatively thick boundary layer results. At fair weather conditions
this depth is of the order of 500 − 2000 m at mid-latitudes.
At night, the situation is rather different. In absence of solar heating, the
surface cools due to longwave radiative emission. Air near the surface cools,
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and because cold air is heavier than warm air, the resulting density stratification is dynamically stable. For this reason the nocturnal boundary layer is
also referred to as the stable boundary layer (SBL). In contrast to the convective boundary layer (CBL) mixing does not occur spontaneously in the SBL.
Then, air can only be mixed actively in case when sufficient wind-shear is
present. As vertical mixing is less intensive the boundary layer is less deep.
At night the boundary layer depth typically ranges between say 50 − 300 m,
depending on the cooling and wind regime that night. The latter factors, in
turn, depend on the large-scale, synoptic weather pattern over the region of
interest. Above the nocturnal boundary layer, usually a non-stratified, neutral layer resides, which contains residual turbulence from the preceding day.
In Figure 1.1, adapted from Stull [1988], a schematic picture of the diurnal
cycle of the atmospheric turbulent boundary layer is presented.

Figure 1.1: Structure of the atmospheric boundary layer (adapted from Stull
[1988]).
The difference in turbulence characteristic between the daytime and nighttime boundary layer is also reflected in vertical profiles of mean wind and
temperature (Figure 1.2). During the day the temperature is rather uniform
with height, as a result of the vigorous mixing in the bulk of the boundary
layer. Note that the profiles in Figure 1.2 are represented using the so-called
potential temperature. This is the temperature corrected for adiabatic expansion, such that ’trivial cooling effects’ (due to the fact that pressure decreases
with height) are filtered out. The air in the entrainment zone is generally
warmer than in the mixed layer. This results in a locally stable layer, which
acts as a lid on the CBL. For similar reasons strong uniformity is also found
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in the daytime wind profile. Above the boundary layer, the wind does not directly ’feel’ presence of the ground, so that it may reach a geostrophic balance
between Coriolis and pressure-gradient forces.
At night, uniformity is still present in the thermal residual layer, but not
in the boundary layer itself. Gradients are large due to the fact that vertical
transport by turbulence is rather limited. A rather striking aspect in the wind
profile is the occurrence of a low-level wind maximum, which typically occurs at the top of the boundary layer (Blackadar [1957] and Van de Wiel et al.
[2010]). This so-called low-level jet, is a non-stationary phenomenon which
intensifies during the night, and has a typical time-scale of about 15 hours at
moderate latitude. It results from an inertial oscillation, which is caused by
a sudden imbalance between the Coriolis, pressure and frictional force. The
latter suddenly weakens at the end of the afternoon, when convective mixing
ceases due to the formation of the stable boundary layer. In this study, Coriolis effects are not considered, so that this type of inertial oscillations will be
excluded from the analysis.

(a) During daytime

(b) During nighttime

Figure 1.2: Vertical temperature and wind speed profiles in the boundary
layer (Adapted from Stull [1988]). The symbol G stands for geostrophic
wind.
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1.2 Turbulence in the boundary layer
In the atmospheric boundary layer, the efficiency of the transport of heat,
momentum, moisture and pollutants is directly related to the intensity of
turbulence present. Here, by turbulence, we refer to chaotic motions of coherent structures in the air known as ’eddies’. Turbulence is generated at
a relatively large scale, where flow instabilities create larger vortices, which
become unstable themselves and break up in smaller and smaller ones via
the so-called ’energy cascade’. Finally, at the smallest scale (typically in the
order of millimetres), turbulent kinetic energy is effectively converted into
heat via viscous dissipation. As this dissipation represents a sink of kinetic
energy, one needs a continuous source of turbulence in order to maintain it.
In absence of solar heating to create buoyancy-driven turbulence, only wind
shear is available for this purpose during the night. In fact, buoyancy forces
oppose turbulent mixing as the cold and heavy air hardly mix. This implies
that mixing by the wind is competing with radiative cooling, which continuously generates cold air near the surface. Depending on the outcome of this
competition, two major regimes with different turbulent characteristics may
occur during the night: the weakly stable boundary layer and the very stable
boundary layer. Figure 1.3 illustrates the case of a very stable boundary layer
with development of mist.

Figure 1.3: Mist over a highway near Eindhoven in the stable boundary layer
shortly after sunrise (by courtesy of: Güneş Nakiboğlu).
Weakly stable boundary layers are characterized by continuous turbulence. Due to significant mixing, the turbulent (sensible) heat flux towards

Introduction

5

(a)

(b)

Figure 1.4: Extreme cooling under light-wind conditions over fresh snow
as observed at the Cabauw observatory 03/02/2012. (a) Air temperature at
various heights. (b) Wind speed at 10m and 200m (courtesy: Bosveld, KNMI).

the surface is able to compensate the radiative heat loss at the surface and
air near the surface remains relatively warm. Weakly stable boundary layers
occur in windy and/or cloudy situations and are generally well understood
(Fernando and Weil [2010]). In contrast, very stable boundary layers commonly occur under clear skies, with weak or calm winds. Due to weak mechanical forcing continuous turbulence cannot be maintained and the flow
may become quasi-laminar. With less turbulent heat transport to compensate
radiative cooling, temperatures near the surface reach much lower values.
Therefore, light wind conditions promote the occurrence of cold extremes
in winter. This is illustrated in Figure 1.4. In contrast to the weakly stable
boundary layer, the physics behind the very stable boundary layer is poorly
understood (Mahrt [2014]). Moreover, it is not clear which regime will occur
at a particular night, as a formal prediction criterion is presently lacking. Because the two regimes lead to completely different temperature signals, this
uncertainty leads to large errors in weather forecasting and climate prediction, particularly in Arctic or winter regions (Holtslag et al. [2013]). This is
the main reason why the cessation of turbulence is studied in this thesis. In
line with this, a better understanding of the nocturnal boundary layer is of
relevance for our daily life and economy. Accurate prediction of road frost
and dense fog events is beneficial for our safety in commuting from home
to work/school. Fog events may also have an impact on the efficiency and
safety of airport operation (Figure 1.5a). Clear and calm nights during spring
may cause serious economic frost damage in agricultural activities, in par-
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(a)

(b)

Figure 1.5: (a) Mist at the airport (courtesy of Denis Boschlau). (b) Frozen
seeds (Stephen Downes).
ticular in fruit orchards (Figure 1.5b). Finally, atmospheric conditions also
impact on local air quality: a cessation of turbulence promotes the accumulation of pollution near the surface, particular during rush hours in winter,
which may lead to serious smog events in urban area’s (Slikboer [2013]).

1.3 Scientific approach
The nocturnal boundary layer is notorious for its complexity (Poulos et al.
[2002]). A multitude of physical processes may interact simultaneously on
various temporal and spatial scales. Real atmospheric boundary layers often
deviate from the idealized picture sketched above. At night, minor topography already favours down-slope drainage flow of cold air. At the same time,
the ambient flow over topography may induce gravity-wave activity, which
may modulate the turbulence itself. Horizontal heterogeneity of land-surface
properties may induce local flow circulations on the sub-meso scale (Mahrt
[2014]). On a larger scale, lateral advection and subsidence may strongly
impact on the mean structure of the nocturnal boundary layer. Apart from
turbulence, processes like soil heat transport, radiative heat transport, heat
storage in the vegetation, and dew or fog formation will have an effect on the
local energy budget (Moene and Van Dam [2014]). Finally, stationary conditions are rare in reality. The boundary layer is strongly affected by the actual
synoptic weather pattern, which is continuously changing from day to day.
The passage of a weather front may lead, for example, to a sudden change in
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the type and amount of cloud coverage, which in turn impacts on the longwave radiative balance at the surface. The same is true for the large-scale
wind forcing, which changes along with the synoptic conditions.
The complexity of the atmosphere makes it difficult to isolate the mechanism
behind the collapse of turbulence directly from observational analysis alone.
For this reason, in this thesis, numerical analysis is preferred for in-depth process analysis. In numerical simulation both external forcings as well as initial
and boundary conditions can be fully controlled and only the most dominant processes need to be taken into account. Here, in order to study the
collapse, we will focus on a strongly idealized configuration in the form of a
surface cooled, flat, horizontally homogeneous dry channel flow, driven by a
stationary pressure gradient. The set up follows the configuration studied by
Nieuwstadt [2005], and Flores and Riley [2011].
In his pioneering work, Nieuwstadt [2005] studied the behaviour of turbulence in a cooled channel flow using so-called Direct Numerical Simulations (DNS). With DNS one solves the conservation equations for momentum, heat and mass from first principles without the need to rely on turbulence modeling/parameterizations. This means that the fully spectrum
of turbulence is resolved from the largest energy containing eddies until the
smallest eddies where turbulent kinetic energy is converted into heat (though
simulated Reynolds numbers remain modest as compared to atmospheric
flow; see the discussion in chapters 2 and 3). The results by Nieuwstadt
[2005] show the intriguing fact that a clear transition between the turbulent
and laminar regime is observed: turbulence in the channel flow collapses
when the cooling exceeds a certain critical value. In this way DNS may provide a useful analogy to mimic the atmospheric case. An example of a DNS
studied by Donda et al. [2015] is given in Figure 1.6. Unfortunately, the
physical mechanism behind the collapse in this type of simulations remains
unknown. Next, it is motivated why this is the case. So far, most research
in both applied and more fundamental fluid mechanics focused on the transition from laminar to turbulent flows. In that case, flow instability can be
studied by imposing small sinusoidal perturbations on a known (analytical)
solution of the governing equations in their basic, laminar state. The equations are linearised and the initial, temporal evolution of the perturbations
is studied: if the perturbations decay in time, the flow is able to remain its
laminar state and the state is hydrodynamically stable. On the other hand, if
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(a)

(b)

Figure 1.6: Vertical cross-section of the instantaneous horizontal wind speed.
(a) Turbulent field (b) Field after collapse of turbulence due to strong cooling
(laminar case). Colours indicate the dimensionless magnitude of the velocity.

the amplitude of the perturbations grows in time, the laminar state is unstable and a flow transition to a turbulent state is foreseen (e.g. Miles [1961];
Boing et al. [2010]). This methodology in order to predict the transition to
turbulence is nowadays widely accepted in fluid mechanics (e.g. Kundu and
Cohen [2008]). However, for the reverse transition, from turbulent to laminar, such approach appears to be unsuitable: an analytical description of the
basic state (which would have to be perturbed) is unavailable, as turbulence
is chaotic in itself.
Recently, a new perspective to this problem has been provided by Van de
Wiel et al. [2012a], for the case of flux-driven stratified flows. In reality,
such case could be an idealization of clear sky nocturnal boundary layer over
fresh snow, i.e. when the atmospheric boundary layer is cooled by longwave
radiation from a surface which is isolated from the underlying soil. In the approach in Van de Wiel et al. [2012a], the turbulent basic state is represented
by a statistical approximation of its mean characteristics, rather than by an
exact description. Next, it was observed that this approximate mathematical
descriptions points towards an unforeseen physical consequence: it predicts
that the heat transport that can be transported vertically in stratified flow is
limited to a definite maximum. When the heat extraction at the surface exceeds this maximum the density stratification near the surface becomes so
strong that turbulence cannot be maintained. In this thesis this concept is
denoted as: the Maximum Sustainable Heat Flux theory. A nice property
of the theory is that the anticipated point of regime-transition does not appear to be very sensitive to the specific form of the formulations which are
used to approximate the turbulent basic state. Indeed, recent results by Van
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Hooijdonk et al. [2014] have indicated the potential of such an approach in
order to predict the collapse of turbulence in actually observed cases at the
Cabauw-tower in the Netherlands (KNMI).

1.4 Thesis outline
As mentioned above, Direct Numerical Simulations are used as research tool
in the thesis. The main goal of the research is to investigate whether the collapse of turbulence in flux-driven stably stratified channel flows can be understood and predicted using the Maximum Sustainable Heat Flux (MSHF)
theory. To this end in chapter 2, the response of a non-stratified flow to a
sudden onset of cooling is studied. A constant heat flux is extracted at the
surface and from case to case the cooling is increased. In order to get confidence in the simulations, we first investigate if the critical cooling value as
reported in Nieuwstadt [2005] is reproduced. Next, we evaluate whether the
parametrized descriptions of turbulence used in the MSHF-theory are realistic from a DNS perspective. Hereto, we will compare predicted wind profiles
with the simulated profiles in steady state. Finally, the mechanism behind
the collapse is investigated and results by the DNS are interpreted from the
perspective of the theoretical framework.
In chapter 3, the dynamics of the channel flow after collapse is studied.
From theoretical considerations a regeneration of turbulence is expected in
the long-term. The regeneration is possible due to significant flow acceleration which begins briefly after collapse, when turbulent friction is largely
reduced. Yet, such recovery was not found in earlier DNS simulations by
others. Here, this paradox is solved by demonstrating that those studies did
not consider the important role of finite-size perturbation in this process of
recovery. As such it is demonstrated that the ’critical cooling’ is not critical for
the long-term state of the flow, which is unconditionally turbulent. Finally,
we address the prediction by the MSHF theory, which states that even in the
short-term, flows with sufficient initial momentum should be able to survive
’supercritical’ cooling.
Last part of the thesis (chapter 4) deals with a more practical issue related to the prediction of characteristic near-surface wind and temperature
profiles from ’external’ forcings parameters like the geostrophic wind and
net radiation. The topic is relevant for example in applied studies on pollu-
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tion modeling. Here a simplified approach will be followed which couples
Ekman-layer dynamics to an elementary energy balance. Predictions are validated against climatological data from the KNMI-Cabauw observatory in
The Netherlands which covers 11 years of observations. Finally, the results
are benchmarked against re-analysis data from the ECMWF (European Centre for Medium-range Weather Forecast). As such, the methodology could
provide an alternative tool to give a first order-estimate of the nocturnal wind
and temperature profile near the surface in cases when advanced numerical
or observational infrastructure is not available. The thesis is closed in chapter
5, where a general discussion on results and new perspectives for future work
are presented. Finally, a list of peer-reviewed articles based on the chapters
(three articles in total) and co-authored articles (two articles) is given at the
end of the thesis.

Chapter

2

The maximum sustainable heat flux in
stably stratified channel flows
2.1 Abstract
In analogy to the nocturnal atmospheric boundary layer a flux-driven, cooled
channel flow is studied using Direct Numerical Simulations. Here, in particular, the mechanism behind the collapse of turbulence at large cooling rates
is analysed. In agreement with earlier studies, the flow laminarizes at strong
cooling rates. The mechanism for the cessation of turbulence is understood
from a Maximum Sustainable Heat Flux (MSHF) theory, which is here tested
against numerical simulations. In stratified flow the maximum heat flux that
can be transported downward by turbulence at the onset of cooling is limited to a maximum, which, in turn, is determined by the initial momentum
of the flow. If the heat extraction at the surface exceeds this maximum, nearsurface stability will rapidly increase, which further hampers efficient vertical heat transport. This positive feedback eventually causes turbulence to
be fully suppressed by the intensive density stratification. It is shown that
the collapse in the DNS-simulations is successfully predicted by the MSHFtheory. Apart from formal analysis, also a simplified methodology is presented, which is more useful in practice for prediction of regime-transitions
in field observations. In future work, there is a need to extend the present
framework to more realistic configurations. This allows for inclusion of for
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example Coriolis effects and more realistic surface boundary conditions.

2.2 Introduction
The objective of the present study is to understand the sudden collapse of
turbulence in the atmospheric, evening boundary layer in conditions of light
winds and clear skies. To this end an analogy is studied in the form of a flux
driven, stably stratified channel flow, which is analysed using Direct Numerical Simulations. As reported by Nieuwstadt [2005] (from hereon: N05) and
Flores and Riley [2011] such flow laminarizes at large cooling rates. Here, it
is shown that the process of laminarization can be understood and predicted
using the concept of the Maximum Sustainable Heat Flux (MSHF) as defined
in Van de Wiel et al. [2012a] (id: VDW12a).
The state of the nocturnal atmosphere is strongly influenced by two competing factors: longwave radiative cooling, which acts to create a pool of
cold and dense air near the surface, and turbulence driven by wind shear,
which acts to mix this air with warmer air aloft. On a synoptic scale those
aspects are generally related to the amount and type of cloud coverage and
the strength of the synoptic wind field. Depending on the relative importance of the aforementioned factors boundary layers with different turbulent
characteristics may occur (though additional aspects may play an important
role as well). A widely accepted vision is the separation in a so-called weakly
stable boundary layer and the very stable boundary layer (Soler et al. [1996],
Mahrt [1998] and Monahan et al. [2011]). Weakly stable boundary layers are
characterized by continuous turbulence and tend to occur in cloudy and/or
windy conditions. In contrast, very stably boundary layers commonly occur
under clear skies with weak winds. In this case turbulence is generally weak,
intermittent, or, in extreme cases, almost absent (Cuxart et al. [2000], Poulos et al. [2002], Van de Wiel et al. [2003], Grachev et al. [2005], Mahrt
[2011] and Sun et al. [2012]). Even in the latter case some patchy turbulence
of minor intensity is likely to occur due to atmospheric disturbances driven
by e.g. local topography, heterogeneity or for example externally induced
gravity-wave activity (see overview by Mahrt [2014]).
In order to illustrate the distinct character of the prototypes, we consider
figure 2.1, which is adapted from a recent analysis by Van Hooijdonk et al.
[2014]. Clear nights were selected out of an 11-year dataset obtained at the
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200m Cabauw tower (KNMI; Royal Netherlands Meteorological Institute).
Next, nights with similar wind forcings where grouped into subsets based
on the 40m wind at sunset. As such each point represents a large number of
nights (approximately 30 to 150), which explains the relatively small amount
of scatter. In the graph the turbulent stress is plotted as a function of the wind
speed at 40m as observed in the time-interval from 1 to 3 hours after sunset.
From the graph clearly two distinct regimes are visible. While going from
right to left, a decreasing speed corresponds with decreasing stress levels, as
is to be expected. However, when the wind is below a certain threshold value
the stress values become negligibly small. In Van de Wiel et al. [2012b] this
point is referred to as ’the minimum wind speed for sustainable turbulence’.
A similar dependence between turbulence intensity and wind speed has been
reported earlier in other data-sets (e.g. King and Connolly [1997], and Sun et
al. [2012]).
In the observational study by Van Hooijdonk et al. [2014] only clear skies
are considered. Thus, such radiative ’forcing’ is kept constant while the wind
forcing is varied. The present study considers the complementary case: momentum forcing will be kept fixed and instead the surface cooling will be
varied. Here, also numerical modeling is preferred over direct observational
analysis. Real atmospheric boundary layers are the result of an extremely
complex interplay between various physical processes like: radiative cooling, turbulent mixing, fog formation, atmosphere-surface interaction, gravity
wave breaking, circulations at the mesoscale, drainage flows etc. In addition
they are ’open’, such that aspects of horizontal advection may play an important role. Finally, heterogeneity and non-stationarity is the rule rather than
the exception (Bosveld et al. [2014]). It is clear that such complexity makes it
difficult to isolate the mechanism behind the collapse of turbulence directly
from observations. In contrast, numerical analysis facilitates a full control
of the forcings, initial and boundary conditions of the flow. Also, numerical
analysis enables system simplification, such that only the dominant factors
are taken into account. Nevertheless, it should be realized that the approach
as in the present study is a crude simplification of reality. For example, here
the model response to extreme cooling will result in laminarization of the
flow. In real geophysical flows however, truly laminar states are unlikely
to persist for long time (compare Mahrt and Vickers [2006], Mauritsen and
Svensson [2007], Zilitinkevich et al. [2007], Sorbjan [2010], Grachev et al.
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[2012]). Therefore, the analysis can only be considered as complementary to
studies on observational data and studies with more applied modelling techniques of higher process complexity.
With respect to numerical simulation of the collapse phenomenon a pioneering study was made by McNider et al. [1995]. By using a strongly
idealized bulk model with parameterized turbulent diffusion they showed
that the non-linear structure of the governing equations may lead to nontrivial system behaviour in the form of bifurcations and sensitivity to initial
conditions. With a similar approach Van de Wiel et al. [2003] illustrated the
possibility of limit cycle behaviour due to non-linear atmosphere-surface interaction, which may lead to intermittent turbulence near the surface (cf. Revelle [1993]). Apart from those bulk models, qualitatively similar behaviour
has been reported by (more realistic) multi-layer RANS models by e.g.: Derbyshire [1999], Delage et al. [2002], Shi et al. [2005], Costa et al. [2011],
Acevedo et al. [2012] and Łobocki [2013]. Apart from those parameterized
approaches, studies with turbulence-resolving models like Large-Eddy Simulation have been mostly limited to the continuous turbulent, weakly stable case. LES-modeling becomes non-trivial in case of strong stratification,
when turbulent transport on the subgrid scale become increasingly important (see e.g. discussion in Saiki [2000], Beare and Mcvean [2004] and Edwards [2009]). Recently however, more studies analysed cases with stronger
stratification (e.g. Huang and Bou-Zeid [2013]) where turbulence may obtain
an intermittent character (Zhou and Chow [2011]) or may collapse at some
stage (Jimenez and Cuxart [2005]).
In order to avoid sensitivity to subgrid scaling at large stability in LES
an alternative is available in the form of so-called Direct Numerical Simulations (DNS; e.g. Coleman et al. [1992], N05, Boing et al. [2010], Flores
and Riley [2011] and Ansorge and Mellado [2014]). In DNS the governing equations for the turbulent motion are fully resolved up to the smallest
scale where turbulent kinetic energy is being dissipated into heat. This means
that there is no need to rely on (model specific) subgrid closure assumptions,
which is a clear advantage. However, an important drawback lies in the fact
that due to computational constraints only flows with modest Reynolds numbers can be simulated. This means that generalization of the results requires
additional simulations with models that are able to simulate high-Reynolds
number flows such as LES.
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In the present work, we build on a particularly interesting result that was
obtained first by N05 and later by Flores and Riley [2011]. N05 has analysed
the physical characteristics of turbulence in a pressure-driven stably stratified
channel flow. The flow starts from a neutral case and is then suddenly cooled
by a prescribed surface flux in order to mimic the evening transition in the
atmospheric boundary layer. He showed that beyond a critical cooling, the
flow is unable to keep its turbulent state and the flow laminarizes.
Apart from simulating the process of laminarization, a comprehensive
theoretical explanation for the cessation of turbulence under strongly stratified conditions has been lacking so far. In contrast, for the reverse transition,
from laminar to turbulent flow, a theoretical framework does exist. In particular mathematical perturbation theory resolved the linear instability problem
in terms of a critical Richardson number (Miles [1961], Howard [1961], for a
recent example: Boing et al. [2010]).
Unfortunately, such a perturbation method is unsuitable as predictive tool
for the problem at hand, viz. the transition from turbulent to laminar. Turbulence is chaotic by itself, which prohibits a general mathematical description
of the turbulent basic state. Such a description is needed in order to analyse
the behaviour of superimposed perturbations.
Alternatively, one could analyse the budget of the Turbulent Kinetic Energy (TKE) in order to predict its tendency in response to cooling (Wyngaard
[2008]). It has been argued that when the buoyancy destruction term exceeds
the shear production, turbulence is bound to cease. In other words: turbulence cannot survive if the flux Richardson number exceeds the value of one.
Apart from the fact that this merely would be a conservative upper bound,
as the viscous dissipation represents an important additional sink of TKE,
this TKE interpretation has been questioned recently by a number of studies
(Mauritsen and Svensson [2007], Galperin et al. [2007], Zilitinkevich et al.
[2008], Svensson et al. [2011] and Grachev et al. [2012]). Those studies argue that apart from the Turbulent Kinetic Energy also the Turbulent Potential
Energy should be included in the analysis. In particular, (part of) the energy
’lost’ by buoyancy is (temporarily) stored as TPE and hence still contributes
to the total turbulent energy of the system. As a result, no conclusive analysis
based on Richardson criteria appears to exist in order to predict the cessation
of turbulence.
Here, a new perspective is followed, which builds on the framework in-
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troduced by VDW12a (with the major difference that DNS is used for validation instead of RANS-modeling. We depart from the fact that in stratified
flows the downward turbulent heat flux is limited to a maximum, which occurs at moderate stability (section 2). This is understood from the fact that
the heat flux becomes small in the neutral limit (no stratification) and in the
very stable limit (weak mixing). In flux-driven stratified flows the following
case may occur: when the surface heat extraction exceeds the amount of heat
that can be sustained by the flow the near-surface stratification rapidly intensifies. Mixing is strongly suppressed so that vertical heat transport decreases
further. Turbulence length scales decrease significantly, and eventually, the
positive feedback ends in a total cessation of turbulence. In this way, the
collapse of turbulence can be explained naturally from this Maximum Sustainable Heat Flux (MSHF) theory.
In section 2, a first-order model is given which quantifies the aforementioned mechanism for collapse in simple terms. In section 3 the direct numerical simulation model is introduced with the set up of the channel flow.
An initial analysis of the collapse phenomenon in term of the simplified concept is given. In section 4 a more comprehensive analytical framework is
derived. Also, validation against the outcome of the simulations is made,
and it is shown that the results are similar to the simplified analysis. Results
are discussed in section 5, followed by conclusions in section 6.

Figure 2.1: Near-surface kinematic stress as a function of wind speed at z =
40m as observed at 3m elevation in the period 1-3 hours after sunset (each dot
represents a multi-night average, see text. Snapshots of the DNS simulations
are added to illustrate the analogy with: the laminar case which corresponds
to a very stable boundary layer (low stress values) and the turbulent case
which corresponds to a weakly stable boundary layer (high stress values).
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2.3 Mechanism of the collapse of turbulence
2.3.1 A Conceptual View on the Collapse Mechanism
Figure 2.2 presents a conceptual picture which sketches the dependence of
the atmospheric turbulent heat flux near the surface on local atmospheric
stability (here indicated by the local temperature gradient) for three different values of the ambient wind speed. For a given wind speed, the heat flux
tends to small values in the limit of either neutral conditions (no temperature
gradient) or very stable conditions (weak mixing). Consequently, downward
turbulent heat transport maximizes at moderate stability. This intriguing aspect of stably stratified turbulence has been reported in many observational
studies (De Bruin [1994], Malhi [1995], Mahrt [1998], Grachev et al. [2005],
Basu et al. [2006] and Sorbjan [2006]).
Next, we evaluate the dynamical consequence of such a maximum in
the case when a fixed amount of heat H0 is extracted at the surface (as in
N05, Jimenez and Cuxart [2005], Flores and Riley [2011] and Deusebio et al.
[2011]). In reality, such a case could (approximately) correspond to a clear sky
situation, when the surface is covered with fresh snow. Then, net radiative
cooling at the surface is strong and relatively constant, whereas ground heat
transport is limited due to the isolating properties of snow. In the strong wind
case, the downward heat transport is able to compensate the heat loss at the
surface such that an equilibrium state can be reached. On the other hand under weak wind conditions, even the maximum sustainable heat flux is insufficient to compensate for the energy loss. As a result, the surface temperature
will drop rapidly, such that the heat transport becomes even less (to the right
of maximum). Eventually, this positive feedback leads to very strong temperature gradients, which causes turbulence to become suppressed. Hereby, we
note that even in those extreme conditions some weak, residual turbulence
usually still exists, as truly laminar flows are uncommon in a geophysical
context (see extensive discussions in: Mahrt and Vickers [2006], Galperin et
al. [2007], Mauritsen and Svensson [2007], Zilitinkevich et al. [2013], Sorbjan [2010] and Grachev et al. [2012]). Interestingly, for a given surface heat
extraction H0 , one can define a minimum wind speed for sustainable turbulence: Umin . In this way, a new flux-based velocity scale is introduced, which
can be used to scale the ambient wind speed. For wind speeds larger than
this critical value turbulence is expected to be sustained, whereas a transition
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to an extremely stable, ’non-turbulent’ situation is expected for small winds.
In a related study by the present authors, Van Hooijdonk et al. [2014], the
parameter U/Umin is introduced as the Shear Capacity (SC) of the flow. They
show that the SC is a useful prognostic to predict the turbulent state of the
nocturnal boundary layer.
Figure 2.2 explains the case when the surface heat extraction H0 is kept
constant, while the magnitude of the ambient wind speed varies. Conceptually, this case corresponds to Figure 2.1 which considers clear nights with
similar radiative cooling and different values of the ambient wind speed at
sunset.
Alternatively, we could have selected cases with similar wind speed around
sunset, but with varying surface heat extraction (Figure 2.3). In reality, this
would correspond to nights with different radiative forcing. The present
study focuses on the concept in this latter figure: the initial condition for the
simulations is fixed at a neutral flow of fixed strength (fixed Reynolds number; section 3), whereas (non-dimensional) surface cooling is varied, being expressed in values of h/Lext with h the channel depth and Lext the Obukhov
length defined as in equation (2.15). If the cooling is small (dotted line) a
balance between the downward, atmospheric heat transport and the surface
heat loss is feasible. Such equilibrium is not possible in case of large surface
heat extraction. Then, the aforementioned feedback leads to a cessation of
turbulence. In the intermediate, critical case the heat loss at the surface is
just compensated. It will be shown in section 3 that this case corresponds
to a non-dimensional cooling h/Lext ∼ 0.5 in the channel flow considered
here. Conceptually, it corresponds to the case when Hmax /H0 = 1 (see next
section; or likewise U/Umin = 1). In other words: from a non-dimensional
perspective Figures 2.2 and 2.3 are equivalent.

2.3.2 The maximum sustainable heat flux: a first-order model
In section 4, a full mathematical analysis for the channel flow in terms of
local scaling will be presented. This formal approach accounts for effects
of vertical divergence of momentum and heat fluxes. In the present section
it will be shown that a first-order quantitative analysis can be made, when
flux-divergence is not yet taken into account and simple Monin-Obukhov
relations are used. Such a first-order guess facilitates interpretation of more
complex analysis at a later stage. Later, it will be shown that qualitatively
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Figure 2.2: Sketch of the turbulent heat flux as a function of temperature gradient for weak wind (dashed line), strong wind (dotted line) and minimum
(’critical’) wind (continuous line). The energy demand is given by the horizontal dashed-dotted line with H0 the cooling at the surface. For strong stability levels Monin-Obukhov similarity is no longer valid (see Mahrt [2014])
and therefore the shape of the curves becomes uncertain.

similar results are obtained with both methods. Finally, a simplified approach
facilitates application of the theory in case when detailed information on fluxdivergence is not readily available (Van de Wiel et al. [2012b], Van Hooijdonk
et al. [2014]). In this example, we start with three major assumptions:
(i) the heat extraction H0 at the surface is prescribed
(ii) the wind speed U is prescribed at height z
(iii) the Monin-Obukhov similarity theory is valid (constant flux layer).
In the latter case turbulent fluxes can be related to the local gradients:
κz
z
ϕm ≡ ∂U
∂z u∗ = fm ( L ),
∂θ κz
z
ϕh ≡ ∂z
θ∗ = fh ( L ).

(2.1)

with U the average velocity, θ the average temperature, κ the von Kármán
constant, u∗ the surface friction velocity, θ∗ the temperature scale defined as
θ∗ = −H0 /(ρcp u∗ ) with ρ the density of the fluid, cp the heat capacity of the
air at constant pressure and L the Obukhov length written as:

L=

u2∗ Tref
,
θ∗ κg

(2.2)
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Figure 2.3: Sketch of the turbulent heat flux as a function of temperature gradient for weak surface cooling (dotted line), ’critical’ cooling (dashed-dotted
line) and strong cooling (dashed line), as represented by the different h/Lext
values (see text). The heat flux curve (continuous line) corresponds to the
ambient wind speed as given by the initial velocity profile at the onset of
cooling.
with Tref a reference temperature and g the gravitational acceleration. For
mathematical convenience, we consider the simplest case:
z
fm = fh = f = 1 + α .
L

(2.3)

] The empirical parameter α results from a fit to atmospheric observations. In
atmospheric studies α typically ranges between 4 and 8 (Högström [1996],
Howell and Sun [1999], Baas et al. [2006], Beare and Mcvean [2004]). Next,
we integrate Eqs. (2.1) between the roughness length z0 and level z. For
simplicity similar roughness lengths for heat and momentum are assumed.
Finally, this relates the fluxes to the bulk properties of the flow. For the turbulent heat flux, it has been shown that (e.g. Louis [1979] and McNider et al.
[1995]):
H = H0 = −ρcp cD ∆U ∆T f (αRb ),

(2.4)

with cD = [κ/ln(z/z0 )]2 the drag coefficient, ∆U = U (z) − U (z0 ) = U , ∆T =
T (z) − T (z0 ) and Rb the bulk Richardson number defined as:
Rb = z

g ∆T
,
Tref U 2

(2.5)
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with tacitly assumed ∆z = z − z0 ≈ z.
Using (2.3), the stability function f (αRb ) becomes:
f (αRb ) = (1 − αRb )2 ;
f (αRb ) = 0;

Rb ≤ 1/α,
Rb ≥ 1/α.

(2.6)

Mathematical correspondence between (2.3) and the bulk form has been shown
earlier by the equation (2.6) (e.g. England and McNider [1995], King and
Connolly [1997] and Van de Wiel et al. [2008]). Note that the ’critical’ value
for the bulk Richardson number in (2.6) merely arises from the specific form
of the data fit: f = 1 + αz/L, and as such has no physical meaning here (compare also discussions in: Zilitinkevich et al. [2013]). It will be shown that
our ’collapse of turbulence’ is predicted to occur at Ri-values lower than 1/α.
Also, one can verify that comparable stability functions without such ’critical
number’, e.g., f (Rb ) = exp(−2αRb ), lead to qualitatively similar results.
By inserting (2.6) in (2.4) and rearranging, we obtain:
|H|

gα
z[ln(z/z0 )]2
= αRb (1 − αRb )2 ,
Tref ρcp κ2
U3

(2.7)

with z0 the roughness length. In fact, this equation represents the dimensionless counterpart of the three curves in the cartoon of Figure 2.2. Then, (2.7) is
differentiated with respect to αRb to obtain an expression for the maximum
sustainable heat flux. The maximum is reached at αRb = 1/3 (Taylor [1971],
Malhi [1995]) and its expression reads:
(
)
ρcp Tref κ2
4
U3
|Hmax | =
.
(2.8)
27α
g
z[ln(z/z0 )]2
The critical case occurs when the maximum heat flux by the flow is just able to
compensate the (prescribed) heat loss at the surface, hence when Hmax = H0 .
When we substitute this requirement in (2.8), we obtain an expression for the
minimum wind speed for sustained turbulence (VDW12a):
((
Umin =

27α
4

)

|H0 |
z[ln(z/z0 )]2
Tref κ2 ρcp
g

)1/3
.

(2.9)

So, if the assumptions listed above were strictly valid (which they are generally not), then this analysis leads to the conclusion that steady state solutions
are only possible if the heat extraction H0 is less than Hmax or, equivalently,
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when the ambient wind speed is larger than the minimum wind speed. In
the next section, it will become clear that only condition (i) is valid for our
channel flow (as a result of the specific boundary condition imposed in N05).
However, it will also be shown that vertical flux-divergence is naturally taken
into account in the general case and that a momentum constraint analogue to
(ii) is at play. Therefore the analysis above is considered as a useful conceptual benchmark for the more detailed analysis in the following.

2.4 Collapse of turbulence in DNS
2.4.1 Set up of DNS
In the present study, the set up is inspired by N05. The simulations are performed in an open channel flow, statistically homogeneous in the horizontal
directions, forced by a horizontal pressure gradient (∂P/∂x) and cooled at
the surface. The pressure gradient is imposed by assigning a value for the
frictional Reynolds number: Re∗ = u∗ext h/ν = 360, with h the channel depth
and ν the kinematic viscosity of the fluid. For interpretation: the value of
u∗ext equals the surface friction velocity u∗0 in steady state. The subscript
’ext’ refers to the fact that external parameters are used for this velocity scale
(in contrast to the actual surface friction velocity u∗0 (t) which varies in time).
√
Here, u∗ext is defined as u∗ext = −(1/ρ)(∂P/∂x)h. At the top of the domain
(z = h), the temperature is fixed at Tref and free-stress condition is imposed
(∂u/∂z = 0). At the bottom, a no-slip condition is applied. Zero vertical
velocity is prescribed at the top and at the bottom of the domain. In both
horizontal directions periodic boundary conditions are applied. As initial
condition, a fully developed neutral channel flow is applied. The simulations are performed with a constant time step equal to ∆t = 0.0002t∗ , where
t∗ is defined as t∗ = h/u∗ext . Figure 2.4 presents a schematic picture of the
flow configuration.
The governing equations for this configuration are the conservation equations for momentum, heat and mass. For momentum, we consider the NavierStokes equations under the Boussinesq assumption with the hydrostatic balance subtracted:
∂ui
∂ui
1 ∂Ptot
θ
∂ 2 ui
+ uj
=−
+
gδi3 + ν 2 ,
∂t
∂xj
ρ ∂xi
Tref
∂xj

(2.10)
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Figure 2.4: Schematic picture of the channel flow configuation with the pressure gradient force and prescribed heat extraction at the surface. Decreasing
temperature is indicated by an increasing grey-scale.
with u the instantaneous velocity and θ the instantaneous temperature. The
pressure term Ptot represents the total pressure without hydrostatic contribution, and it can be further decomposed as:
1 ∂Ptot
1 ∂P
1 ∂p
=
+
,
ρ ∂xi
ρ ∂xi ρ ∂xi

(2.11)

with ∂P/∂xi the mean pressure gradient (which is zero except in the x1 direction) and ∂p/∂x the fluctuation of the pressure gradient. Next we use the
definition of u∗ext :
(
)
1 ∂P
2
u∗ext = h −
.
(2.12)
ρ ∂x1
By inserting (2.11) and (2.12) into (2.10), we obtain:
∂ui
∂ui
u2
1 ∂p
θ
∂ 2 ui
+ uj
= ∗ext δi,1 −
+
gδi,3 + ν 2 .
∂t
∂xj
h
ρ ∂xi Tref
∂xj

(2.13)

The continuity equation and momentum and temperature equations are
non-dimensionalized by the surface friction velocity u∗ext , depth of the channel h and temperature scale θ∗ext , where θ∗ext = −H0 /(ρcp u∗ext ). Following
N05, the resulting non-dimensional equations are:

∂ uˆi

=0


 ∂ x̂i
2
∂ ûi
h
θ̂δi,3 + Re1 ∗ ∂∂ x̂û2i
+ ûj ∂∂x̂ûji = δi,1 − ∂∂x̂p̂i + κ1 Lext
(2.14)
∂ t̂
j


2
 ∂ θ̂i + û ∂ θ̂i = − 1 ∂ θ̂i ,

∂ t̂

j ∂ x̂j

P rRe∗ ∂ x̂2j

with P r the Prandtl number (P r = ν/λ) with λ the molecular thermal conductivity and h/Lext defined as:
h
κgh θ∗ext
.
=
Lext
Tref u2∗ext

(2.15)

24

2.4 Collapse of turbulence in DNS

It is important to note that, contrary to N05, we include the Von Kármán constant κ in the definition of Lext , following meteorological conventions (Monin
and Obukhov [1954]). For example, the h/Lext = 0.3 case of this study must
be compared with the N05 h/Lext = 0.75 case.
In order to simulate the flow described above, we are using a direct numerical simulation (DNS) code as implemented in the LES model of Moene
[2003]: with a second-order finite volume discretization in space and the
second-order Adams-Bashforth method used for time integration. For consistency with N05, the Prandtl number (P r) is set to unity. The computational domain measures Lh = 5h in the horizontal directions and Lv = h
in the vertical direction. To assure consistency with the results of N05, we
use a 1003 computational grid in the three orthogonal directions. It is realized that this grid resolution is rather modest, given the current computational standards which increased since N05, i.e. the case we aim to mimic
here. Double resolution checks where made by the present authors in order
to perform sensitivity tests which led to similar results (see chapter 3). It is
important to notice that an extensive analysis of this flow has been reported
earlier by N05 and Flores and Riley [2011]. In their work, detailed analysis
of the budgets of various turbulent flow properties is given, which provides
useful insight on the flow characteristics. In the present work, the focus lies
on the collapse phenomenon in relation to the MSHF-framework introduced
in VDW12a. Hereto, we restricted ourselves to analysis in terms of turbulent
fluxes and mean-field properties.

2.4.2 Different states of the flow
In this numerical experiment several cases were run, each with different cooling rates. All cases started from an initial neutral state: a turbulent field
from a steady state non-cooled simulation. The cases were run for a time
period of t/t∗ = 25 with cooling increments of h/Lext = 0.1. Figure 2.5
shows the evolution of the normalized turbulent kinetic energy: tke/u2∗ext ,
with tke = 1/2[u′ u′ + v ′ v ′ + w′ w′ ] as a function of dimensionless time t/t∗ . All
cases show an initial decrease of the turbulent kinetic energy: due to the onset
of stratification, turbulence is suppressed as compared to the neutral case. At
some point a minimum value of TKE is reached. For the cases h/Lext ≤ 0.3
a rapid recovery to a steady state occurs. The recovery is due to flow acceleration: together with the TKE also Reynolds stresses are reduced, which
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Figure 2.5: Temporal evolution of scaled turbulent kinetic energy after the
onset of cooling. The cases represent different cooling rates, characterized by
the dimensionless parameter h/Lext .

disturbs the initial balance between the pressure gradient force and the turbulent friction. For this reason, the flow accelerates as compared to the flow
at the initial state. This leads to an increase of the momentum flux until the
balance between surface friction and the pressure force is restored.
Interestingly, the h/Lext = 0.4 case shows an ’overshoot’ in TKE around
t/t∗ = 18. As discussed extensively in chapter 3, this effect is a result of a temporary decoupling of the flow in the top half of the domain (see also, section
4b). The velocity may therefore exceed its equilibrium value. At some point,
however, the increase of turbulence causes recoupling to the flow below, and
a rapid conversion of Mean Kinetic Energy (MKE) to Turbulent Kinetic Energy occurs, which explains the observed peak. It was verified (not shown)
that in steady state the magnitude of the TKE for the h/Lext = 0.4 case attained the same value as the h/Lext ≤ 0.3 cases.
When the turbulence is not able to survive the sudden onset of cooling,
the flow laminarizes. Additional simulations showed that for h/Lext = 0.49
the flow was able to survive the cooling (see chapter 3). This value for the
’critical’ cooling rate agrees with findings by N05 and Flores and Riley [2011],
taking into account the von Kármán constant κ in the definition of L (section 3.1.). In their studies, the flow acceleration after collapse does not automatically lead to a regeneration of turbulence in the ’short term’ (say within
t/t∗ < 25), though this could be expected from significant build up of MKE
over this time span. In chapter 3, this paradox has been solved by showing
that such a recovery indeed occurs, provided that perturbations of sufficient
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Figure 2.6: Developement of the velocity profile in the default case (h/Lext =
0.3). The initial state is given by the continuous grey line. The steady state
is represented by the continuous black line. Different intermediate stages are
represented as indicated by the legend.

amplitude are present to trigger a regeneration of turbulence. In that case the
’end-state’ of the system is turbulent, irrespective of the cooling applied. This
means that the collapse of turbulence in this pressure-driven system is only
a transient phenomenon (the ’critical’ value h/Lext = 0.5 is thus non-critical
in a strict sense!). Keeping this in mind, it is nevertheless tempting to pose
the following question: what does the system make to decide whether it will (temporarily) collapse or not? While reaching minimum TKE some runs showed
recovery of turbulence, while others did not in short term. This is the central
theme of the present work.
Dimensionless velocity profiles for h/Lext = 0.3 are plotted in Figure 2.6
for different times. When we compare the stratified steady state profile with
the initial, neutral profile, it occurs that shear has increased. Indeed, as vertical mixing is less efficient due to stratification larger shear is needed to maintain the Reynolds stress needed to oppose the pressure gradient. The dashed,
dotted and dot-dashed black lines show the velocity profiles during the brief
period when the TKE reaches its minimum (i.e. the period when the system ’decides’ to collapse or not). It immediately occurs that two regions with
rather distinct dynamical behaviour can be discerned. In the upper region,
say z/h > 0.8, (linear) acceleration of the flow occurs. This region is decoupled, in a sense that the flow is not affected by the presence of the lower
boundary. Below it will be shown that the local stress divergence is small in
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this region (a nice atmospheric example is given in Banta [2008]).
The lower region, say z/h < 0.6, the velocity profile is much more steady
as compared to the upper part. In this region coupling with the surface exists
and apparently the flow has reached a kind of steady state. In VDW12a, this
state is named the ’pseudo-steady’ state. The adjective ’pseudo’ is given to indicate that this state occurs temporarily as only in the long term a true steady
state is reached. VDW12a used a parameterized, local similarity model to
simulate this channel flow. From this analysis, it has been shown that shortly
after the sudden onset of cooling the flow tries to accommodate to the new
boundary condition. The flow near the surface becomes weaker (ceasing
evening wind) as less momentum from above is transported downward due
to stratification. As a consequence the flow higher up accelerates. This process enables the shear to rapidly increase in the lower domain as compared
to its initial value during the neutral state. In Figure 2.6 this effect is seen
close to the surface for z/h < 0.3. Additionally, some modest acceleration
appears to be present. However, a full flow acceleration (from the grey to the
black line in Figure 2.6), occurs at a longer time scale. The flow basically has
to survive on the short term using its available, initial momentum. This is
due to the fact that the time scale for turbulent diffusion is shorter than the
acceleration time scale (VDW12a App. B). Later, it will be shown that this
momentum constraint is crucial to understand the temporary collapse of turbulence. It also will play an important role in the formulation of a conceptual
model to describe and predict the phenomenon.
Next, the aforementioned division in coupled and decoupled layers during pseudo-steady states becomes also evident from inspection of the vertical profiles of the turbulent momentum flux. In Figure 2.7 both steady and
pseudo-steady states are shown. Both curves correspond to instantaneous
horizontal slab averages of the Reynolds stress u′ w′ normalized with u2∗ext .
Close to the surface vertical velocity fluctuations are suppressed and the total stress profile, here visualized by an idealistic ’theoretical’ curve, will be
dominated by viscous stress. In steady state the total stress profile should
have a slope of 45 degrees. This can be readily understood from the simplified budget of horizontal momentum using the Reynolds averaged NavierStokes equation:
∂U
1 ∂P
1 ∂τ
=−
+
.
(2.16)
∂t
ρ ∂x
ρ ∂z
with τ the local stress defined as τ = −ρu′ w′ . In a steady state the left-hand
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Figure 2.7: Domain averaged turbulent momentum flux profiles for the cooling h/Lext = 0.3 at the steady state t∗ = 25 (continuous black line) and at
the pseudo-steady state t∗ = 5 (continuous grey line). Theoretical lines for
steady state (black dashed) and pseudo-steady state (grey dashed) represent
idealizations of the simulated result. The horizontal dotted line represents
the height of the pseudo-steady state layer (γ). Note that the profiles shown
will contain sampling errors as instantaneous fields are plotted (as the PSS
persists for relatively short time only).
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side becomes zero. If we use the definition of u∗ext to normalize (2.16) we
obtain:
(
)
τ /ρ
∂
= −1.
(2.17)
∂z/h u2∗ext
In the following we will ignore viscous contributions. At t/t∗ = 25 the system seems to have reached a steady state. Interestingly, also at t/t∗ = 5 this
45 degrees slope appears to be present in the lower half of the domain. This
aspect is in accordance with the steadiness of the aforementioned velocity
profiles and supports the existence of a surface-coupled, pseudo-steady state
in the lower domain. The grey dashed line is an idealized fit by eye. In the
upper domain, the slope of the stress profile is much less. This finding supports the existence of a (decoupled) layer with much weaker turbulence. The
analysis above for h/Lext = 0.3 was repeated for many ’subcritical’ cases and
indicated similar behaviour with respect to the existence of a distinct pseudosteady state when TKE reaches its minimum (not shown), in accordance with
VDW12a. On the other hand, it is also clear that the pseudo-steady state is
only an idealized concept. In Figures 2.6 and 2.7, for example, the layer between 0.5 < z/h < 0.8 acts as a transitional region between the coupled and
the decoupled regions. In this region the slope of the stress profile is neither
close to 45 degrees, nor negligible. Nevertheless, the aforementioned concept appears useful as an approximation for further analysis. Note that, from
an atmospheric perspective an interesting result has been obtained by Banta
[2008] from analysis of doppler-lidar data, it showed that similar regions of
coupled-decoupled layers are found in the atmosphere during nighttime.

2.4.3 A simplified analysis
In section 2, three assumptions for the simplified analysis were listed. The
first condition (the heat extraction H0 at the surface is fixed) is fulfilled by the
configuration set-up. The third condition, i.e. the validity of Monin-Obukhov
similarity, is not obvious. Here, the analysis is restricted to the layer close to
the surface. As the Monin-Obukhov similarity is an asymptotic solution of
the local scaling equations for z → 0, effects of flux divergence are expected
to be limited close to the surface (section 4). The second condition is that
the wind speed should attain a fixed, prescribed value at a specified height.
It is clear that in pressure-driven flows, such a condition cannot be valid in
general. In particular, weakening of turbulence naturally invokes flow ac-
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celeration by the pressure gradient (Figure 2.6). On the other hand, it has
been shown that such an acceleration acts on a relatively long time scale,
whereas survival just after the onset of cooling requires the presence of sufficient initial momentum. Interestingly, at some level the speed during the
pseudo-steady state is equal to its initial value. This is the so-called ’velocity crossing point’ (VDW12a). It results from rapid vertical redistribution of
momentum. The velocity at this height tends to be stationary in time from
initial to pseudo-steady state. It will therefore, act as an apparent ’velocity
boundary condition’ to the domain below it. The crossing point is diagnosed
for all cases and used for further analysis. It is important to notice that this is
an a posteriori analysis for interpretation purposes (as the velocity crossing
point is not generally known without further analysis). A predictive analysis
is made in section 4.
For 20 cases with different cooling rates (ranging between 0.1 < h/Lext <
0.5 both height and velocity at the crossing point where diagnosed. According to the simplified model the minimum wind speed needed at the crossing
point Umin (zcross ) is given by (2.9) using z = zcross . Next, we compare the ambient wind at the crossing point U (zcross ) with its minimum required value.
The resulting non-dimensional parameter is known as the shear capacity (SC)
of the flow: SC = U/Umin (Van Hooijdonk et al. [2014]). Continuous turbulence is expected when U/Umin > 1 and conditions for collapse occur in case
U/Umin ≤ 1 with:
U (zcross )
= U (zcross )
Umin (zcross )

(

4 Tref κ2 ρcp
1
27α g H0 zcross [ln(zcross /z0 )]2

)1/3
. (2.18)

Next, U (zcross ) may be expressed in terms of the external parameter u∗ext
by realizing that the wind speed at the crossing point is equal to the initial
(neutral) speed. Thus, U (zcross ) may be replaced by:
(
)
u∗ext
zcross
U (zcross ) =
ln
.
(2.19)
κ
z0
Finally, inserting (2.19) in (2.18) results in:
U (zcross )
=
Umin

(

27α
zcross /h
h
4 [ln(zcross /z0 )] Lext

)−1/3
.

(2.20)

In the evaluation, values for the log-linear similarity parameter α (in equation (2.6)) and the roughness length z0 are needed. In chapter 3 similarity
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(b)

Figure 2.8: Minimum turbulent kinetic energy level taken at the pseudosteady state as function of (a) U/Umin at the velocity crossing point. The
theoretical critical state U/Umin = 1 is represented by the vertical dotted line.
Each star represents a simulation with a different cooling rate. Note, in this
way stability increases to the left. (b) is similar to (a) but now as a function of
the parameter 1/(h/Lext )1/3 , which represents a model-independent ratio of
velocity scales (see text).

closures were compared with the DNS. For this channel flow, best agreement
was found for α = 7.5, which is used in the remainder of this study. Note
that a similar DNS study on stratified Ekman layers at higher Reynolds numbers resulted in a smaller value α = 5.4 (Ansorge and Mellado [2014]). For
aerodynamically smooth flow a so-called effective roughness length can be
chosen according to z0 = 0.135ν/u∗ (Kundu and Cohen [2008]). Here, this
formulation is used with the approximation u∗ = u∗ext .
In Figure 2.8a the minimum value of domain integrated TKE, which is its
value at the pseudo-steady state, is plotted as a function of the shear capacity
of the flow U/Umin . The vertical dashed line represents U/Umin = 1, i.e. the
regime division as predicted by the theory. The DNS data appear to represent a single curve. The TKE decreases rapidly when U/Umin becomes less
than 1.5. This means that the transition from a turbulent to the non-turbulent
regime is sharply defined. No turbulent cases occur when U/Umin is less than
approximately 1.1. Given the complexity of the problem, the prediction by
this simple model seems to provide a useful first-order estimate. In a qualitative sense this also supports the basic mechanism for collapse explained
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in section 2. Finally, from equation (2.20) we observe that U/Umin is proportional to (h/Lext )−1/3 . In Figure 2.8b, the normalized TKE as a function of this
dimensionless parameter (h/Lext )−1/3 is plotted. Advantage is that this parameter does not involve specific model constants as in U/Umin . This means that
the scaling itself is maintained, but that no specific critical value is predicted
(Van Hooijdonk et al. [2014]). One can interpret (h/Lext )−1/3 as the ratio
of two velocity scales u∗ext /v∗ with v∗ = [(|H0 |gκh)/(ρcp Tref )]1/3 , analogous
to Umin . Clearly a strong similarity between Figures 2.8a and 2.8b is visible.
The results of the formal analysis will be presented in terms of (h/Lext )−1/3 ,
keeping in mind that it represents a measure of U/Umin .

2.5 Analytical framework
2.5.1 Introduction
In this section an analytical framework is constructed to predict the collapse
of turbulence. The analysis is more realistic than the simple version in the
previous section. In particular, the analysis takes into account effects of vertical flux divergence. First, the steady state analytical model of VDW12a is
presented and compared with DNS. It is shown that predicted profiles resemble the simulated ones. This suggests that the analytical expression is a
useful surrogate for further analysis. Next, the analytical solution is adapted
as to describe the pseudo-steady state. This result is used to compute the total
solution space of realizable PSS solutions for various cooling rates. Finally,
it is found that PSS solutions are not possible above a certain cooling rate:
beyond this, turbulence cannot survive on its initial momentum.

2.5.2 Steady state solutions
In chapter 3, the analytical model introduced by VDW12a has been extensively described and an extension which includes viscous effects has been
added. Here, we summarize the model. The Reynolds averaged equations
for momentum and heat for a one-dimensional channel flow are considered,
which is assumed to be homogeneous in the horizontal direction:
{

∂U
∂t
∂T
∂t

∂(τ /ρ)
∂z ,
∂(H/ρcp )
− ∂z ,

= − ρ1 ∂P
∂x +
=

(2.21)
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with U = ⟨u⟩ and T = ⟨T ⟩ as short-hand notations for the horizontally averaged velocity and temperature, τ the local stress and H/ρcp the local heat flux.
In equilibrium, the shape of the profiles does not change in time. Therefore,
we differentiate (2.21) with respect to z and realize that the time derivative of
the gradient is zero, which corresponds to linear flux profiles:
{
τ /τ0 = u2∗ /u2∗0 = u2∗ /u2∗ext = 1 − z/h
H/H0 = 1 − z/h

.

(2.22)

Note that, conditions of zero flux have been prescribed at the top. The Obukhov
length in steady state reads:
Lext =

u2∗ext Tref
.
θ∗ext κg

(2.23)

By defining θ∗ext = −H0 /ρcp u∗ext and inserting (2.22) in (2.23), we express the
local Obukhov length (Λ) in terms of its surface equivalent (with the benefit
that the latter can be expressed in terms of external parameters only):
Λ=

√
u2∗ Tref
= Lext 1 − z/h.
θ∗ κg

(2.24)

The log-linear similarity functions relating local fluxes to gradients as presented in (2.3) are adopted as closure assumption to find the equilibrium
profiles of U and T :
{
dU κz
z
dz u∗ = 1 + α Λ ,
(2.25)
dT κz
z
dz θ∗ = 1 + α Λ ,
which becomes, after inserting (2.24) in (2.25) and normalizing with u∗ext ,
Tref and h:
√
{
1−q
dÛ
h
=
+ ακ Lext
,
dq
√κq
(2.26)
1−q
dT̂
α h
dq = κq + κ Lext ,
with Û the scaled velocity, T̂ the scaled temperature and q the normalized
height defined as q = z/h. By integrating the wind profile (see appendix A in
VdW12a), we obtain the following velocity profile:
U
u∗ext

[
)
]q
(
√
1 √
h
1+ 1−q
√
=
2 1 − q − ln
+ αq
.
κ
Lext q0
1− 1−q

(2.27)
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Figure 2.9: Comparison of the steady state mean velocity profile for the
case h/Lext = 0.3 (continuous black line) with the analytical solution calculated following the z0 concept (dotted black line) and the analytical solution
adding the viscous effect (dashed black line). The initial neutral velocity profile is presented by the continuous grey line.
As explained in chapter 3, the expression above represents the logarithmic
layer and the bulk layer above it. In order to accurately model the velocity
profile in the buffer layer and in the viscous sub-layer an additional correction for viscous effects can be made. Hereto, we add viscosity to the turbulent
diffusivity and obtain:
(
u2∗ =

(Aκz)2 dU
dz
)2 + ν
(
1 + α Λz

)

dU
,
dz

(2.28)

with A the Van Driest function modifying the traditional mixing length (κz)
in the buffer layer:
A = 1 − exp (−βRe∗ ) ,

(2.29)

where β ≈ 1/26 is an empirical constant (Van Driest [1956]). This extended
model is called: local scaling with viscous extension.
A similar result is obtained for the temperature (see: VDW12a). Interestingly it can be shown that in the asymptotic limit of q → 0 the traditional log-linear MO profile is obtained. This is readily proven by inserting
√
1 − q ≈ 1 − 1/2q for q ≪ 1. Thus, MO is a natural asymptotic result of local
similarity, which does not require a separate ’constant flux layer’ (compare
arguments in: Wyngaard [2008]).
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In Figure 2.9 the analytical solution of Equation (2.27) with the viscous
extension for the case h/Lext = 0.3 (dashed black line) is compared with the
mean velocity (horizontal slab average) simulated by the DNS at t/t∗ = 25
(continuous black line). It appears that the analytical model is able to mimic
the mean velocity profile in its steady state. Apart from this illustration, multiple cases for different cooling were compared in chapter 3, which gave similar results. It resulted in the ’best fit’ value 7.5 of the empirical log-linear
similarity parameter α which is used throughout this work.
Equation (2.27) returns a mean velocity profile for all possible cooling
rates, and thus predicts a turbulent end state irrespective of the cooling. This
is due to the fact that in steady state the time for flow acceleration is unlimited. Extreme cooling is therefore accompanied by an extreme large velocity
gradient. This implies that the maximum sustainable heat flux by the flow
may also grow unlimited and thus can compensate the heat loss at the surface. In chapter 3 it was shown that in the long term indeed flows subject to
’supercritical’ cooling rates become turbulent again and that the end state is
predicted by equation (2.27). In the short term however, the total momentum
(and hence the maximum sustainable heat flux) is limited. Therefore the solution space with respect to the applied cooling rates will be limited in this
period. This case is analysed below.

2.5.3 Pseudo-steady state (PSS) solutions
In this section we introduce the concept of ’pseudo-steady state’. The pseudosteady time t̂ps = tps /t∗ is defined as the time when the minimum TKE is
reached (Figure 2.5). Based on the analysis of flux profiles, we propose an
idealization which distinguishes two separate regions (Figure 2.7):
- an upper decoupled region between γ < z/h ≤ 1, where stress divergence
is assumed to be zero.
- a lower, coupled layer 0 ≤ z/h ≤ γ with a stress profile of constant slope.
In the lower region a (temporarily) steady state is reached and the dimensionless stress profile again attains a 45 degrees slope. It is as if a true
steady state were reached but now over a layer with reduced depth. Likewise, a linear profile is found for heat, with the normalized heat flux being
equal to one at the surface. PSS solutions are hence fully analogous to their
long-term steady state counterpart, but then over a reduced domain with
reduced surface stress. The normalized surface stress in PSS is denoted as:
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Figure 2.10: Slab averaged velocity profile for the cooling rate h/Lext = 0.3 at
pseudo-steady state t∗ = 5 (continuous black line) compared with its analytical approximation (dashed black line). The horizontal dotted line represents
the predicted height of the pseudo-steady state layer (γ).
x2 = (u0pss /u∗ext )2 ≡ γ . For shorthand notation we use q = z/h and obtain
in analogy to (2.27):
)
[
(
]x2
√
2
1
+
1
−
q/x
q
x √
h
√
+α 3
Û (q, t̂pss ) =
2 1 − q/x2 − ln
. (2.30)
κ
x Lext
1 − 1 − q/x2
q0

In Figure 2.10 the analytical solution of Equation (2.30) with the viscous extension for the case h/Lext = 0.3 (dashed black line) is compared with the
mean velocity (horizontal slab average) simulated by the DNS at t/t∗ = 5
(continuous black line). It appears that the analytical model is able to mimic
the mean velocity profile in its pseudo-steady state. In truly steady state
the surface friction velocity is known a priori by the momentum balance:
u∗0 = u∗ext (Figure 2.9). In PSS both layer depth and surface stress are unknown, though they are interrelated via: γ = x2 . Thus an extra constraint is
needed to solve the equations. In VDW12a it has been shown that the time
scale for turbulent diffusion is smaller that the time scale for flow acceleration. As such both momentum and heat are rapidly redistributed vertically
in order to accommodate to the new boundary condition, before significant
profile acceleration has set in. Here, we assume the limiting case when vertical redistribution of heat and momentum sets in instantaneously after the
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onset of cooling. Mathematically, conservation of momentum implies:
∫ γ[
]
Û (q, t̂ps ) − Û (q, 0) dq ≈ 0,
(2.31)
q0

with Û (q, 0) given by the initial profile, represented by (2.30) for the case
h/Lext = 0. The assumption above is an idealization of course. In reality
some net acceleration over the lower domain may have occurred (compare
Figure 2.6 and examples in VDW12a). Nevertheless, it will be shown below,
that the idealization appears to be acceptable as a first-order approximation.

2.5.4 Validation of analytical model
With assumption (2.31) the system is closed: for given h/Lext the value of x
can be computed, and γ is known via γ = x2 . From this, the full solution
space can be plotted: x2 = f (h/Lext ). In Figure 2.11 the analytical relation
is plotted for three different values of α: 5, 7.5 and 12.5. Results from individual DNS simulations are depicted by the asterix symbols. Simulated
turbulent stress at t = tps was diagnosed at its height maximum. An example: in the h/Lext = 0.3 case, minimum TKE occurs at t/t∗ ∼ 5 = t̂pss . At that
time the turbulent stress maximizes at z/h ∼ 0.12 and reachs a value os 0.6
(Figure 2.7). In Figure 2.11 this translates to (0.3)−1/3 = 1.5 for the horizontal
coordinate and 0.6 for the vertical.
From Figure 2.11 a few conclusions can be drawn. In both DNS and the
analytical model a minimum value of (h/L)−1/3 is found as a limit case for
which continuous turbulence can be maintained. The surface cooling then
equals the maximum that can be sustained by the flow. The shape of the predicted curves appears similar to the one suggested by the simulation. On the
other hand, the curve corresponding to the most plausible value of α (7.5) is
shifted to the left as compared to the simulations. This means that collapse
occurs earlier in DNS (at lower cooling rates) as compared to the analytical
predictions. The reason could lie in the fact that viscous effects are not included in the analytical framework (apart from the effect of viscosity on z0 ):
local similarity closure is derived from high-Reynolds atmospheric observations (O(108 )) where viscous effects are small. Here, a frictional Reynolds
number Re∗ = 360 implies a bulk Reynolds number of O(104 ) and viscous
effects are non-negligible. In Figure 2.7, for example, the depth of the viscous
sublayer is about 10% of the total domain. Interestingly, a higher value of
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Figure 2.11: Simulated turbulent stress at pseudo-steady state as a function
of (h/Lext )−1/3 ; asterisk symbols). Each symbol represents with a simulation
a different cooling rate. Predictions by the pseudo-steady state model are
given by the lines. Different lines represent different choices for similarity
parameter α (see:text) with α = 5 (dotted line), α = 7.5 (continuous line) and
α = 12.5 (dashed line). As in Figure 2.8 stability increases to the left.
Re∗ was examined in Flores and Riley [2011]. Their simulation of Re∗ = 540
showed a collapse at h/Lext = 0.84 i.e. (0.84)−1/3 = 1.06, which suggest a
possible closer agreement at higher Reynolds numbers. However, it is not
obvious that the default value of α in the analytical model would remain 7.5
for this case. Therefore it would be interesting to assess the full impact of
Reynolds number sensitivity in future work.
The key message from Figure 2.11 becomes clear by interpreting it in
terms of the analysis with the simplified model (Figures 2.8a, 2.8b). There,
it was shown that the curve described by DNS-data basically represents a
U/Umin dependence which can be interpreted using the maximum sustainable heat flux theory. Next, the strong similarity between the full model and
the DNS data proves that indeed the maximum sustainable heat flux mechanism is responsible for the collapse of turbulence in flux driven cooled channel flows. This is the mean conclusion of the present work.

2.6 Discussion
The present study focuses on the case when a single, definite flow transition
from turbulent to laminar flow occurs under the influence of stable stratifica-
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tion. This case corresponds to the so-called ’radiative stable boundary layer’
as referred to by Van de Wiel et al. [2003] (see also Edwards [2009]; Oliveira
et al. [2013] and Mahrt et al. [2012]), which occurs when the geostrophic
wind is very weak. Observational studies, however, show that later during
the night turbulence may be regenerated either permanent or intermittently
(Nappo [1991], Coulter and Doran [2002], Sun et al. [2004], Williams et al.
[2013] and Oliveira et al. [2013]). Here this important feature of nocturnal
turbulence is not reproduced, in spite of the fact that the simulations directly
solve the Navier-Stokes equations. This result confirms earlier finding by
N05 and Flores and Riley [2011]. Below three important reasons are given
which could explain the caveat in idealized studies like the present one. With
the initial collapse Reynolds stresses are largely reduced. As the ambient
pressure gradient is not balanced by the frictional forces the flow accelerates,
such that potentially a regeneration of turbulence could occur. In chapter 3, it
has been shown that in the present flow configuration such regeneration only
occurs in the presence of finite size perturbation. This aspect therefore needs
to be taken into account in simulations of realistic nocturnal boundary layer
flows. Second, Coriolis effects are not taken into account, which implies that
the formation of the nocturnal low-level jet is not simulated. Recently, LES
simulations by Zhou and Chow [2011] reveal that the low-level jet may play
an important role in the regeneration of turbulence via an inflection point
instability mechanism (similar phenomena have been observed e.g. in: Newsom and Banta [2003]. From a DNS-perspective, interesting findings have
been reported by Ansorge and Mellado [2014] in an investigation of a turbulent horizontally homogeneous Ekman layer over a smooth surface. They
reported self-induced global intermittency induced by large-scale structures
several times larger than the boundary layer depth (which stresses the need
of sufficiently large horizontal domains). Finally, the simplification of the surface boundary condition to a smooth surface with prescribed heat flux, limits
the dynamical freedom of the system. In reality, the presence of (tall) vegetation may largely modify the velocity profile near the surface (Patton et al.
[2005] and Steeneveld et al. [2006b]). In particular an inflection point may
appear at the top of the canopy, which shows to be an efficient trigger in generating intermittent turbulent flow in DNS simulations, see e.g. Boing et al.
[2010]. Also, the assumption of a prescribed heat flux may only be a realistic approximation in case of a strongly isolating surface with a very low heat
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capacity, such as fresh snow. Then net radiative cooling basically has to be
compensated (at least to a large extent) by the turbulent heat flux. In reality,
however, the surface acts as a fully interactive dynamical part of the system.
It has been shown by e.g. (Revelle [1993], Van de Wiel et al. [2003] and Costa
et al. [2011]) that non-linear atmosphere-surface feedbacks may induce intermittent bursts of turbulence near the surface. As such, the present study
would largely benefit from future studies with more realistic surface boundary conditions via coupling of the flow to a simplified surface energy balance
(Holtslag et al. [2007], Basu et al. [2008], Holtslag et al. [2013] and Bosveld
et al. [2014]).

2.7 Conclusion
In analogy to the nocturnal atmospheric boundary layer a flux-driven cooled
channel flow is studied using Direct Numerical Simulations. Here, in particular, the mechanism behind the collapse of turbulence at large cooling rates
is investigated. Below we summarize the main findings.
In agreement with earlier studies by N05 and Flores and Riley [2011] the turbulent flow laminarizes when the (non-dimensional) surface cooling h/Lext
exceeds a critical value (0.5).
For cases with continuous turbulence, three distinct phases can be discerned: the initial state, the long-term steady state, and the so-called pseudosteady state in between. The latter occurs briefly after the onset of cooling
when the turbulent kinetic energy reaches its minimum.
The mechanism behind the collapse can be understood from the fact that
heat flux which can be supported by the flow is limited to a maximum. The
magnitude of it is determined by the momentum of the flow at the onset of
cooling. If the surface heat extraction is less than this maximum, the flow is
able to accommodate to the sudden cooling and the flow reaches a temporary,
pseudo-steady state. In contrast, when the surface heat extraction exceeds
this maximum, a rapid increase in stability results. Turbulence is strongly
suppressed, which further decreases the downward heat transport. Eventually this positive feedback leads to a cessation of turbulence. Note that, even
in this case, turbulence is bound to recover in the long-term due to flow acceleration: acceleration increases the maximum sustainable heat flux up to the
point where it exceeds the surface heat extraction again (as discussed exten-
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sively in chapter 3).
From the aforementioned concepts an analytical model is developed in
order to predict the collapse of turbulence in DNS. It uses local scaling as a
turbulence closure model and accounts for effects of vertical flux divergence.
The agreement with the simulations is promising and it appears that the collapse of turbulence in flux-driven stratified flows can be anticipated from this
maximum sustainable heat flux theory. To our knowledge such an approach
which enables prediction of turbulence collapse in full 3D simulations using
a simple theoretical framework, is the first in literature.
The present case provides a theoretical basis for application in more practically oriented studies. It is shown that the same concepts apply using either the more simple Monin-Obukhov similarity or the formal local similarity. The first has proven its applicability in recent observational studies that
succeeded in predicting the collapse of turbulence in atmospheric evening
boundary layers (Van de Wiel et al. [2012b]; Van Hooijdonk et al. [2014]).
In future work the present channel flow case needs to be extended to more
realistic cases. In particular, Coriolis effects have to be taken into account and
at the lower boundary realistic coupling to an interactive surface using an
energy balance is preferred over flux or temperature prescription. Also, the
present framework would largely benefit from modeling studies which allow
simulation of higher Reynolds numbers (such as with Large-Eddy Simulation
or Reynolds Averaged Navier-Stokes equations). In particular guidance of
the modeling by real observed cases such as in the large international model
intercomparison GABLS (Holtslag [2014], Bosveld et al. [2014]) could help
to increase our understanding to explain the emergence of the very stable
boundary layer regime at low geostrophic wind speeds.

Note :
This chapter is based on the publication:
Donda JMM, van Hooijdonk IGS, Moene AF, van Heijst GJF, Clercx HJH and
van de Wiel BJH. 2015. The maximum sustainable heat flux in stably stratified
channel flows. Quart. J. Roy. Meteor. Soc.. Submitted.
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Chapter

3

Collapse of turbulence in stably
stratified channel flow:
a transient phenomenon
3.1 Abstract
The collapse of turbulence in a pressure driven, cooled channel flow is studied by using 3-D direct numerical simulations (DNS) in combination with
theoretical analysis using a local similarity model. Previous studies with
DNS reported a definite collapse of turbulence in case when the normalized
surface cooling h/L (with h the channel depth and L the Obukhov length)
exceeded a value of 0.5. A recent study by the present authors succeeded
to explain this collapse from the so-called Maximum Sustainable Heat Flux
(MSHF) theory. This states that collapse may occur when the ambient momentum of the flow is too weak to transport enough heat downward to compensate for the surface cooling. The MSHF theory predicts that in pressure
driven flows, acceleration of the fluid after collapse eventually will cause a
regeneration of turbulence, thus in contrast with the aforementioned DNS
results. Also it predicts that the flow should be able to survive ’supercritical’ cooling rates, in case when sufficient momentum is applied on the initial state. Here, both predictions are confirmed using DNS simulations. It is
shown that also in DNS a recovery of turbulence will occur naturally, pro-
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vided that perturbations of finite amplitude are imposed to the laminarized
state and provided that sufficient time for flow acceleration is allowed. As
such, it is concluded that the collapse of turbulence in this configuration is a
temporary, transient phenomenon for which a universal cooling rate does not
exist. Finally, in the present work a one-to-one comparison between a parameterized, local similarity model and the turbulence resolving model (DNS), is
made. Although, local similarity originates from observations that represent
much larger Reynolds numbers than those covered by our DNS simulations,
both methods appear to predict very similar mean velocity (and temperature)
profiles. This suggests that in-depth analysis with DNS can be an attractive
complementary tool to study atmospheric physics in addition to tools which
are able to represent high Reynolds number flows like Large Eddy Simulation.

3.2 Introduction
In this work a numerical study on a strongly stratified channel flow is performed as an idealized analogy to nocturnal boundary layer flows in conditions of clear skies and weak winds. We build on pioneering work by Nieuwstadt [2005] (herefrom: N05) who studied the collapse of turbulence using
Direct Numerical Simulations. In particular, a re-interpretation of Nieuwstadts findings (N05) is made using recent theoretical insights (Van de Wiel
et al. [2012a]; herefrom:VdW12). From this, an intriguing paradox in Nieuwstadts results is solved. It deals with the question if turbulence may or may
not recover from an initial collapse as a result of intensive surface cooling. It
will be shown that even in the case of extreme cooling, flow acceleration after
collapse enables a recovery, provided that sufficiently large perturbations are
present to trigger the onset to turbulence.
From literature it is well-known that weak wind conditions favour the
occurrence of the so-called very stable atmospheric boundary layer regime
(Sun et al. [2012]). As turbulence is weak, intermittent, or virtually absent,
fog and frost events may easily occur. As such, a solid physical understanding of this regime is essential for weather forecasting practice (Holtslag et
al. [2013]). In contrast to the weakly stable boundary layer, the very stable
boundary layer is poorly understood (for a recent review we refer to: Mahrt
[2014]). Though from an experimental point of view considerable effort has
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been made to improve our understanding (e.g. Cuxart et al. [2000]; Poulos
et al. [2002]; Grachev et al. [2005]; Hoch and Calanca [2007]; Wyngaard
[2008]; Mahrt [2011]; Sun et al. [2012]),)), the number of numerical studies
on VSBL dynamics has been limited so far; most of the work has been restricted to the continuously turbulent regime (with exceptions mainly from
conceptual studies such as e.g. in McNider et al. [1995], Van de Wiel et
al. [2002], Costa et al. [2011], Acevedo et al. [2012] and Łobocki [2013]).
In strongly stratified conditions, parametrization of radiative and turbulent
transport processes is far from trivial (Edwards [2009]). To a lesser extent
this is also true for turbulence resolving models like Large-Eddy Simulation
(LES). Although recent success has been reported on the stationary, continuous turbulent case (for an overview see: Beare [2008]), very few studies have
reported successful LES simulations on the non-stationary case (interesting
exceptions are given in Jimenez and Cuxart [2005]; Cuxart and Jimenez
[2007]; Zhou and Chow [2011]; Huang and Bou-Zeid [2013]. This is even
more true for the ’calm’ wind regime where subgrid fluxes tend to dominate
over the total such that LES degenerates to its subgrid model, which, in turn,
has to rely on a parametrized description of turbulence (see the discussion in
Beare [2008]).
Alternatively, Direct Numerical Simulations (DNS) could be used for simulating the transition towards the calm regime. One of the advantages of
DNS is that turbulent motions are fully resolved down to the Kolmogorov
scale, without the need to invoke a particular turbulence closure model. Also,
the appearance of a calm regime will naturally manifest itself as a laminarized
state. However, a serious drawback of the DNS method is the fact that only
modest Reynolds numbers can be simulated, i.e., low as compared to geophysical values (section 2). This clearly limits the generality of our results.
As such, the outcome of studies like the present one can only be complementary to the other SBL-modelling efforts which do represent high Reynolds
number flows.
As mentioned above, we depart from the work by Nieuwstadt (N05)
who investigated a pressure-driven stably stratified channel flow by means
of Direct Numerical Simulations. Starting from a neutrally stratified situation, suddenly a fixed amount of heat was extracted from the surface. The
non-dimensional heat flux was denoted by h/Lext , with h the domain height
and Lext the steady-state Obukhov length (section 2). Next, the experiment
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was repeated for increasing values of h/Lext . Starting from the neutral case
(h/Lext = 0), the system was able to sustain turbulence until the imposed
surface cooling exceeded the critical value of 0.5 (or h/Lext = 1.23 if one excludes the Von Kármán constant in the definition of Lext as originally in N05).
The system showed a definite collapse of turbulence for a cooling rate above
the critical value h/Lext > 0.5. Later, this critical value was confirmed by Flores and Riley [2011] (in their definition the Von Kármán constant is used) and
they investigated its dependence on the Reynolds number. In both studies,
however, a collapse of turbulence appeared to be permanent.
Inspired by this, VdW12 simulated the same channel flow using a simple
local closure model. The simplicity of the model allowed revealing the physical mechanism behind the collapse based on maximum sustainable heat flux
hypothesis. Besides the formal approach in that work, here, we summarize
the basic principle by a crudely simplified cartoon (Figure 3.1). For a given
shear, the turbulent heat flux |H| maximizes at moderate stability in stratified
flows: the heat flux becomes small in both the neutral limit (small temperature gradient) and the very stable limit (weak mixing). This basic characteristic has been reported in many studies and is readily derived within the
framework of local similarity (Taylor [1971]; Malhi [1995]; Mahrt [1998]; Delage et al. [2002]; Basu et al. [2006]; Sorbjan [2006]; Grachev et al. [2005]).
The height of the maximum itself strongly depends on the magnitude of the
ambient shear. In N05 a prescribed heat flux H0 is extracted at the surface
(dashed line Figure 3.1). Next, it is clear that in case of strong cooling (H0 )
and/or weak winds, the flow is unable to compensate the heat loss at the
surface. As such the surface temperature decreases rapidly, which further
increases stability. This positive feedback loop leads to strongly suppressed
levels of turbulence. Detailed mathematical analysis in VdW12 showed that
this feedback is indeed responsible for the eventual collapse in the stratified
channel flow.
Next, the question is: what happens after the collapse? Figure 3.1 is applicable to the case when shear is fixed. In reality, however, the reduced turbulent friction leads to acceleration of the mean flow by the horizontal pressure
gradient (the so-called Businger mechanism; Businger [1973]). Therefore, after some time the shear of the flow has largely increased. Following Figure 3.1
(continuous black line) the heat transport capacity of the flow has increased
accordingly, so that this condition for the regeneration of turbulence is ful-
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Figure 3.1: Schematic picture depicting the typical dependence of the atmospheric turbulent heat flux on the near surface temperature gradient in stably
stratified conditions(here, plotted positive for convenience). The curve represent dependencies for weak wind (dashed line), strong wind (dotted line)
and critical wind condition (continuous line).

filled. Indeed, in VdW12 the local similarity model showed a recovery of
turbulence on the long term. So why then, why did such recovery not occur
in N05? The present work hypothesizes that the reason lies in the absence of a
sufficient trigger mechanism in the DNS simulations. A purely laminar flow
could be hydrodynamically stable to infinitesimal perturbations, even in case
of sufficient ambient shear (compare Boing et al. [2010]). In reality, however,
finite size perturbations are the rule rather than exception. One could think
of disturbances generated by small-scale topography, submeso motions or
disturbances generated by the internal gravity waves (Mahrt [2014]). Therefore, we will investigate whether it is possible to trigger the flow such that it
recovers to a fully turbulent state after the collapse event. In that case the ’supercritical’ cooling rate of h/Lext > 0.5 by Nieuwstadt, would not be critical
in a strict sense (section 4.1).
Another interesting consequence of Figure 3.1 is that it predicts that the
turbulence of the flow could survive the ’critical’ cooling rate of h/Lext = 0.5,
provided that sufficient shear is given to the initial flow. Here, this case will
be studied in section 4.2. and it will be shown that the anticipated result occurs: turbulence is sustained. Again, the h/Lext = 0.5 criterion for collapse
is only valid for the specific case of N05 where a flow with weak shear is
supplied as initial condition. Note that the concept of Figure 3.1, i.e. com-

48

3.3 A stably stratified channel flow

paring Hmax to H0 has an equivalent interpretation in terms of velocities.
The extracted heat H0 namely determines a characteristic velocity scale Umin
(VdW12). As such one can compare the ambient wind U to the minimal wind
needed to sustain turbulence Umin , using the so-called shear capacity U/Umin .
An initial condition with the shear capacity greater than 1 implies presence
of sufficient shear to sustain turbulence. This interesting aspect is discussed
at length in a separate paper by the present authors (Van Hooijdonk et al.
[2014]).
The last question to be addressed in the present paper is connected to the
relation between Direct Numerical Simulation and local similarity scaling. As
typical Reynolds numbers covered by DNS (O(104 )) are much lower than in
outdoor atmospheric flows (O(108 )), it is non-trivial that an analogy would
exist. Fortunately, simulations by e.g. Coleman et al. [1992]), Van de Wiel
et al. [2008], N05 and Ansorge and Mellado [2014] have shown that dimensionless quantities tend to follow local similarity-scaling in accordance with
atmospheric observations. However, a one-to-one comparison between DNS
and an analytical local similarity model as in the present paper has not been
reported. It will be shown that the mean profiles of both models closely correspond (sections 3). Due to this correspondence the analytical model becomes
useful as a tool to interpret the DNS results and also as a useful surrogate to
predict equilibrium profiles and turbulence energetics (section 4 and 5).

3.3 A stably stratified channel flow
3.3.1 Set-up of Direct Numerical Simulation (DNS)
In the present study we adopt the stably stratified channel flow configuration
of N05. An open channel flow, statistically homogeneous in the horizontal
directions, is forced by a horizontal pressure gradient (∂P/∂x). The pressure
gradient is imposed by assigning a value for the friction Reynolds number:
Re∗ = u∗ext h/ν = 360, with h the channel depth and ν the kinematic viscosity of the fluid. By definition, the value of u∗ext equals the surface friction
velocity u∗0 in steady state. The subscript ’ext’ refers to the fact that external
parameters are used for this velocity scale (in contrast to the actual surface
friction velocity u∗0 (t) which varies in time).Here, u∗ is written:
u∗ext =

√

−(1/ρ)(∂P/∂x)h,

(3.1)
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with ρ the density of the fluid. As initial condition, a fully developed neutral
channel flow satisfying ∂P/∂x is applied. The simulations are performed
with a constant time step equal to ∆t = 0.0002t∗ , where t∗ is defined as:
t∗ =

h
u∗ext

.

(3.2)

At the lower boundary the amount of heat extracted at the surface, H0 , is
prescribed by fixing the external parameter h/Lext , defined as:
h
κgh H0
=
,
Lext
Tref ρcp u3∗ext

(3.3)

with κ the Von Kármán constant, g the gravitational acceleration, Tref the reference temperature and cp the heat capacity of the air at constant pressure. It
is important to note that, contrary to N05, we include the Von Kármán constant in the definition of Lext , following meteorological conventions. Thus,
our h/Lext = 0.4 and h/Lext = 0.5 must be compared with the N05 cases
h/Lext = 1 and h/Lext = 1.23.
At the top of the domain (z = h), the temperature is fixed at Tref and a free
stress condition is imposed (∂U/∂z = 0). At the bottom, a no-slip boundary condition is applied. Zero vertical velocity is prescribed at the top and at
the bottom of the domain. In both horizontal directions periodic boundary
conditions are applied. A schematic picture of the configuration is given in
Figure 3.2.

Figure 3.2: Schematic picture of our set-up considering a horizontally homogeneous channel flow. Decreasing temperature is indicated by an increasing
grey-scale.
In order to simulate the flow described above, we are using a direct numerical simulation (DNS) code. Implementational details of the model are
similar to those of the LES model used in (Moene [2003]): a second-order
finite volume discretization in space and the second-order Adams-Bashforth
method is used for time integration. For consistency with N05, the Prandtl
number (P r = ν/λ) is set to unity, although 0.72 seems more realistic for
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atmospheric dry air. The computational domain measures Lh = 5h in the
horizontal directions and Lv = h in the vertical direction. To assume consistency with the results of N05, we use a 1003 computational grid in the
three orthogonal directions. Note that it is realized that this grid resolution
is rather modest given the current computational standards which increased
since N05, i.e. the case we aim to mimic here. Nevertheless double resolution
checks (2003 ) where made by the presents authors in order to perform a sensitivity test (see below). To establish whether a 1003 grid suffices for DNS of
a Re∗ = 360 flow, we summarize the analysis developed in N05. We consider
an equilibrium flow situation and assume that the height-averaged dissipation ⟨ϵ⟩ of the turbulence kinetic energy equals the average shear production:
1
⟨ϵ⟩ =
h

∫
0

h

∂U
u2∗ (z)
dz
∂z

1 [ 2 ]h 1
=
U u∗ 0 −
h
h

∫

h

U
0

∂u2∗
dz,
∂z

(3.4)

with u2∗ the local stress divided by density (the surface value of u∗ is denoted
u∗0 ). The first term at the right hand side drops out and the equilibrium state
stress divergence is height-independent:
1 ∂P
∂u2∗
=
,
∂z
ρ ∂x

(3.5)

so that we obtain an estimate for average dissipation:
⟨ϵ⟩ ≈ −

1 ∂P
⟨U ⟩,
ρ ∂x

(3.6)

with ⟨U ⟩ the height-averaged velocity. From the dissipation rate, the Kolmogorov length scale η is found:
(
η=

⟨ϵ⟩
ν3

)− 1
4

(3.7)

.

It should be stressed that this estimate of η is based on the domain averaged
dissipation rate. Close to the surface both shear stress and shear will be relatively large and hence the production and dissipation of the turbulent kinetic
energy, resulting in a smaller η. We combine with the definition of Re∗ to
obtain the ratio between the domain height and the Kolmogorov length:
h
=
η

(

⟨U ⟩
Re3
u∗ ext ∗

)− 1

4

.

(3.8)
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With Re∗ = 360 and a typical value for ⟨U ⟩/u∗ext ≃ 20, we estimate: h/η ≃
175. By combining h/η with the number of grid cells h/∆z = 100, we obtain:
∆z/η ≃ 1.75 and ∆x/η = ∆y/η ≃ 9. As discussed in N05 this is at the
limit of what one could call a DNS, and we accept it for our problem because
the effects of static stability manifest themselves at scales much larger than
η. Finally, we discuss that a sensitivity test was made by the present authors
(Moene et al. [2010]) which showed that 2003 runs for Re∗ = 360 lead to very
similar results.

3.3.2 Collapse of turbulence: is it definite?
In order to investigate the collapse of turbulence in a stably stratified channel flow, a few cases of N05 were redone to check consistency of the results.
As a preliminary test, results from Nieuwstadt’s default case (h/Lext = 0.4)
were compared with the current results with respect to characteristic flow
properties like profiles of mean and turbulent quantities. It was found that
the results were very similar (see also: Moene et al. [2010]). Here, we focus
on the ’critical’ cooling rate at which a collapse of turbulence is found to occur. In N05 this collapse occurred at a value h/Lext ≥ 0.5. In Figure 3.3, the
evolution of non-dimensional turbulent kinetic energy for a number of cases
with different surface cooling rates h/Lext is plotted. We observe that up to
h/Lext < 0.5 the flow is able to reach a steady state after an initial period of
adjustment to the new surface boundary condition. On the other hand, for
cooling rates h/Lext ≥ 0.5, the turbulent kinetic energy is rapidly decreasing
to a very small value in the interval 0 < t/t∗ < 5. As such, the flow transition
at h/Lext ≃ 0.5 found by N05 is confirmed. Note that this sudden decrease of
turbulent kinetic energy is referred to as the collapse of turbulence (VdW12).
The question is: what happens after the collapse? In the study with the
local similarity model of VdW12, the collapse of turbulence implies that the
wall-induced friction on the flow is largely reduced. This causes flow acceleration, which, according to the hypothesis in Figure 3.1, largely increases the
maximum heat transport capacity of the flow. In their local similarity model,
turbulence is regenerated and due to the enhanced shear the flow is able to
compensate the flux demand at the surface. A new equilibrium is reached
where also Reynolds stresses compensate the pressure force again. But then
why such recovery was not found in the DNS by N05? To solve this paradox
two-step approach is taken.
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Figure 3.3: Temporal evolution of scaled turbulence kinetic energy in a stably
stratified channel flow. The cases represent different cooling rates, in dimensionless form represented by h/Lext values as indicated.

First, a one-to-one comparison between the local similarity model of VdW12
and the DNS mean profiles is made in section 3. To this end an analytical
model for the steady state is considered. It will be shown that a rather close
correspondence between this analytical model and the DNS profiles is found.
This suggests that the maximum sustainable heat flux mechanism may play
a dominant role in the DNS-case as well. Another benefit of the analytical
approach is that it can be used to predict the turbulent end state of the DNS
in case it would recover from collapse (section 4). Finally, analytical solutions will be used to provide alternative initial profiles (apart from the standard neutral profile in N05). The maximum sustainable heat flux hypothesis
namely predicts that initial flows with sufficient momentum should be able
to survive ’supercritical’ cooling rates. In section 4 it will be shown that this
is indeed the case.
Next, the DNS simulations of N05 themselves are put in a different perspective. What if, the flow some time after the collapse has sufficient momentum to generate turbulence, but that the necessary triggering mechanism is
missing? It is known that some flows can be hydrodynamically stable to infinitesimally small perturbations, but are unstable to finite-size perturbations
(as in a pipe flow (Kundu and Cohen [2008]). With respect to the present
case, theoretical analysis by Boing et al. [2010] points in this direction. In
nature, finite size perturbations are the rule rather than the exception. Also,
a clear hint in this direction was given by Shi et al. [2005], who used a local
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similarity model to simulate the dynamics of the nocturnal boundary layer.
By using non-linear analysis they provided support for the potential role of
finite scale perturbations in destabilizing the very stable boundary layer, such
that sudden regime transitions can occur (their Fig. 4; see also McNider et al.
[1995]). Therefore in section 4 the impact of finite size perturbations on the
laminarized flow will be examined. Indeed, it will be shown that this type
of perturbations may effectively trigger transition to a recovered turbulent
flow state i.e. beyond the ’critical’ cooling rate. It will also be shown that
the velocity profile in this new equilibrium closely corresponds with the profile predicted by the aforementioned analytical analysis. In this way, results
of the local similarity model and the DNS are reconciled which leads to the
conclusion that h/Lext = 0.5 is not ’critical’ to the flow.

3.4 An analytical model
3.4.1 Governing equations
The present work departs from the analytical model introduced by VdW12
with an extension in order to include viscous effects. Here, we will consider the Reynolds averaged equation for momentum and heat for a onedimensional channel flow which is assumed to be homogeneous in the horizontal direction:
{
∂(τ /ρ)
∂U
1 ∂P
∂t = − ρ ∂x + ∂z
(3.9)
∂(H/ρcp )
∂T
=
−
∂t
∂z
with U = ū and T = T̄ short-hand notations for the horizontally averaged
velocity and temperature. Note that we assume a fluid in which humidity
has no impact on the buoyancy. The local stress τ and the local heat flux H are
represented by:
{
τ = −ρu′ w′
(3.10)
H/ρcp = w′ θ′ .
In VdW12 molecular effects due to viscosity and heat conduction were neglected (representing high Re), except for the fact that an effective roughness length z0 = 0.135ν/u∗ was chosen in order to mimic hydrodynamically
smooth flow as in N05 (Kundu and Cohen [2008]). Below, we summarize
the analysis developed in VdW12. In equilibrium, the shape of the profiles
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does not change in time, therefore, we differentiate (3.9) with respect to z and
consider a steady state.
{

0=
0=

∂
∂t
∂
∂t

( ∂U )
∂z
( ∂T
)
∂z

=
=

1 ∂2τ
ρ ∂z 2
2
− ρc1p ∂∂zH2

(3.11)

,

which corresponds to linear flux profiles:
{
τ /τ0 = u2∗ /u2∗0 = u2∗ /u2∗ext = 1 − z/h
H/H0 = 1 − z/h

.

(3.12)

The boundary conditions are given by:
{

U = 0 at z = z0 ;

τ = 0 at z = h

H = H0 at z = z0 ; H = 0 at z = h

(3.13)

Note that the upper boundary condition H = 0 is an approximation: in a
continuously cooled boundary layer a fixed temperature condition at the top
creates a strong top-inversion which acts as a lid on the flow below (see: Derbyshire [1990] and Moene et al. [2010]). The ’steady state’ Obukhov length is
defined as:
u2 Tref
Lext = ∗ext
.
(3.14)
θ∗ext κg
By defining:
θ∗ext =

−H0
u∗ext ρcp
1

(3.15)

and inserting (3.12) in (3.14), we are able to express the steady state local
Obukhov length (Λ) in terms of its surface equivalent (with the benefit that
the latter can be expressed in external parameters only):
Λ=

√
u2∗ Tref
= Lext 1 − z/h.
θ∗ κg

(3.16)

The log-linear similarity functions relating local fluxes to gradients are adopted
as closure assumption to find the equilibrium profiles of U and T :
{

∂U
∂z
∂T
∂z

κz
u∗
κz
θ∗

= 1 + α Λz
= 1 + α Λz

(3.17)
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which becomes, after inserting (3.16) in (3.17) and normalizing with u∗ext ,
θ∗ext and h:
√
{
1−ẑ
∂ û
h
=
+ ακ Lext
∂ ẑ
√κẑ
(3.18)
1−ẑ
∂ θ̂
α h
∂ ẑ = κẑ + κ Lext
with û the scaled velocity, θ̂ the scaled temperature and ẑ the normalized
height defined as ẑ = z/h. By integrating the wind profile we obtain the
following velocity profile:
√
[
(
)
]ẑ
1 √
1 + 1 − ẑ
h
√
û =
2 1 − ẑ − ln
+ αẑ
.
κ
Lext ẑ0
1 − 1 − ẑ

(3.19)

The expression above represents the logarithmic layer and the bulk layer
above it. In order to accurately model the velocity profile in the buffer and
viscous sublayer an additional correction for viscous effects can be made.
Hereto we add viscosity to the turbulent diffusivity and obtain:
)
(
2 ∂u
(Aκz)
∂u
∂z
+ν
,
(3.20)
u2∗ = (
)
2
∂z
1+αz
Λ

with A the Van Driest function modifying the traditional mixing length scale
(κz) in the buffer layer:
A = 1 − exp (−βRe∗ ) ,

(3.21)

where β ≈ 1/26 is an empirical constant (Van Driest [1956]). After normalization of (3.20), ∂u/∂z should be integrated to obtain the corresponding velocity profile. Unfortunately, the viscous extension makes further analytical
integration in (3.20) intractable, so that we will rely on numerical integration
for this case. This extended model is called: local scaling with viscous extension.

3.4.2 Comparison with DNS results
From Figure 3.3 it appears that for our default case h/Lext = 0.4 the turbulent
kinetic energy reaches a constant level after t/t∗ = 40, implying that transient
effects have largely disappeared. For this reason we will consider t/t∗ = 40
as the ’steady state’. In Figure 3.4 the mean velocity profiles at t/t∗ = 0 and
at t/t∗ = 40 are compared with the steady state solutions of the analytical
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Figure 3.4: Comparison of the steady state mean velocity profile for the case
h/Lext = 0.4 (continuous black line) with the analytical solution calculated
following the z0 concept (dashed blue line) and the analytical solution adding
the viscous effect (dotted red line). The initial neutral velocity profile is presented by the dash-dotted black line.

local scaling model (and its extension with viscous effects). We observe that
the flow is accelerated in its steady state in comparison to its neutral initial
state: in stratified conditions vertical turbulent transport is less efficient so
that higher shear is needed to maintain the turbulent stress needed to oppose
the horizontal pressure gradient. In the analytical formula a value for the
free parameter α has to be chosen. Here, we take α = 7.5 as a best fit (which
will be used in the remainder of the text). We verified that this value gives a
good fit for the full range of h/Lext values encountered here. Note that this
value is somewhat larger than α = 5 typically encountered inn atmospheric
studies (Beare [2008], Högström [1996], Howell and Sun [1999], Baas et
al. [2006]). Recently, DNS simulation of stratified Ekman layers suggested
α = 5.7 (Ansorge and Mellado [2014]).
To our knowledge such one-to-one comparison between local similarity and DNS profiles has not been reported previously in literature on atmospheric boundary layers. The correspondence between both models is
non-trivial, because local similarity theory was originally derived from atmospheric data which represents much higher Reynolds numbers than the
case simulated here.
In VdW12 collapse of turbulence for the present channel flow configuration was explained in terms of the maximum sustainable heat flux theory,
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using local similarity closure. Therefore, the close correspondence between
DNS and local similarity suggests that the same qualitative mechanism is
likely to be at play here. This mechanistic aspect of collapse will be elaborated in a follow-up study by the present authors, as here emphasis lies on the
revival of turbulent after the collapse stage. The resemblance between both
models is in accordance with earlier suggestions by others that DNS may be
useful as a complementary tool to study atmospheric-like flows in idealized
configurations (Coleman [1999], N05, Flores and Riley [2011]; Chung and
Matheou [2012]; Ansorge and Mellado [2014]).
Note that extension of the model with viscous effects improve the match
with DNS in the region close to the surface as compared to the roughness
length closure of section 3. At the top of the domain a clear discrepancy between both models is observed. This can be explained by considering the implementation of the upper boundary condition. In both cases the momentum
flux is zero at the top of the domain due to the presence of a stress free condition. However, in contrast to the local similarity model which is expressed in
horizontal velocity only, DNS has the additional constraint that vertical velocity fluctuations must vanish at the top. This causes an extra suppression of
turbulence in this region (which means ’low eddy viscosity’), so that locally
higher shear is needed in order to oppose the pressure gradient.

3.5 Collapse of turbulence: a transient phenomenon
3.5.1 Revival of turbulence by finite perturbations
In VdW12 an analysis similar to Figure 3.3 was made. As in Figure 3.3 an
initial collapse of turbulence occurred for large values of h/Lext . In contrast,
however, the collapse was followed by a recovery at a later stage. The stages
of the collapse and recovery were explained as follows: the initial neutrally
stratified velocity profile represents a limited amount of momentum. With
this momentum and the related shear only a limited amount of heat can be
transported downward by the flow: the maximum sustainable heat flux. If
the amount of heat extracted at the surface exceeds this maximum the system cannot reach an equilibrium within short term. The stratification near
the surface becomes very intense and the turbulence collapses. Later on, the
pressure gradient accelerates the flow. With increasing shear also the heat
transport capacity of the flow rapidly increases, until finally enough kinetic
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energy is built up to break through the stratification.
In view of the correspondence between the local-similarity model and
DNS in Figure 3.4, a similar mechanism is likely to occur here. As such, it
seems reasonable to assume that sufficient kinetic energy has been built up
after a certain period of time to enable recovery. Then, if regeneration does
not occur spontaneously, this could be due to the fact that perturbations in
the idealistic model environment are too weak to trigger instability. In nature
however, finite-size perturbations of various origin (topography, heterogeneity) are realistic features and will commonly occur. So the question is: how to
kick the flow with a ’realistic’ finite perturbation?
In another context, an inspiring view was given by Cekli et al. [2010] regarding wind tunnel turbulence. They showed that resonance enhancement
of turbulence intensity could be obtained by perturbing the flow with a frequency equal to the eddy-turnover rate of the energy containing eddies (stirring turbulence with turbulence). Here, our mere goal is to show that it is the
lack of triggering rather than the lack of shear that prevents a spontaneous
recovery of turbulence in idealized DNS studies as in N05. As such, we adopt
a practical approach inspired by the aforementioned wind tunnel study. To
this end, we will use the turbulence structures in the (surviving) h/Lext = 0.4
case as to trigger turbulence in the collapsed h/Lext = 0.6 case. Mathematically, we define the perturbed velocity vector field u′ as the instantaneous
field u at t∗ = 25 minus its horizontally averaged field < u >. The perturbed
velocity vector field is expressed as:
u′h/L=0.4 = uh/L=0.4 − < uh/L=0.4 > .

(3.22)

We expect that the dominant modes in the h/Lext = 0.4 turbulence will be
effective trigger modes at h/Lext = 0.6 (although the integral length scale
will be somewhat smaller in the latter). In order to keep the perturbation
limited in magnitude, we divide the intensity of the trigger turbulence by 10.
This 3D perturbation field trigger is then applied to the velocity components
and likewise to temperature. The perturbed velocity field formally reads:
uh/L=0.6 (t∗ > 15) = uh/L=0.6 (t∗ = 15) +

1 ′
u
(t∗ = 25)
10 h/L=0.4

(3.23)

Next, it should be realized that the perturbation is free to ’die out’. In case the
flow would be intrinsically laminar this perturbation would still die out. On
the other hand, in case the flow is potentially turbulent, a recovery will occur.
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(a)

(b)

(c)

Figure 3.5: Vertical cross-section of the velocity field magnitude prior and
after perturbation of the mean velocity field:(a) undisturbed, laminar field at
t/t∗ = 15 for the collapse h/Lext = 0.6 case. (b) Visualisation of the perturbed
field (Eq. 3.23) one time-step after t/t∗ = 15. (c) field at t/t∗ = 40 (’end state’).
Colours indicate the dimensionless magnitude of the velocity.
Indeed, the latter appears to be the case (Figure 3.5). Hence, we may conclude
that the laminar state at t/t∗ = 15 was ready to become turbulent. Again, our
primary goal is merely to show that some kind of perturbations indeed can
trigger a flow transition, so that the lack of triggering is the cause of persistent
collapse rather than the absence of sufficient kinetic energy. Of course, many
alternative (and formal) perturbation methods could be applied. However,
an in-depth analysis of various potential perturbation techniques is beyond
the scope of the present work.
In Figure 3.6 the time trace of the turbulence kinetic energy (a) and turbulent stress (b) are shown. The revival of turbulence after the ’kick’ is clearly
visible in both graphs. The strong ’overshoot’ in turbulent kinetic energy
results from the rapid conversion from mean kinetic energy to its turbulent
counter part (see discussion below). Note that in absence of triggering, the
default case (dashed), reveals a gradual increase in turbulent kinetic energy.
However, this increase is likely due to non-turbulent variance in the (horizontal) velocity components, for example due to meandering of the flow, as
it is absence in the evolution of turbulent stress (Figure 3.6 (b)).
In Figure 3.7 the corresponding mean velocity profiles before and after
the triggering are depicted. Also the equilibrium profile, predicted by the
analytical model, is given (red line). The dashed line represents the state
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(a)

(b)

Figure 3.6: Temporal evolution of turbulent kinetic energy (a) and the turbulent surface stress (b) both for ’supercritical’ h/Lext = 0.6 case with neutral
initial condition. Dashed line indicates evolution of the default run showing
a rapid collapse of turbulence. Continuous line represents simulation after
adding finite perturbations on the laminarized field at t/t∗ = 15.

just before triggering. The flow has large momentum compared to the initial
neutral state (e.g. Figure 3.4) as a result of the acceleration after the collapse.
After the sudden transition to turbulence, mean kinetic energy is converted
into turbulent kinetic energy and significant Reynolds stresses slow down the
flow and it evolves towards its equilibrium state (black line). The simulated
equilibrium state is in close agreement with the analytical prediction of the
h/Lext = 0.6 steady state.
Next, sensitivity of the recovery to the timing and magnitude of the triggering was investigated. Interestingly, when the same perturbation was added
at an earlier stage (t/t∗ = 10 instead of 15) it did not lead to a recovery and
the added perturbation rapidly dissipated into the laminar background flow.
Apparently, at this stage the generated momentum was still insufficient to
generate turbulence under those strongly stratified conditions. Another case
was investigated, where the timing of the perturbation (t∗ = 15) was kept
constant, but the magnitude of the perturbation was lowered by a factor of
2/3. Again, the perturbation rapidly dissipated. This indicates that the perturbation field requires certain intensity in order to trigger a full transition to
turbulence. Both permutations stress that the perturbation itself is of importance. A full sensitivity analysis, however, is beyond the scope of the present
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Figure 3.7: Mean velocity profiles prior and after perturbation for the case
h/Lext = 0.6. The perturbation is applied at t/t∗ = 15. Dashed black line:
mean velocity profile after collapse of turbulence just before addition of the
perturbation; continuous black line: mean velocity profile at t∗ = 40 i.e. when
the new, turbulent steady state has been established; continuous red line: end
state as predicted by analytical solution with viscous extension.

work. Here, the aim is to provide evidence that essentially the collapse of
turbulence in a pressure driven channel flow is a transient phenomenon and
that such thing as a ’critical’ cooling rate does not exist for such configuration.

3.5.2 Influence of the initial conditions
In section 1 it was argued that, according to the maximum sustainable heat
flux hypothesis, a flow with sufficient initial momentum (or with sufficient
shear capacity: U/Umin > 1 (Van Hooijdonk et al. [2014]), also Figure 3.1) has
enough heat transport capacity and therefore should be able to remain turbulent at ’supercritical’ cooling rates. In order to investigate this, we performed
an experiment where the initial neutral field is replaced by the analytical solution for h/Lext = 0.6 in its equilibrium state (Figure 3.8). Because of stability
this case has larger momentum than the default initial case. Next, turbulent
fluctuations of the steady state h/Lext = 0.4 field are added, such that the
initial field has turbulent properties. The total initial field is visualized by
Figure 3.9 (a). In mathematical terms the initial field hence reads:
uinitial = uana (h/L = 0.6) + u′h/L=0.4

(3.24)
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Figure 3.8: Velocity profile which is used as alternative initial condition with
higher shear (compared to the default, neutral initial condition). The profile
is taken from the analytical solution (with viscous extension) for the h/Lext =
0.6 case as described in section 3.

The simulation is run for t = 25t∗ , while applying continuous ’supercritical’
cooling (h/Lext = 0.6) at the surface. As anticipated, the case remains turbulent and no collapse occurs, even though strong, ’supercritical’ cooling was
applied during the full period. This is also clear from Figure 3.10 (a) which
shows the domain integrated kinetic energy as a function of time. Finally, the
simulated equilibrium profile remains close to the anticipated profile (Figure
3.10 (b)), apart from the discrepancy near the top of the channel, which again
is related to the boundary layer issue at the top, discussed in section 3.

(a)

(b)

Figure 3.9: Vertical cross-section of magnitude of the mean velocity field:
(a) initial condition: analytical solution for h/Lext = 0.6 case with turbulent
perturbations added (see text) (b) final state at t/t∗ = 25. Colours indicate the
dimensionless magnitude of the velocity.
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(b)

Figure 3.10: (a) Temporal evolution of the domain-integrated turbulent kinetic energy (b) simulated vertical mean velocity profile at t/t∗ = 25 (continuous line). The dashed line indicates the initial profile: viz. the anticipated
analytical steady state solution (see text).

3.6 Discussion
3.6.1 Collapse of turbulence and relation to the turbulent kinetic
energy budget
The purpose of this section is to show that the existence of turbulence at ’supercritical’ cooling rates is compatible with turbulent kinetic energy budget
analysis. In the present framework (VdW12, Van de Wiel et al. [2007]), a
regime transition (temporary collapse of turbulence) is predicted when the
flow just after the onset of cooling is unable to support the heat loss at the surface (Figure 3.1). It is shown that it is the interplay between the flow and the
boundary conditions enables a positive feedback which may lead to a sudden
intensification of the density stratification near the surface. Then, eventually,
length scales in the flow become so small that continuous turbulence cannot
be sustained (at least temporarily).
From a different point of view, traditionally, the transition between the
continuous turbulent regime and the very stable regime is often discussed in
terms of turbulent kinetic energy budget analysis (e.g. Wyngaard [2008]).
The idea is that, in order to maintain steady turbulence of significant magnitude the buoyancy destruction term should not exceed the shear production
term. In other words the flux Richardson number Rf should be smaller than
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one (see below). Recently, however, this traditional view has been opposed.
It has been shown that a different regime may appear but that weak levels of
turbulence may still be present at larger values of the Rf and that the concept
of critical Richardson number no longer exists (Galperin et al. [2007], Mauritsen and Svensson [2007], Zilitinkevich et al. [2007], Rodrigo and Anderson
[2013], Grachev et al. [2013] and Zilitinkevich et al. [2013]).
Here, this issue at large Rf -values is not debated. It is namely important
to realize that regime transition according to the concept in Figure 3.1 occurs
when Ri is only O(0.1), see: VdW12. As the turbulent Prandtl number is
still close to one at weak stability, this implies that a transition is predicted
for Rf = O(0.1). It is only after this transition where the recent discussion
on the existence of turbulence/no turbulence at Rf = O(1) sets in, which is
not discussed here. The aforementioned hypothesis just states that the emergence of a completely different atmospheric regime is to be expected when
the positive feedback of Figure 3.1 sets in. Though, in the DNS channel flow
this transition leads to a temporary laminarisation, in reality this may coincide with a regime with some reminiscent, weak or intermittent turbulence
(Sun et al. [2012]; Van de Wiel et al. [2003]; Ansorge and Mellado [2014]).
But, even in the present study is has been shown that the positive feedback is
counteracted by a flow acceleration, which enables a recovery of turbulence
in the long-term.
Here, nevertheless a theoretical turbulent kinetic energy budget analysis is presented, in order to put our result in perspective of the discussion
in Wyngaard [2008] and N05. It will be shown, that in equilibrium flow
Rf remains finite (and smaller than 1) even if h/Lext goes to infinity. This
counter-intuitive result is due to the flow acceleration which causes the shear
production term to become proportional to h/Lext , thus keeping Rf finite.

3.6.2 Equilibrium state for h/Lext → ∞
In section 3, it has been shown that the analytical expression (3.19) closely
corresponds to the steady state velocity profile obtained with DNS. Next, we
will use the analytical model to investigate what will happen to the domainaveraged shear production and buoyancy destruction in case h/Lext goes to
infinity. In other words: what happens to the domain averaged flux Richardson number when h/Lext → +∞?
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As point of departure the turbulent kinetic energy equation is considered:
∂e
∂u
g
∂w′ e 1 ∂w′ p′
= −u′ w′
+
w′ θ′ −
−
− ϵ.
∂t
∂z
Tref
∂z
ρ ∂z

(3.25)

The time evolution of the turbulence depends on the production of turbulence by wind shear, the destruction of turbulence by buoyancy and the dissipation of turbulence. The turbulent transport and the pressure correlation
terms only act to redistribute the turbulent kinetic energy and pressure fluctuations vertically. The flux Richardson number Rf measures the ratio between buoyancy destruction and production of turbulence. In order to globally characterize the flow, we will consider the vertically integrated domain
averaged flux Richardson number ⟨Rf ⟩:
∫h
⟨Rf ⟩ =

g
′ ′
z0 Tref w θ dz
.
∫h
′ ′ ∂u
z0 u w ∂z dz

(3.26)

Next we use the fact that the local stress values −u′ w′ (also denoted here as
u2∗ ) is related to the surface values u2∗ext via (3.12):
{
u2∗ = u2∗ext (1 − z/h)

(3.27)

u∗ θ∗ = u∗ext θ∗ext (1 − z/h),

and we express the flux Richardson number in terms of scaled parameters
like ẑ = z/h and û = u/u∗0 :
∫1
⟨Rf ⟩ =

g θ∗ext h
ẑ0 Tref u2∗ext û∗ θ̂∗ dẑ
∫ 1 ∂ û
2
ẑ0 û∗ ∂ ẑ dẑ

=

∫1
h
Lext ẑ0 (1 − ẑ)dẑ
.
∫1
κ ẑ0 (1 − ẑ) ∂∂ûẑ dẑ

(3.28)

Elaboration of the numerator learns that the buoyancy destruction amounts
is (1/2)h/Lext using (ẑ0 ≪ 1). The denominator (shear production) becomes:
∫

1

∂ û
κ
(1 − ẑ) dẑ = κ [(1 − ẑ)û]1ẑ0 + κ
∂ ẑ
ẑ0

∫

∫

1

1

ûdẑ = κ
ẑ0

ûdẑ,

(3.29)

ẑ0

where we used the fact that the momentum flux at the top and the velocity
at the surface vanishes. As such the total shear production is determined
by the integrated velocity profile given by (3.19). Before using this rather
complicated expression directly, we will first approximate (3.19) by using the
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traditional log-linear velocity profile instead of its exact local counterpart.
The traditional log-linear velocity profile is written as:
[ ( )
]
1
ẑ
h
û =
ln
+ αẑ
.
(3.30)
κ
ẑ0
Lext
Note that this expression (3.30) is merely an asymptotic case of the general
formula (3.19) for z ≪ h (VdW12). Then the integral in (3.29), i.e. the denominator of (3.28), can be written as:
∫ 1
∫ 1 ( )
h
ẑ
κ
+ αẑ
dẑ
ûdẑ =
ln
ẑ0
Lext
ẑ0
ẑ0
[
( )
]
ẑ
h 1 2 1
= ẑln
− ẑ + α
ẑ
ẑ0
Lext 2
z0
(3.31)
( )
1 h
1
−1+α
= ln
ẑ0
2 Lext
1
h
+ ẑ0 − ẑ02 α
.
2 Lext
By assuming that the last two terms are negligible (z0 ≪ 1), we obtain:
⟨Rf ⟩ ≈

1 h
2 Lext
h
α 12 Lext
+ ln( zh0 ) − 1

.

(3.32)

For the general case, the same reasoning applies: the h/Lext term in eq. (3.19)
will start to dominate for h/Lext → ∞ so that ⟨Rf ⟩ → 1/α. Hence Rf remains
finite (and inferior to 1). The physical interpretation is as follows: as the imposed surface cooling increases, vertical transport is less and less efficient. In
steady state, however, the (surface) stress is by definition determined by the
horizontal pressure gradient which it has to balance. As the effective ’eddy
viscosity’ is decreasing with increasing surface cooling the shear needs to increase accordingly. Eventually the proportionality of the turbulent kinetic
energy shear destruction with h/Lext compensates the increasing buoyancy
destruction such that the ratio remains constant.
This finding supports Nieuwstadt’s conclusion using the simplified analytical approach: from a turbulent kinetic energy perspective, steady state turbulence appears sustainable in the limit h/Lext → +∞. Apart from this discussion on TKE, it would be interesting to analyse this configuration using the
concept of total turbulent energy as suggested by Zilitinkevich et al. [2013].
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Finally, we comment briefly on a erroneous interpretation on N05 results
by Wyngaard [2008]. In his analysis (pp. 285,291) he uses the assumption
that Rf cannot exceed 1 if the turbulence is to be sustained. Next, however,
for simplicity reasons, a Moody chart is used in order to relate depth average
wind speed - to be inserted in (3.29) - to the pressure gradient. But as the
Moody chart represent neutrally stratified flow only, it will not represent the
fact that shear and hence, averaged velocity, increases with stability as in
(3.30). In our case the ’Moody approach’ would imply to ignore the αh/Lext
part in the integral. As a consequence this leads to the erroneous conclusion
that the constraint ⟨Rf ⟩ < 1 translates in an upper value (critical value) for
h/Lext .
To summarise: from a TKE-perspective Nieuwstadt’s suggestion that analysis on flow energetics cannot substantiate a critical h/Lext is correct.Through
on the short-term turbulence may collapse due to the fact that the initial momentum and hence the maximum sustainable heat flux is limited, on longterm the system is able to reach a turbulent steady state again. Yet, the direct numerical simulations reveal a clear flow transition for h/Lext ≈ 0.5. In
section 4, we showed that the solution to this paradox lies in the numerical
simulations themselves.

3.6.3 Generality of the results and impact of the boundary condition
In our idealistic set up surface cooling is imposed instantaneously for t/t∗ >
0. In reality the transition to nocturnal conditions rather sets in on a finite
time-scale τ . Theoretical analysis (VdW12) has shown that a temporary collapse of turbulence is possible due to the fact that the flow acceleration time
scale is much larger than the time scale at which the change in surface condition is being diffused (upward mixing of cold air). It is therefore expected
that, when surface cooling would be imposed more gradually, this largely
would moderate the chance of collapse as the shear generation has more time
to adapt to the new surface boundary condition. In future, this relevant aspect should be studied in more detail.
In the present study a modest frictional Reynolds number of 360 is used
in the analysis in order to study N05-case. From Flores and Riley [2011]
it is known that an increase in Reynolds number leads to a larger value of
the ’critical’ h/Lext , i.e. in a transient sense. For example their Re∗ = 560

68

3.6 Discussion

showed that h/Lextcrit = 0.82 instead of 0.5. With respect to atmospheric
applications it would be interesting if this transient, ’critical’ h/Lext reaches
some of asymptotic value for Re∗ → +∞.
Note that strong caution has to be taken when inter-comparing results
with respect to laminarization when different model configurations are used.
Similar as in N05, Jimenez and Cuxart [2005], Flores and Riley [2011] and
Deusebio et al. [2011] stratification is created in the present study by imposing
a fixed surface heat flux such that the flow is characterized by h/Lext as the
external parameter.
In other studies like e.g. Armenio and Sarkar [2002] and Gracía-Villalba
and Del Álamo [2011], stratification is imposed by setting a constant temperature difference. In that case the flow is characterized by some form of a bulk
Richardson number instead of h/Lext .
Though both configurations may lead to similar velocity and temperature
profiles their ’resistance to laminarization’ can be completely different. In
atmospheric terms: a given temperature inversion and wind profile could
endure a collapse event over insulating fresh snow (which acts like a flux
boundary condition driven by net radiative cooling), whereas the same mean
temperature and wind profile could allow survival of turbulence over melting snow (which acts like a temperature boundary condition). As such the
dynamical system response cannot be viewed separately from its boundary
condition. This aspect as well as more concrete atmospheric implications are
discussed in detail in VdW12.
Finally, it is stressed that the present simplified set up in the form of a
flux-driven channel flow largely limits the dynamical richness as compared
to real atmospheric boundary layers. In particular no evidence of globally intermittent turbulence was found here, though this characteristic is frequently
encountered in strongly stratified nocturnal boundary layers (e.g. Van de
Wiel et al. [2003]; Sun et al. [2004]). Also, aforementioned studies on similar regime transitions with local similarity modeling by VDW12 and Shi et
al. [2005], did not show evidence of any (quasi) ’cyclic’ breakdown of turbulence.
Ansorge and Mellado [2014], on the other hand clearly demonstrated
that large spatial intermittency can be generated by internal system dynamics when Coriolis effects are included in Direct Numerical Simulations. In
Large-Eddy Simulations by Zhou and Chow [2011] inclusion of Coriolis ef-
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fects enabled formation of Low-Level Jets, which intermittently induced instabilities to occur due to the presence of an inflection point in the velocity
profile. Recently, it has also been demonstrated that velocity inflection points
at the top of large canopies may generate intermittent behaviour of turbulence in strongly stratified flows (Boing et al. [2010]; see also: Patton et al.
[2011]). Note that the dynamical implications of velocity inflection points in
terms of hydrodynamic stability cannot be diagnosed as such in simple ’eddy
viscosity’ models as in VDW12 and Shi et al. [2005].
Apart from those aspects, also surface heterogeneity in combination with
local topography may introduce new dynamics as compared to homogeneous flows (McNider and Pielke [1984]). A clear observational example
is given by the study of Acevedo et al. [2003], where on a relatively small
horizontal separation distance both coupled and decoupled boundary layers occurred simultaneously, with their actual state depending on the local
surface elevation and local wind regime.

3.7 Conclusion
In this work, a theoretical cooled channel flow configuration is used in order
to make a one-to-one comparison between an ’atmospheric’ local similarity
model and a direct numerical simulation ’model’, which actually resolves
turbulent motions down to the Kolmogorov scale. Both methodologies lead
to steady state velocity profiles which are remarkably similar (likewise for
temperature: not shown). Although only a limited number of (moderate
Re∗ ) cases have been studied, in our opinion this indicates that, potentially,
DNS can potentially be a useful complementary tool to study ’atmospheric’
stable boundary layer dynamics in addition to other models like LES and
Reynolds-averaged modelling simulation (RANS) models; which represent
high Reynolds number flows.
Next, the process of flow laminarization in response to enhanced surface
cooling (h/Lext ) has been studied. Though earlier studies coined the existence of a critical cooling rate (h/Lext ∼ 0.5; or h/Lext ∼ 1.23 when the Von
Kármán constant is excluded in the definition), it is shown here that the cooling rate itself is not critical for the turbulence to survive. In fact when sufficient initial momentum is imposed cooling rates beyond h/Lext ∼ 0.5 can
be sustained. Likewise, it has been shown that a collapse for h/Lext ∼ 0.5 is
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only temporary due to the fact that such collapse is followed by flow acceleration. When sufficient shear has been built up, turbulence is regenerated
provided that finite perturbations of sufficient magnitude are present in the
flow (which in outdoor, geophysical flows is generally the case). As such, the
present analysis suggests that collapse of turbulence in the evening boundary
layer is mostly a transient phenomenon.

This chapter is based on the publication:
Donda JMM, van Hooijdonk IGS, Moene AF, Jonker HJJ, van Heijst GJF,
Clercx HJH and van de Wiel BJH. 2015. Collapse of turbulence in stably stratified channel flow: a transient phenomenon. Quart. J. Roy. Meteor. Soc.. in
press.

Chapter

4

Simulations and conceptual predictions
of stably stratified flows

4.1 Abstract

In this work we introduce a simple, physically consistent method to predict
nocturnal wind and temperature profiles from external forcing parameters
like the geostrophic wind. As an indicator of the radiative ’forcing’ the net
longwave radiative cooling is used as a proxy. Surface fluxes are expressed
in terms of these parameters by coupling an Ekman model to a rudimentary
surface energy balance. Additionally the model assumes validity of MoninObukhov in order to predict near-surface wind and temperature profiles up
to z ∼ O(L). The predictions are validated against an independent data
set that covers 11-years of observations at Cabauw (The Netherlands). It
is shown that the characteristic profiles in response to external forcings are
well-captured by the conceptual model. For this period the observational climatology is in close agreement with ECMWF reanalysis data. As such, the
conceptual model provides an alternative tool to have a first-order estimate
of the nocturnal wind and temperature profile near the surface in cases when
advanced numerical or observational infrastructure is not available.
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4.2 Introduction
For many meteorological applications information on nocturnal wind and
temperature profiles near the ground is required. This may for example apply to air pollution studies that require information on static stability of the
ambient air in order to assess air dispersion characteristics. In the present
work we seek for a practical method to predict those profiles directly from a
priori knowledge on external forcing parameters. As such, available information on external parameters has to be linked to internal physical parameters
like surface fluxes.
In the past, however, most attention has been given to so-called ’internal
flux-profile relations’. This means that internal variables like mean wind and
temperature gradients are related to other internal variables like turbulent
heat and momentum fluxes. Those flux-profile relations, either in their classical form of Monin-Obukhov similarity (Monin and Obukhov [1954]) or in
their generalized form of local similarity (Nieuwstadt [1984]) form one of
the cornerstones of boundary layer meteorology. Many meteorological models utilize those internal relationships in order to predict the evolution from
wind and temperature profiles from external forcing parameters. In this way
’external’ information is indeed ultimately translated into internal profiles.
However, for some applications such complex model infrastructure is rather
demanding from a practical point of view. Therefore, the aim of the present
work is to find an alternative, but simple method, to link wind and temperature profiles to external forcings as to provide a first-order guess on nocturnal, near-surface stability. Moreover, by doing so we aim for an increased
physical understanding on how information on external parameter is translated into information on near-surface profiles. Clearly, the latter objective is
rather infeasible with complex numerical weather forecast models.
Because synoptic weather conditions are usually varying rather slowly in
time (in the order of hours to days), we expect that the variability of wind and
temperature profiles between nights (inter-night) will be larger than the variability within a night (intra-night variability). For example, it is well known
that cyclonic, cloudy conditions generally result in deep, windy, weakly stable nocturnal boundary layers with continuous turbulence. In contrast, clearsky, anti-cyclonic conditions favour the occurrence of shallow, strongly stratified nocturnal boundary layers. An interesting support of this viewpoint was
put forward by André [1983] in relation to the evolution of the depth of the
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nocturnal boundary layer. In accordance with the statement above, André
[1983] showed that indeed the inter-night variation of this depth is dominant
over the internal evolution within a particular night as e.g. in Nieuwstadt
and Tennekes [1981].
The current analysis therefore aims at predicting (or diagnosing) a single temperature and wind profile that is characteristic for the external forcings during that night. As such, intra-night variability that occurs e.g. due to the
presence of the diurnal cycle (Svensson et al. [2011]) is discarded here.
With respect to characterization in terms of external forcings pioneering work
has been done by Derbyshire [1990]. Derbyshire developed a scaling framework for the turbulent heat flux in terms of the geostrophic wind speed. This
scaling is valid in the asymptotic limit of large stability. However, by taking
the very stable limit one implicitly assumes that unlimited radiative cooling
is available. Though instructive, in reality this limit may not be reached. The
actual nocturnal boundary layer will find some intermediate balance that results from the interplay between the available mechanical and the radiative
’forcings’. A second example of scaling in terms of the geostrophic wind can
be found in the classical theory of ’drag-laws’. These semi-empirical laws
typically express turbulent surface stresses in terms of the geostrophic wind
speed and the stability parameter h/L with h the boundary layer height and
L the Obukhov length (see e.g. Zilitinkevich and Esau [2005]). Although
stability effects are obviously accounted for, the approach still relies on information on internal parameters like h/L that are generally not known a priori.
In Van de Wiel et al. [2003] a framework based on external parameters
was developed in order to predict nocturnal boundary layer regimes. Based
on surface layer observations, nights are subdivided into three subclasses:
continuous turbulent, intermittent turbulent and radiative nights. The occurrence of a particular type of night is related to physical properties of the land
surface and the external forcing parameters: the geostrophic wind speed and
the so-called isothermal net radiation. The latter is a measure of the radiative ’forcing’ that drives the system cooling. It is related to the net radiation,
with a correction for the internal radiative feedback that results from surface
cooling itself (see Sect. 4.3.3, and Monteith [1981]).
As the conceptual model of Van de Wiel et al. [2003] consists of a single (bulk) atmospheric layer, information on the actual wind and temperature profiles could not be obtained. However, based on this philosophy,
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Bosveld and Beyrich [2004] succeeded in classifying a large dataset of wind
and temperature profiles at Cabauw (The Netherlands) into characteristic
subcategories. Data from 11 years of measurements (comprising of about
4000 nights) were classified into 3*3 classes according to the magnitude of
the geostrophic wind and the isothermal net radiation. For convenience, the
latter was converted to a temperature scale, ∆TQ , which is the temperature
drop that the net isothermal longwave radiation acting over a period of 6
hours would produce in a 200 m high column of dry air. Mean wind and temperature profiles for each of the 9 classes were then calculated at the time 6
hours after the beginning of near-surface stabilization. The same analysis was
done on ECMWF-reanalysis data. Some exemplary results, namely the mean
wind and temperature profiles for each (three classes for the wind and three
classes for the temperature), are shown in Figure 4.1. It appears that indeed
characteristic profiles emerge in response to the external forcings. Also, the
overall similarity between the observations and the ECMWF-reanalysis suggest a certain degree of general validity of the results. On the other side, some
model deficits become obvious: the wind speed gradient is too weak above
50 m for the moderate and strong wind classes, and the inversion strength is
underestimated close to the ground while the cooling at upper levels is larger
than in the observations. This indicates too strong mixing in the stable model
boundary layer, a feature that is typical for many numerical weather prediction models (Svensson et al. [2011]). However, from the general agreement
between measurements and model results we conclude that the classification
suggested in Bosveld and Beyrich [2004] could serve as a kind of benchmark
for numerical models to check if these are able to simulate the basic climatology in response to changing synoptic conditions.
If such kind of benchmark is to be used as a reference for future data analysis and applications, there is need for an understanding of the underlying
physics: how does the information on the external parameters transfer into
the typical nocturnal wind- and temperature profiles? The aim of the present
work is to introduce a simple conceptual model in order to predict the profiles in terms of the external forcings. To this end, an Ekman model is coupled
to a rudimentary surface energy balance. In the first stage, scaling behaviour
of the fluxes in terms of external parameters is established. Next, by comparison with a realistic column model, two empirical constants in the conceptual
model are calibrated such that the latter describes the simulated profiles over
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(b)

Figure 4.1: (Dashed line) Mean profiles from 11 years of Cabauw measurements (1986-1996) and (solid line) mean profiles from the corresponding ECMWF model re-analysis for (a) Wind speed: (A) ugeo < 5 ms−1 ;
(B) 5 ms−1 < ugeo < 10 ms−1 and (C) ugeo > 10 ms−1 . All cases have
the same radiative forcing represented by the temperature scale ∆TQ with
3K< ∆TQ < 6K (see text). (b) Potential temperature difference relative to 200
m sunset value: (1) ∆TQ > 6K; (2) 3 K < ∆TQ < 6K and (3) ∆TQ < 3 K. All
cases have the same geostrosphic wind speed range with 5 ms−1 < ugeo < 10
ms−1 .
a broad stability range.
As a final step, the conceptual model is validated against the independent
observational data set as presented in Figure 4.1. It will be shown that the
model is able to capture the basic climatological characteristics of the nocturnal boundary layer. As the model facilitates characterisation of the nocturnal
boundary layer in terms of external parameters, it provides information on
static stability and on the wind profile near the surface (e.g. for applications
related to dispersion modeling) in cases when more advanced weather forecast tools are not available.

4.3 Conceptual model setup
4.3.1 General description
In this section, we introduce the conceptual model that combines Ekman theory with a simple surface energy balance. The model expresses surface fluxes
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in terms of external forcing parameters. With an estimate of the surface fluxes
the shape of the profiles near the surface can be predicted by assuming validity of Monin-Obukhov similarity theory (Monin and Obukhov [1954]) within
the surface layer.
We adopt the rationale by Van de Wiel et al. [2002] where stable boundary
layers are classified according to the existing large-scale mechanical forcing:
the geostrophic wind (ugeo ) and the radiative forcing. For the latter they define the so-called isothermal net radiation (Qi ) (Monteith [1981]; Holtslag
and De Bruin [1988]). This Qi accounts for contributions by both clouds and
clear-air emissivity on the radiative budget. It is computed from the observed
net radiation (Qn ) by correcting for surface cooling itself. In this way its dependence on the surface temperature as an ’internal variable’ is ’filtered out’.
However, in the present study we will use the net radiation (Qn ) directly as a
proxy for the radiative forcing. The reason for this is that the aforementioned
’internal dependence’ is rather weak, and usage of the net radiation allows a
direct interpretation in terms of the surface energy balance. Also, it facilitates
a direct comparison with observations, whereas usage of Qi involves an extra (modeled) correction. In summary, we look for the following functional
dependence:
u(z) = f1 (ugeo , Qn ),

(4.1a)

θ(z) = f2 (ugeo , Qn ).

(4.1b)

The wind and temperature profiles near the surface are estimated in the context of Monin-Obukhov similarity theory by assuming the log-linear approximation described by Webb [1970]:
[ ( )
]
z
z
u∗
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[ ( )
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ln
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,
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u=

(4.2a)
(4.2b)

where u∗ is the friction velocity, θ∗ the temperature scale, κ is the von Kármán
constant equal to 0.4, z0 the roughness length here assumed to be equal to
0.03 m for heat and momentum and L the Obukhov length. The empirical
constant α is set to the value 5 in reasonable accordance with observational
data (Högström [1996]). For simplicity, α is assumed equal for heat and
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momentum. The Obukhov length scale L is defined as:
L=

u2∗ θ0
,
κgθ∗

(4.3)

with θ0 a reference temperature equal to 285 K and g the gravitational constant equal to 9.81 ms−2 . To determine the profiles, u∗ and θ∗ have to be
expressed in terms of the external parameters:
u∗ = F1 (ugeo , Qn ),

(4.4a)

θ∗ = F2 (ugeo , Qn ),

(4.4b)

As a first step, the classical Ekman theory is used in order to couple the surface fluxes to the large-scale geostrophic wind ugeo . To simplify this approach,
we will first consider the high stability limit of the system. This implies existence of a constant eddy diffusivity, an assumption that is unlikely to be
appropriate close to the surface. As such, calibration to the general case is
needed on a later stage (followed by validation). In the very stable limit,
height dependence vanishes in the eddy viscosity expression (Derbyshire
[1999]):
κzu∗
κu∗ L
lim K = lim
=
.
(4.5)
α
z/L→+∞
z/L→+∞ 1 + αz/L
Note that information on stability is maintained via u∗ and θ∗ in the Obukhov
length (4.3).

4.3.2 Ekman layer in very stable limit
Point of departure is the steady state momentum equation under the assumption of horizontal homogeneity:
( 2 )
∂ u
fc v = −K
,
(4.6a)
∂z 2
( 2 )
∂ v
fc (u − ugeo ) = K
,
(4.6b)
∂z 2
where fc is the Coriolis parameter. After application of the boundary conditions set as (u, v) = (0, 0) at z = 0 and u → ugeo , v → 0 for z → +∞, the
Ekman layer solution is obtained:
u = ugeo [1 − e−γE z cos(γE z)],
v = ugeo [e

−γE z

sin(γE z)],

(4.7a)
(4.7b)
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√
where 1/γE = 2K/fc is the Ekman depth scale (Stull [1988]). In view of the
simplification proposed in (4.5), it is interesting to compare the scale Ekman
depth to the extent of the layer where the variation of the eddy viscosity is
non-negligible with height, i.e. the layer where K = f (z). Roughly speaking we expect that height variation in K becomes important when 1 > αz/L,
in the denominator of (4.5). In other words we expect that (4.5) looses validity for z < O(L/α). With typical values (κ, α, L, u∗ , fc ) set to (0.4, 5, 40,
0.25, 10−4 ) the corresponding Ekman depth is γE ≈ 125 m, which is large
compared to L/α which is equal to 8 m in this case. As such, assumption
(4.5) appears to be valid in the large part of the domain (at least for those
typical values). In reality, however, the ’upper’ layer where Ekman solutions
apply is physically connected to the surface energy balance via the ’lower atmosphere’. This implies that, formally speaking, transport properties of this
layer will have an effect on the scaling of surface fluxes in terms of external parameters and cannot be ruled out by asymptotic reasoning in terms of
length scales. As such, validation of the model assumptions remains necessary.
In our Ekman framework, the friction velocity u∗ is found from the surface
stress assuming (4.5):
u2∗ = K
where U =
(4.8) gives:

∂U
∂z

=
z=0

κu∗ L ∂U
α ∂z

,

(4.8)

z=0

√
u2 + v 2 is the velocity norm. The combination of (4.3), (4.7) and

u∗ =

u2geo θ0 fc
.
gαθ∗

(4.9)

This expression is similar to the one found by Derbyshire [1990]. The expression contains the temperature scale (θ∗ ) as an unknown variable. To determine the temperature scale, the surface energy balance is considered.

4.3.3 Coupling with the surface energy balance
Eq. (4.9) has two unknowns: u∗ and θ∗ . To close the system the surface energy
balance is considered in the limit of high stability:
Qn − H − G = 0,

(4.10)
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where H is the turbulent heat flux at the surface (W m−2 ) and G the soil heat
flux (W m−2 ). Note that in our analysis the latent heat flux is neglected. It
is observed that the soil heat flux G is introduced as new unknown variable.
In principle G becomes unpredictable in a diagnostic sense, as it depends on
the entire thermodynamic history of the soil. However, here we will opt for a
semi-empirical relation that expresses G in terms of θ∗ :
G∝

λαθ∗
,
κ

(4.11)

where λ is the bulk conductivity of the vegetation layer equal to 5 Wm−2 K−1 .
The rationale behind this closure is explained in Appendix A. Equation (4.11)
shows an increase of the soil heat flux with the temperature scale, which
seems plausible. Finally, in the limit of high stability turbulent heat fluxes are
expected to be smaller in magnitude than the net radiation and the ground
heat flux, i.e.:
|H|
<< 1, or G ≃ Qn .
(4.12)
| Qn | + | G |
In combination with equation (4.10) above, this leads to an expression for θ∗
in terms of Qn :
κ
θ∗ ∝
Qn .
(4.13)
λα
Note that (4.13) is in accordance with Van Ulden and Holtslag et al. [1985]
who show that θ∗ tends to increase with a decrease in cloud cover, hence with
increasing | Qn |.

4.3.4 Definition of scaling variables
By combining (4.9) and (4.13), we obtain a solution for u∗ and θ∗ . In this
way the (non-trivial) scaling in terms of external forcings is revealed. Hence
we define the scaling parameters as:
θ0 fc λ u2geo
,
κg Qn
κ
=
Qn .
λα

usc =

(4.14a)

θsc

(4.14b)

This provides the functional relationship aimed for in (4.4a) and (4.4b). The
notation demonstrates that the basic goal of the foregoing analysis is to find
the scaling behaviour of u∗ and θ∗ rather than to find their exact values directly.
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Next, it will be hypothesized that the actual values of u∗ and θ∗ will be proportional to usc and θsc :
u∗ = C1 usc

(4.15a)

θ∗ = C2 θsc ,

(4.15b)

where C1 and C2 are two coefficients. The determination of the coefficients is
described in the next section.

4.4 Scaling behaviour and calibration
In this section we use results from numerical simulations with a multi-layer
single column model (Appendix B) in order to:
- investigate if the proposed scaling laws for u∗ and θ∗ in terms of the
external forcing parameters are supported by realistic numerical simulations;
- calibrate the conceptual scaling model in order to determine the constants C1 and C2 that provide the best description of the numerical results over the range of external conditions.

4.4.1 Scaling behaviour and calibration of constants
The single column model adopted in the present study uses a standard turbulence closure based on local similarity scaling (Nieuwstadt, 1984). The
model includes atmosphere-surface interaction as it solves the surface energy budget for a simple vegetation layer. Soil heat transport is accounted
for in a multi-layer soil module. The model was tested against LES results
of the GABLS1 model intercomparison case (Beare et al. [2006]) and showed
good agreement (comparable to the result by a very similar model as given
in Steeneveld et al. [2006a]. The description of the model configuration is
given in Appendix B.
In Figures 4.2 (a,b) the evolution of the friction velocity and the turbulent
heat flux are presented for three different values of the geostrophic wind: 5
ms−1 , 10 ms−1 , and 15 ms−1 . After a transition period, the friction velocity
and the turbulent heat flux reach a state of reasonable stationarity after 5-7
hours. In Figures 4.3(a,b) the values of the friction velocity and the turbulent
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(b)

Figure 4.2: Results of the simplified single-column model simulations for the
time evolution of (a) the friction velocity and of (b) the turbulent heat flux for
three different values of the geostrophic wind: 5, 10 and 15 ms−1 .

heat flux after 7 hours are plotted as a function of the geostrophic wind speed
magnitude ranging between: 5 ms−1 ≤ ugeo ≤ 15 ms−1 . The friction velocity at ugeo = 15 ms−1 is approximately 4 times higher than that at ugeo = 5
ms−1 . Likewise, the negative turbulent heat flux at ugeo = 15 ms−1 is approximately 5 times larger than that at ugeo = 5 ms−1 . In order to determine the
coefficients C1 and C2 , the equilibrium values of the friction velocity and the
turbulent heat flux, given in Figure 4.3 (a,b), are normalized by the parameters usc and θsc , given in equation (4.14). The normalized equilibrium values
are presented as a function of the geostrophic wind, in Figures 4.4 (a,b). For
comparison also, the normalized temperature scale is shown in Figure 4.4 (c).
Note that only u∗ and θ∗ are needed for the profile description (4.2a) and
(4.2b); in a relative sense the scaling of u∗ and θ∗ is better than the one of the
turbulent heat flux H.
The scaled variables are relatively constant in response to a varying ugeo , in
comparison with the variation in the unscaled graphs. This suggests that the
scaling is useful for this range of geostrophic winds. A slight residual variation remains which indicates that the scaling is not perfect (see Section 4.6).
The constant C1 and C2 are determined from the average of scaled values,
which gives: C1 = 2.34 and C2 = 0.11.
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(a)

(b)

Figure 4.3: (a) ’Equilibrium’ value of the friction velocity (diagnosed after 7
hours of simulations) as a function of the geostrophic wind ugeo , (b) as (a) but
for the turbulent heat flux.

(a)

(b)

(c)

Figure 4.4: Solid lines indicate the dependence of the normalized scaling parameters on the geostrophic wind speed (a) friction velocity, (b) turbulent
heat flux and (c) temperature scale. Dashed lines indicate the calibration constants C1 and C2 representing the averages over the geostrophic wind speed
range considered.
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(b)

Figure 4.5: Wind (a) and temperature (b) profiles for the case with
geostrophic wind ugeo = 10ms−1 and net radiation of Qn = −30W m−2 . Solid
lines indicate the results from the single-column model simulations and the
dashed lines indicate the estimation from the conceptual model. The horizontal dashed-dotted line represents the range of validity (assumed equal to
the value of the Obukhov length).

4.4.2 Internal check
The calibrated model provides u∗ = F1 (ugeo , Qn ) and θ∗ = F2 (ugeo , Qn ).
From knowledge of the surface fluxes, profiles are directly obtained from
(4.15). In order to check on internal consistency, the predicted velocity and
temperature profiles are compared with the simulated profiles after 7 hours.
Figures 4.5 (a) and (b) present vertical profiles for a geostrophic wind of
ugeo = 10 ms−1 and a net radiation of Qn = −30 Wm−2 . As anticipated, the
predictions and the simulations are in good agreement close to the surface
for the ugeo = 10 ms−1 case, since the calibration was optimal near this value
of geostrophic wind. It also appears that the validity of Monin-Obukhov
similarity extends to approximately z ∼ L, which is here L ∼ 40 m. The estimation of the profiles for geostrophic winds of 5 ms−1 and 15 ms−1 showed
good agreement (with maximum error of 15% for z < L) with the simulated
profiles. However, for brevity reasons these comparisons are not shown. In
the next section, a validation on independent observational data is carried
out.
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Table 4.1: Description of the classes
Class

ugeo (ms−1 )

∆TQ (K)

| Qn | (Wm−2 )

A
B
C
1
2
3

<5
5 - 10
> 10
5 - 10
5 - 10
5 - 10

3-6
3-6
3-6
<3
3-6
>6

20 - 40
20 - 40
20 - 40
< 20
20 - 40
> 40

4.5 Validation of the conceptual model
In this section the conceptual model is compared with the aforementioned
benchmark data from the observation station Cabauw (see Section 4.2). Wind
profiles are shown in Figure 4.6 (a) for 3 classes of geostrophic wind ugeo :
classes A, B, and C. Likewise, the temperature profiles are shown in Figure
1.6 (b) for 3 classes of isothermal net radiation Qi : classes 1, 2, and 3, again
represented by the temperature scale discussed in the introduction (see table
1 for details of the different classes). Note that the classes 2 and B are identical and represent the case of medium wind and medium cooling. For brevity
reasons, not all the wind and temperature profiles resulting from the different
classes are shown. However, the main sensitivity of wind and temperature
profiles to different forcings is represented by Figure 4.6(a) and Figure 4.6(b).
The remaining permutations (classes) represent much smaller variations (see
Bosveld and Beyrich [2004] for more details). The agreement between the
predictions and the observations is remarkable in view of model simplicity
and in view of the fact that the calibration was performed independently on
the numerical results (i.e. not on the observations). As the predictions are
based on the assumption of the Monin-Obukhov similarity theory, it may be
expected that the prediction becomes invalid for altitudes above z = L. For
the highest stability case (class A) a predicted Obukhov length of L = 0.6
m implies that the predicted profiles cannot be compared with the Cabauw
observation data as the latter have its first observational level at ten meters.
Unlike Figure 4.1, the temperature profiles are plotted in Figure 4.6 with respect to the surface temperature rather than with respect to the temperature
at 200 m, because the conceptual model is valid near the surface only. As for
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(b)

Figure 4.6: (a) Wind profiles climatology (dashed) from Cabauw according
to the classification A,B,C indicated by italic symbols in table 1. Prediction
by the conceptual model are indicated by the solid lines (est A,B,C). (b) as (a)
but for temperature according to cases indicated by the bold face symbols in
table 1.
the wind, the temperature profile predictions of the classes 1, 2 and 3 reveal
a good agreement with the observations. Note that the highest stability case
(class 1) has an Obukhov length L = 20 m and allows comparison with the
observation.

4.6 Limits of the model
Apart from the practical and conceptual merits of the model, it can be anticipated that the range for which the external scaling applies must have a
limited extension. Below, we discuss some of the scaling limitations for extreme low and high geostrophic wind speed conditions, respectively.
Case 1: clear skies, ugeo << 5 ms−1
Although our scaling starts from considerations in the high-stability limit,
it will, ironically, not be applicable to extremely small values of ugeo . This
counter-intuitive aspect is due to the fact that our turbulence closure assumes
validity of Monin-Obukhov similarity theory. The latter applies to well-behaved,
continuous turbulent boundary layers only, whereas it is well-known that
nocturnal boundary layers tend to lose their continuous turbulent character
under those extreme conditions (Van de Wiel et al. [2003]). In case of limited
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mechanical forcing, long-wave radiative cooling will start to dominate over
turbulence and hence dictate the shape of the nocturnal temperature profile
(Edwards [2009]).
Case 2: ugeo >> 15 ms−1
Also in the neutral limit model limitations occur. In (4.9), the turbulent heat
flux H is allowed to increase unboundedly in response to increasing geostrophic
wind. However, as this relation was derived by assuming the very stable
limit (4.5) and implies unlimited availability of surface cooling. In reality, the
maximum turbulent heat flux to the surface is bounded by the maximum net
radiative energy loss (4.10). As the latter is typically limited to 70 Wm−2 for
dry, clear skies, the predicted heat flux may not exceed this value.
A second issue is the fact that in the case of large stability H depends strongly
on ugeo (e.g. a quadratic dependence). According to the K-theory (Appendix
B) the eddy diffusivity increases both with wind shear and with decreasing
Richardson numbers. Clearly, both effects occur in reaction to increasing ugeo .
In the neutral limit, however, the sensitivity of the Richardson number to
varying ugeo is expected to become asymptotically small. Such that in reality
the dependence of H to ugeo seems to be weaker than quadratic.
The present analysis is of a diagnostic nature in the sense that it couples the
surface energy balance to synoptic forcing in order to assess the typical shape
of the nocturnal temperature and wind profiles near the surface. As such,
dynamical effects depending on the history of the preceding day(s) are not
included. This implies that, for example, effects of inertial oscillations on
wind profiles are necessarily discarded. Also, the thermodynamic relations
used are of diagnostic nature only, whereas in reality history effects affect the
nocturnal soil heat flux, implying that the diagnostic relation between θ∗ and
Qn may depend on the thermal atmospheric conditions of the preceding day.
Although the validation of the scaling with observational data is done for
a rather broad range of atmospheric conditions, the current testing applies
to the Cabauw-site only. In order to assess the generality of the results,
the analysis would strongly benefit from future testing on multiple observational sites with different surface characteristics and different climatology.
Although the scaling assumes horizontal homogeneity of surface properties,
it would be particularly interesting to compare it to sites that represent heterogeneous areas as e.g. at Lindenberg (Beyrich et al. [2006]). Obviously
such heterogeneous cases are most common in nature and are expected to
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have most practical relevance.

4.7 Conclusion
We have introduced a simple, physically consistent scaling procedure to diagnose nocturnal surface fluxes from external forcing parameters. By assuming
Monin-Obukhov similarity theory this flux information allows prediction of
wind and temperature profiles within the nocturnal surface layer. The validity of the prediction typically ranges up to z ≈ O(L), where the actual
value of L is predicted as well. As the model constants are calibrated for
5 ms−1 < ugeo < 15 ms−1 , the scaling typically applies for this range of
geostrophic wind speeds.
The diagnostic nature of the model in terms of rather stationary external parameters prevents quantification of the more subtle internal profile
dynamics during the course of the night. Nevertheless, comparison with a
11-year dataset of Cabauw observations reveals that the inter-night variability of the profiles in response to changing external forcings is well-captured
by the model. For this period, also the ECMWF-reanalysis data is in close
agreement with the variability in the observations. Therefore, the conceptual
model may provide an alternative tool for a first order prediction of the nearsurface stability (e.g. for applications related to pollutant dispersion) in cases
where advanced numerical or observational infrastructure is not available.
In future work, generality of the scaling could be assessed by comparing the
predictions with multiple observational datasets over various types of land
use.

Appendix A
In this appendix we propose a semi-empirical closure for the soil heat flux in
terms of θ∗ . We follow the approach by Duynkerke [1999], Steeneveld et al.
[2006b], Van de Wiel et al. [2003], who express the soil heat flux through a
short vegetated surface as:
G ∝ λ (θg − θv ) ,

(4.16)

where θv is the radiative temperature of the vegetation and θg the temperature of the top soil. In this ’conductance law’ λ typically varies between 2
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and 8 Wm−2 K−1 (here taken as 5 Wm−2 K−1 ). As (θg − θv ) is unknown, we
will express this expression in the inversion strength of the overlying air (see
Figure 4.7). The rationale behind this is that the soil heat flux is likely to increase with increasing stability. In case of considerable surface cooling (as in
the very stable limit) θv will vary much more than θg (soil temperature) and
than θa (air temperature) when θa is chosen to be at the height z = L. Below
we will motivate that the height variation of the temperature gradient acts on
this length scale L. First it is realized that the temperature gradient decreases
with height (negative curvature). According to the log-linear similarity functions assumed in the present study, (∂θ/∂z) = (θ∗ /κ)(1/z + α/L), the ’steep’
logarithmic part decreases with height until its value equals the ’linear’ part
already at z = L/α. As such, variation of the gradient above L will be small.
Hence we assume:
(θg − θv ) ≈ (θa (z = L) − θv ) = ∆θ.

(4.17)

In this way a stronger stratification implies a larger soil heat flux. The scaling
behaviour of ∆θ is readily found from the very stable limit of the flux profile
relation:
∂θ κz
z
=α .
(4.18)
∂z θ∗
L
Clearly, in this relation dependence on z disappears. In this limit the temperature gradient is constant with height (∂θ/∂z) and may be replaced by ∆θ/L.
Finally, combination with G ∝ λ (θg − θv ) = λ∆θ results in the expression
G ∝ (λαθ∗ )/κ that is used in the main text.

Appendix B
In the column model, the tendency equations for the mean winds and potential temperature in the air layer are given by:
(
)
∂u
∂
∂u
= fc v +
K
,
∂t
∂z
∂z
(
)
∂v
∂
∂v
= −(fc u − ugeo ) +
K
,
∂t
∂z
∂z
(
)
∂θ
∂
∂θ
=
K
,
∂t
∂z
∂z

(4.19a)
(4.19b)
(4.19c)
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Figure 4.7: Schematic view of the temperature profile with θg the top-soil
temperature, θv the vegetation temperature and θref the reference temperature.
where fc is the Coriolis parameter (fc = 0.0001 s−1 ) and the eddy diffusivity
K is parametrized as:
√( )
( )2
∂u 2
∂v
K = (κz)2
+
f (Ri ),
(4.20)
∂z
∂z
with κ the von Kármán constant κ = 0.4 and:
f (Ri ) = (1 − Ri /Rc );

Ri ≤ Rc

(4.21a)

f (Ri ) = 0;

Ri > Rc

(4.21b)

where Ri is the Richardson number and Rc the critical Richardson number
(Rc = 0.2).
The dynamics of vegetation temperature are described by:
Cv

∂θv
= Qn − H + λ(θg − θv ),
∂t

(4.22)

where Cv is the heat capacity of the vegetation (10000 Jm−2 K−1 ) and λ the
bulk conductance of the air layer between the top of the vegetation and the
top of the soil (5 Wm−2 K−1 ).
The temperature dynamics in the soil are governed by the diffusion equation:
∂θg
∂ 2 θg
=µ 2,
∂t
∂z
where µ is the soil diffusivity (0.15 · 10−6 m−2 s−1 ).

(4.23)
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In order to solve equations (4.19), (4.22) and (4.23) numerically, they are
discretized with respect to the vertical axis. The air domain consists of 90
layers. Near the surface a 3% stretched grid is used in order to resolve the
logarithmic layer. Apart from a single vegetation layer, also 5 soil layers are
defined, with the deepest level at 0.2 m, which is sufficiently deep for the simulation time used (2 + 7 hours). The system of non-linear differential equations is integrated in time by using a simple, fourth-order Runge-Kutta technique with small time-stepping (0.1 s) to ensure numerical stability. At the
top boundary both temperature (θ0 = 285 K) and wind (ugeo ) are prescribed.
At the bottom level the deep soil temperature is prescribed (θg0 = 285 K), and
a no-slip condition is applied at z = z0 . Finally, each simulation starts from
2 hour spin-up period of neutral flow, which was sufficient to ensure stationary, balanced initial conditions. The model was tested against LES results of
the GABLS1 model intercomparison case (Beare et al. [2006]) and showed
good agreement (comparable to the result by a very similar model as given
in Steeneveld et al. [2006a]).

Note :
This chapter is based on the publication:
Donda JMM, van de Wiel BJH, Bosveld FC, Beyrich F, van Heijst GJF and
Clercx HFH. 2013. Predicting nocturnal wind and temperature profiles based
on external forcing parameters. Bound.-Layer Meteor.. 146:103-117.

Chapter

5

Conclusions and Perspectives
In this thesis a stably stratified, flux-driven cooled channel flow is studied
using Direct Numerical Simulations. In this well-controlled environment,
the mechanism behind flow laminarization under strongly stratified conditions is studied. The flow is meant as a simplified analogy to the process of
ceasing turbulence, which may occur in the evening atmosphere when the
wind conditions are calm and the sky is clear. As the appearance of a ’quasilaminar’ regime favours the occurrence of cold extremes and fog events, the
understanding and prediction of this regime-transition is highly relevant for
weather forecasting and climate prediction, particularly for Arctic and winter
conditions.
In chapter 2, the response of a non-stratified (neutral) initial flow to a
sudden onset of cooling is studied. The onset of cooling is realized by a
fixed heat flux at the surface. From case to case the cooling is increased.
In agreement with earlier studies, laminarization of the flow occurs when
the non-dimensional surface heat extraction h/L exceeds the critical value of
0.5. Next, the cause for such sudden regime transition is studied from a DNS
perspective, using the Maximum Sustainable Heat Flux theory (MHSF). This
concept (Van de Wiel et al. [2012a]) explains laminarization from the fact that
the heat flux that can be supported by the flow is limited to a maximum. In
turn, its magnitude is determined by the momentum of the flow at the onset
of cooling. If the surface heat extraction is less than this maximum, the flow is
able to accommodate to the sudden cooling and the flow reaches a temporary,
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pseudo-steady state. In contrast, when the imposed heat flux at the surface
exceeds this maximum, a rapid decrease in stability results. Turbulence is
strongly suppressed, which further decreases the downward heat transport.
Eventually this positive feedback leads to the cessation of turbulence.
So far, the concept has only been tested against numerical simulations
with a crudely parametrized description of turbulence in the form of eddyviscosity closure. The latter is based on local similarity theory (Nieuwstadt
[1984]). However, such parametrization builds on a number of assumptions
and therefore cannot be considered a solid test-case to validate the theory. For
this reason, Direct Numerical Simulations are used here. With this numerical
technique, turbulent motions are fully resolved up to the smallest scale. This
has the advantage that the simulations do not need to rely on turbulence
parametrizations, so that a ’realistic’ test-case can be studied.
In general the results from chapter 2 and 3 seem to confirm the MSHF
theory. The simulations confirm the appearance of a so-called pseudo-steady
state (PSS) in case when turbulence survives. Then, just after the onset of
cooling the flow is able to find a temporary equilibrium with the new boundary condition. Next, an analytical model is developed in order to predict
the shape of the wind and temperature profiles in their pseudo-steady and
long-term (truly) steady states. Generally a good correspondence between
predicted and simulated profiles is found (chapters 2 and 3). The theoretical
solutions predict that a PSS is only possible when the surface heat extraction is kept below a certain critical point. Simulations agree with this, and
in qualitative sense the ’solution space’, in which the intensity of turbulence
is plotted as a function of applied cooling, is in good qualitative agreement
with the theory. In a quantitative sense, simulations show a somewhat earlier
collapse (i.e. at lower cooling rates than predicted). Reason for this could lie
in the fact that the analytical descriptions are based on gradient-transfer laws
which are inferred from high-Reynolds atmospheric observations, whereas
simulations are performed at relatively low Reynolds numbers. In future,
this aspect could be elaborated by studying sensitivity to Reynolds-number
effects.
In chapter 3, the dynamics of the channel flow after collapse is studied.
One expects that a cessation of turbulence is followed by flow acceleration,
due to a force imbalance between pressure-gradient force and turbulent friction. According to the MSHF theory an increase of momentum implies an
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increase of the maximum sustainable heat flux. Therefore, eventually, the
flow should be able to compensate the surface heat loss and hence to regenerate turbulence. Yet, such recovery was not found in earlier simulations by
others. Here, this paradox is solved. It is shown that earlier studies did not
consider the effect of finite size perturbations on the flow after it has laminarized. In the real atmosphere, finite size perturbations of various origin are
rule rather than exception.
Indeed, in the presence of such perturbations, the flow shows a natural recovery after some time. This implies that the ’critical cooling rate’ is not critical
in the strict sense, as the long-term flow is unconditionally turbulent (i.e. for
realistic forcing parameters). Also, the MSHF theory predicts that the flow
should be able to survive ’critical’ cooling rates, when sufficient momentum
is applied to the initial flow. DNS simulations with alternative initial conditions show that this is indeed the case.
In future, there is a need to extend the present study to the more realistic case. Inclusion of Coriolis effects enables simulation of Ekman boundary
layers instead of channel flows. Such a configuration would allow for inertial oscillations and formation of a low-level jet. Those aspects are relevant
to nocturnal boundary layer dynamics. By generating inflection-point instabilities, they could, for example, induce intermittent ’bursting’ of turbulence
during the night. Also, the present case is not very realistic due to the fact
that a flux boundary condition is used. In reality, the surface is thermodynamically coupled to the atmosphere via the surface energy balance.
In this light, the philosophy by the international GABLS community be a
fruitful path to follow in future work. GABLS (GEWEX Atmospheric Boundary Layer Study) is a large international collaboration initiative to improve
the understanding and representation of the atmospheric boundary layer in
regional and large-scale weather and climate models (for an overview: Holtslag et al. [2013]). In the approach, actually observed cases (or multi-night
composites hereof; Bosveld et al. [2014]; Van Hooijdonk et al. [2014]) are
modeled with a hierarchy of models. Weather prediction and climate models as well as dedicated research models (e.g. Large-Eddy-Simulation) are
utilized. The first three GABLS cases focused on the continuous turbulent,
weakly stable boundary layer (Holtslag et al. [2013]). It would be interesting
to extend such a case to the very stable counterpart, as proposed recently for
the fourth GABLS intercomparison. This case, launched in 2014 is intended
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to study the nocturnal boundary layer over snow at the Antarctic Plateau at
Dome C. Apart from simulating the observed case itself, it would be particularly interesting to perform a sensitivity analysis to the (geostrophic) wind
forcing as to diagnose the critical point where regime transition occurs, in
relation to the performance of different models.
The last part of the thesis (chapter 4) deals with a more practical issue
related to the prediction of characteristic near-surface wind and temperature
profiles from ’external’ forcings parameters like the geostrophic wind and
net radiation. The topic is relevant for example in applied studies on air pollution modeling. Often some kind of indication on local atmospheric stability is required in order to estimate typical diffusion parameters to model
pollutant dispersion. Although useful information could be extracted from
model output of numerical weather forecasting models, such infrastructure
is not always readily available in practice. In this chapter an alternative is
given based on a simplified approach which couples an Ekman model to a
rudimentary energy balance. Additionally, the method assumes validity of
Monin-Obukhov similarity theory in order to predict the near surface wind
and temperature profiles. Predictions are validated against an independent
dataset that covers 11 years of observations at Cabauw, Netherlands (KNMI).
It is shown that the characteristic profiles in response to external forcings
are well-captured by the conceptual model. For this period the observed climatology is in close agreement with ECMWF re-analysis data. As such, the
conceptual model provides an alternative tool to give a first order-estimate
of the nocturnal wind and temperature profile near the surface in cases when
advanced numerical or observational infrastructure is not available.
As the present method assumes validity of the Monin-Obukhov similarity, predictions are typically valid up to the height of the Obukhov length. In
future the present work could be extended to the full depth of the nocturnal
boundary using the suggestion by Optis et al. [2014]. Inspired by Blackadar [1998] they introduced a realistic two-layer model, which combines a
unidirectional Monin-Obukhov type of profile with an Ekman layer above it.
However, as a link with the surface energy balance is missing in their work,
they assume a priori knowledge of atmospheric stability. By combining the
present work with their approach, prediction of the boundary layer equilibrium wind in terms of external parameters would become feasible. In that
case, both the initial and the equilibrium profiles are known, so that also the
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effect of inertial oscillations on nocturnal profiles can incorporated straightforwardly using the generalization of Blackadar [1957] suggested by Van de
Wiel et al. [2010]. Finally, the work would largely benefit from comparisons
with observations from other sites, in order to assess robustness of the results
to various climates and (non-homogeneous) surface characteristics.
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Appendix A: The minimum
wind speed for sustainable
turbulence in the nocturnal
boundary layer
Based on: Van de Wiel BJH, Moene AF, Jonker HJJ, Baas P, Basu S, Donda JMM,
Sun J and Holtslag AAM. 2012. The minimum wind speed for sustainable
turbulence in the nocturnal boundary layer. J. Atmos. Sci.. 69:3116-3127.
The collapse of turbulence in the nocturnal boundary layer is studied by
means of a simple bulk model that describes the basic physical interactions
in the surface energy balance. It is shown that for a given mechanical forcing, the amount of turbulent heat that can be transported downward is limited to a certain maximum. In the case of weak winds and clear skies, this
maximum can be significantly smaller than the net radiative loss minus soil
heat transport. In the case when the surface has low heat capacity, this imbalance generates rapid surface cooling that further suppresses the turbulent
heat transport, so that eventually turbulence largely ceases (positive feedback
mechanism). The model predicts the minimum wind speed for sustainable
turbulence for the so-called crossing level. At this level, some decameters
above the surface, the wind is relatively stationary compared to lower and
higher levels. The critical speed is predicted in the range of about 5 − 7ms−1 ,
depending on radiative forcing and surface properties, and is in agreement
with observations at Cabauw. The critical value appears not very sensitive to
model details or to the exact values of the input parameters. Finally, results
are interpreted in terms of external forcings, such as geostrophic wind. As
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it is generally larger than the speed at crossing height, a 5ms−1 geostrophic
wind may be considered as the typical limit below which sustainable, continuous turbulence under clear-sky conditions is unlikely to exist. Below this
threshold emergence of the very stable nocturnal boundary layer is anticipated.

Appendix B: Shear capacity as
prognostic of nocturnal
boundary layer regimes
Based on: Van Hooijdonk IGS, Donda JMM, Clercx JH, Bosveld FC and Van
de Wiel BJH. 2014. Shear capacity as prognostic of nocturnal boundary layer
regimes. J. Atmos. Sci.. e-View: http://dx.doi.org/10.1175/JAS-D-14-0140.1
Field observations and theoretical analysis are used to investigate the appearance of different nocturnal boundary layer regimes. Recent theoretical
findings predict the appearance of two different regimes: The continuously
turbulent (weakly stable) boundary layer and the relatively ’quiet’ (very stable) boundary layer. A large number of nights (approx. 4500 in total) are
analysed using an ensemble averaging technique. The observations support
the existence of these two fundamentally different regimes: Weakly stable
(turbulent) nights rapidly reach a steady state (within 2 − 3 hours). In contrast, very stable nights reach a steady state much later after a transition period (2 − 6 hours). During this period turbulence is weak and non-stationary.
To characterise the regime a new parameter is introduced: the Shear Capacity. This parameter compares the actual shear after sunset with the minimum
shear needed to sustain continuous turbulence. In turn, the minimum shear
is dictated by the heat flux demand at the surface (net radiative cooling), so
that the Shear Capacity combines flow information with knowledge on the
boundary condition. It is shown that the Shear Capacity enables prediction
of the flow regimes and that it largely improves on stability indicators like
the Richardson number which use local flow information only.
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Summary
Collapse of turbulence in the atmospheric nocturnal
boundary layer
In this thesis the collapse of turbulence in the atmospheric evening boundary
layer is studied. During day-time turbulence is driven by wind and by thermals that form due to solar heating of the earth. In contrast, at night winddriven turbulent mixing is largely suppressed by a stable stratified temperature structure. Due to longwave radiative cooling, the air near the surface is
relatively cold and dense and is therefore reluctant to move vertically (as in
morning fog). Cold, stable boundary layers not only occur during nighttime
but they also prevail in general arctic and winter conditions. Unfortunately,
the description of turbulent mixing under those conditions is highly uncertain in present-generation weather and climate models. In particular it is not
clear under what conditions turbulence ’gives up’, i.e. when the ambient
wind is unable to sustain turbulence so that cold extremes may occur.
In the first part the collapse phenomenon is studied in an idealized system
in the form of a pressure driven, cooled channel flow, as an analogy to stably
stratified atmospheric boundary layers. We use so-called Direct Numerical
Simulations (DNS), a technique which is able to explicitly resolve turbulent
motions up to their smallest scale. Simulations are repeated for increasing
values of surface cooling. It is shown that turbulence cannot be sustained
when cooling is beyond a certain ’critical’ point at which laminarization of
the flow starts to set in. The collapse is studied in terms of the recently developed Maximum Sustainable Heat Flux theory. This theory states that the heat
transport capacity of the flow is limited by a maximum, which depend on the
ambient momentum of the flow. If the heat extraction at the surface is larger
than this maximum, this leads to extreme cooling and therefore to significant
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suppression of turbulence. Vice versa: for given heat extraction the minimum
wind speed for sustainable turbulence can be predicted. Generally speaking,
our simulations show that the suggested mechanism indeed appears to be the
cause of laminarization in this configuration. Also, it is shown that a strong
similarity exists between the DNS simulations and simulations done with a
model which contains turbulence closure typically used in atmospheric models (so-called local scaling). By using this analogy, analytical predictions of
the ’critical’ cooling rate/minimum wind speed are made. It is shown that
the predicted ’critical’ point are in good agreement with the simulated ones.
In the second part, evolution of the flow after collapse is studied. According
to the Maximum Sustainable Heat Flux theory, a collapse in pressure-driven
systems will be followed by flow acceleration, which eventually will enable
a regeneration of turbulence. In earlier studies with DNS such recovery was
not found. Here, we show that this is due the fact that in those studies perturbations with sufficient amplitudes to generate turbulence where missing.
In contrast to those laminarized channel flows, in outdoor geophysical flows,
such triggers are rule rather than the exception. This means that the collapse
of turbulence is merely a transient phenomenon and that a strict critical cooling rate for definite collapse does not exist. In fact, in accordance with the
aforementioned theory, it is shown that with sufficient initial momentum, the
flow is able to survive cooling rates which where denoted as ’critical’ in earlier work.
The last part of the thesis focuses on a more practical issue related to nocturnal boundary layers. The question is whether the shape of in situ, nearsurface, nocturnal wind and temperature profiles can be predicted from rudimentary information from weather maps (like information on geostrophic
wind and (isothermal) net radiation). To this end a conceptual, analytical
model is developed which couples a rudimentary surface energy budget to
an analytical description of the atmospheric Ekman layer. Next, by assuming
validity of Monin-Obukhov similarity, near surface wind- and temperature
profiles are predicted up to the height equal to the actual Obukhov length.
Results are validated against an independent dataset which covers 11 years
of observations at Cabauw, The Netherlands. It is shown that the characteristic profiles in response to external forcings are well-captured by the conceptual model, so that the latter provides a useful alternative tool to estimate
nocturnal profiles in cases when advanced numerical or observational infras-
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tructure is not available.
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