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ABSTRACT

The evolution of the stable boundary layer is simulated using an idealized single-column model of

pressure-driven flow coupled to a surface energy budget. Several commonly used parameterizations of

turbulence are examined. The agreement between the simulated wind and temperature profiles and

tower observations from the Cabauw tower is generally good given the simplicity of the model. The

collapse and recovery of turbulence is explored in the presence of a large-scale pressure gradient, but

excluding transient submesoscale atmospheric forcings such as internal waves and density-driven cur-

rents. The sensitivity tests presented here clarify the role of both rotation and the surface energy budget

in the collapse and recovery of turbulence for the pressure-driven dry stable boundary layer (SBL).

Conditions of stability are affected strongly by the geostrophic winds, the cloud cover, and the thermal

conductivity of the surface. Inertial oscillations and the subsurface temperature have a weaker influence.

Particularly noteworthy is the relationship between SBL regime and the relative importance of the terms

in the surface energy budget.

1. Introduction

The atmospheric boundary layer (ABL) is the layer of

the troposphere that is directly influenced by Earth’s

surface. The depth of this layer varies in time, ranging in

depth from tens of meters to kilometers. In clear-sky

conditions the sun warms Earth’s surface during the day

and generates an unstable surface layer. The resulting

convective boundary layer is relatively deep and actively

turbulent. Around sunset, when the surface shortwave

flux approaches zero, Earth’s radiative energy budget

changes sign. The resulting cooling gives rise to a near-

surface temperature gradient that marks the onset of

the stable boundary layer (van Hooijdonk et al. 2017).

Conditions of static stability frequently occur in the

Arctic especially during the polar night, and can also

occur when warm air is advected over a cold surface.

The stable boundary layer has been classified into

different regimes based on the interplay between the

temperature gradient and the turbulent transports

(Mahrt 2014). The weakly stable boundary layer (wSBL)

generally occurs under cloudy skies or in the presence

of moderate to strong horizontal pressure gradients

and is characterized by the presence of continuous

turbulent mixing. In contrast, the very stable bound-

ary layer (vSBL) typically occurs under clear skies and

in the presence of weak horizontal pressure gradients.

Under these circumstances turbulence can weaken to

the point of cessation. The lower and upper parts of

the near-surface flow can largely decouple as strong

atmospheric stability inhibits vertical turbulent trans-

port (Derbyshire 1999; Banta et al. 2007; Williams et al.

2013; Mahrt 2011). This phenomenon, referred to as the

collapse of turbulence, is a traditional characterization of

the transition from the wSBL to the vSBL.

There are many feedbacks that complicate the dy-

namics of regime transitions in the stable boundary layer

(SBL). For sufficiently strong temperature gradients

turbulent transports of heat from above are weak.

Surface cooling further weakens turbulent transports

and enhances the inversion. Lower near-surface at-

mospheric temperatures are associated with a weak-

ening of the downwelling longwave radiation which

cools the surface further. These positive feedbacks are

counteracted by negative feedbacks such as the fact

that decreased surface temperatures result in a lower

emission of blackbody radiation which leads to less

cooling. Furthermore, cooling of the surface increases

the subsurface temperature gradient which can lead to
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warming of the surface as the heat flux to the sub-

surface increases.

Understanding and predicting the structure of the

SBL is important to society (Steeneveld 2014). Human

health hazards arise in stable atmospheric conditions

when pollutants become trapped near the ground and

affect air quality (Nappo 1991; Arya 1999; Salmond and

McKendry 2005). Fog and frost formation (Holtslag

et al. 2013) has significant consequences for agriculture

as well as for ground transportation and aviation. Pre-

dictions of the near-surface wind speed are also needed

for wind power assessments (Petersen et al. 1998). Any

forecast of the future state of the atmospheric boundary

layer necessitates the use of models.

Developing an accurate representation of the SBL in

weather and climate models is particularly challenging

for several reasons. Turbulence occurs on small spatial

scales and these subgrid-scale effects must be parame-

terized. In addition, turbulence can be weak or inter-

mittent and boundary layer depths are so shallow that

they are not well resolved. Numerical models on scales

from the mesoscale to larger-scale models used for nu-

merical weather prediction (NWP) and climate model-

ing have particular difficulty representing the dynamics

of the very stable boundary layer (Holtslag et al. 2013;

Derbyshire 1999; Viterbo et al. 1999). Many atmo-

spheric models use classic Monin–Obukhov similarity

theory (MOST) to model the surface layer (Mahrt

1998; Pahlow et al. 2001; Mahrt 2014). This theory as-

sumes that turbulent fluxes scale with their distance

from the surface. However, under very stable condi-

tions the scale of turbulent eddies is determined by

the stratification independent of the distance from the

surface. Therefore, MOST generally holds well in the

wSBL, but not in the surface layer of the vSBL (Mahrt

1998; Pahlow et al. 2001).

Under conditions of very strong static stability tur-

bulent transports are weak, which limits the downward

sensible heat flux, leading to even colder temperatures

at the surface and a further increase of stability. When

this positive feedback occurs in models it can lead to

runaway cooling giving rise to a cold bias in near-surface

temperatures especially during the winter and in polar

regions (Derbyshire 1999; Viterbo et al. 1999). To im-

prove the overall model performance, the parameteri-

zations of turbulence used in NWP and climate models

are often tuned by altering some of the turbulent process

parameters away from observationally based values.

One way of tuning the model to avoid conditions of

extreme stability is by increasing the magnitude of the

turbulent diffusivities (Sandu et al. 2013; Walters et al.

2014). A common justification of these enhanced mixing

schemes is the argument that they represent localized

mixing events that are not explicitly accounted for due

to submesoscale motions such as density-driven cur-

rents, solitary waves, and internal gravity waves (Sandu

et al. 2013). However, artificially enhanced diffusion

can lead to a warm bias near the surface in cold con-

ditions and cloud dissipation (Tjernström et al. 2005;

Sandu et al. 2013; Holtslag et al. 2013). The improve-

ment of parameterizations that account for physical

processes such as gravity waves, flow over topogra-

phy, and other mesoscale motions requires improved

understanding of the physical mechanisms governing

turbulent transitions.

As the wSBL–vSBL transition is primarily radia-

tively driven (over land), idealized models of this pro-

cess have not needed to account for Coriolis effects or

mechanical driving by the large-scale pressure gradient

force (ReVelle 1993; Van de Wiel et al. 2007; Acevedo

et al. 2012; Van de Wiel et al. 2012a,b; Holdsworth et al.

2016). Van de Wiel et al. (2007) showed that a simple

Couette flowmodel with fixed surface sensible heat flux

was able to qualitatively represent transitions from the

wSBL to the vSBL. The transition was explained by

appealing to the idea of a maximum sustainable heat

flux (MSHF) (Van de Wiel et al. 2012b): the sensible

heat flux is limited to amaximum under the influence of

strong temperature gradients because turbulent trans-

ports are suppressed by the stratification, and in near-

neutral conditions by the weak temperature gradient.

The maximum heat flux occurs under conditions of

intermediate stability. If the surface radiative energy

flux exceeds this maximum, the downward transport

of energy cannot meet this demand and rapid sur-

face cooling occurs. Holdsworth et al. (2016) showed

that the transition behavior of Couette flow described

by the MSHF framework is qualitatively insensitive to

the parameterization of turbulence, and that when the

flow is dynamically unstable only one unstable mode

exists. They confirmed the conjecture that for this sys-

temweakly stable and very stable regimes corresponded

to the dynamically stable and dynamically unstable

branches, respectively (Taylor 1971; Van de Wiel et al.

2007, 2012a; Holdsworth et al. 2016). Monahan et al.

(2015) classified the observations from the Cabauw

Experimental Site for Atmospheric Research (CESAR)

in the Netherlands (51.9718N, 4.9278E) (Van Ulden and

Wieringa 1996) into two distinct regimes using hidden

Markov model analysis, which corresponded well to the

unstable and stable branches. However, these Couette

flow models assume that the heat flux at the surface is

fixed, while in the atmosphere the heat flux varies as a

function of the surface energy budget.

Van deWiel et al. (2017) used a conceptualmodel that

combined the effects of soil heat transport and radiative
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budget together and considered the ‘‘coupling strength’’

between the surface and the lower atmosphere. They

compared this model to observations from Cabauw

and Dome C in Antarctica and showed that the differ-

ences between these cases can be interpreted in terms

of changes in the coupling strength. Many models of the

SBL have assumed a prescribed surface sensible heat

flux (Gohari and Sarkar 2017) and a relatively shallow

fixed height for the boundary layer (Van de Wiel et al.

2007, 2012a; Acevedo et al. 2012; McNider et al. 1995).

Since the heat flux varies depending on the properties

of the underlying surface, coupling the simulated at-

mosphere with the surface energy budget allows for an

interdependence between the surface temperature and

the surface sensible heat flux (Steeneveld et al. 2006).

The idea that there exists a critical wind speed that

marks the transition between the wSBL and the vSBL

can be traced at least as far back at Nieuwstadt (1984),

who restricted his analysis of the SBL to wind speeds

above 5m s21 to ensure continuous turbulence. Tran-

sition wind speeds from 3 to 7m s21 have been reported

(Van de Wiel et al. 2012a; Acevedo et al. 2012; Van de

Wiel et al. 2012b). Denoting the transition wind speed

by Umin, Van Hooijdonk et al. (2015) defined the shear

capacity as the dimensionless ratio U/Umin so that the

wSBL is separated from the vSBL atU/Umin5 1. While

this parameter provides a useful heuristic, the esti-

mated value of Umin is empirically based using clear-

sky data at Cabauw and may not be generalizable.

Similarly, Sun et al. (2012) found that for a given

height the relationship between turbulence intensity

and mean wind speed changes for a critical (transition)

value of the wind speed. This criterion is referred to as

the hockey-stick transition (HOST) since the relation-

ship resembles a hockey stick where the elbow of

the stick marks the transition wind speed (Sun et al.

2015, 2016). Still, the connection between the coupling

strength of the surface and this transition wind speed is

not well understood.

In this study we develop an idealized single-column

model to examine the collapse and recovery of turbu-

lence in the SBL under the influence of a large-scale

pressure gradient force, the effect of rotation, and an

explicit model of the surface that separates the factors

controlling the coupling strength. The model is de-

scribed in section 2. In section 3a the sensitivity of the

model to different parameterizations of turbulence is

explored. Section 3b examines the role of rotation in

the development and evolution of the SBL as a func-

tion of the pressure gradient force (geostrophic wind).

In section 3c we explore the role of different variables

influencing the surface energy budget such as the cloud

cover, surface type, and the subsurface temperature on

regime transitions. Discussion of the results is pre-

sented in section 4 and the conclusions appear in

section 5.

2. Numerical model

A schematic diagram of our idealized single-column

model (SCM) of pressure-driven flow in the dry SBL

assuming horizontal homogeneity is shown in Fig. 1.

This model was developed by the present authors and

was used in the related study of van Hooijdonk et al.

(2017). The model equations follow those of Blackadar

(1979):
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where the three state variables U(z, t), V(z, t), and

T(z, t) are the zonal velocity, meridional velocity, and

potential temperature. For later reference we define

the speed S5 (U2 1V2)0:5. The constant CHL 5 2Kh21

represents the atmospheric cooling due to net longwave

radiative flux divergence, set as a fixed constant for

simplicity. This particular value was chosen based on

observational estimates and is discussed further in

section 2. The model contains several constants that are

listed in Table 1 for reference.

The geostrophic wind components are defined

by Ug 52(1/f0r)(›p/›y) and Vg 5 (1/f0r)(›p/›x), and

Sg 5 (U2
g 1V2

g )
0:5

is the geostrophic wind speed. For

simulations without rotation ( f0 5 0), Eq. (2) is elim-

inated leaving only two state variables T(z, t) and

U(z, t). For reference, the relationship between Sg

and the corresponding pressure gradient is shown for

f0 5 1024 s21 with a thin red line in Fig. 2.

The vertical heat flux H5 rcpW
0T 0 and shear stresses

tx 52rU 0W 0 and ty 52rV 0W 0 (where W is the vertical

velocity) are parameterized using first-order closure

tx/r5Km›zU, ty/r5Km›zV, and H/rcp 52KH›zT.

The diffusivities are taken to be the sum of molecular

and turbulent contributions (Moene et al. 2010)

K
m
5 l2j›

z
Ujf

m
(Ri)1 n , (5)

K
h
5 l2j›

z
Ujf

h
(Ri)1 l , (6)
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where the molecular contribution n5 1:53 1025 m2 s21

is the kinematic viscosity. Molecular shear stresses are

constant in the thin viscous sublayer near the surface

where molecular viscosity dominates. The friction velocity

is uniformly distributed throughout the thin sublayer

and defined in terms of the wall shear stress u2
0*5 t0/r

where t0 5 rn›zU. Themolecular Prandtl number is fixed

at Pr5 0.72 which is typical for the atmosphere (Kundu

et al. 1990) and l5 n/Pr is the molecular diffusivity. The

mixing length is given by

l5 12 exp 2
u
0*z

Cn

� �� �"
k(z2 z

0
)

11 k(z2 z
0
)/l

0

#
, (7)

with C 5 26 (Van Driest 1951) and l0 5 0:000 27Sg/f0
(Blackadar 1962).

The stability functions fm,h(Ri), which will be discussed

in more detail in section 3a, depend on the Richardson

number Ri5 (g/TREF)[›zT/(›zU)2]. The stability func-

tions are related to the similarity functions from MOST

fm,h(z) by

f
m
(Ri

eq
)5f22

m (z) ,

f
h
(Ri

eq
)5f21

m (z)f21
h (z) , (8)

where z5 z/L is the stability parameter and L5
2u2

*/[k(g/Ts)(H0/cpr)] is the Obukhov length. Although

the present investigation is restricted to the nocturnal

boundary layer, conditions of static instability occa-

sionally arise, in which case the Dyer (1974) function

is used with z, 0.

The upper boundary of themodel, at which we impose

the boundary condition that the flow is geostrophic, is

fixed at h5 5000m. This domain is large enough for the

height of the SBL to evolve freely for the geostrophic

wind speeds used in this study (varying between 2 and

30m s21). At the upper boundary a no-flux condition is

implemented so that the sensible heat flux Hh 5 0 and

turbulent momentum flux th 5 0. The lower boundary of

the model domain is determined by the roughness length

of momentum z0 where the no-slip boundary condi-

tions U(z0)5 0 and T(z0, t)5Ts(t) are applied in which

Ts(t) is the surface temperature. For simplicity the mo-

mentum and temperature roughness lengths are taken

to be the same. The height of the boundary layer hBL is

defined as the height at which H5 0:1H0. Other defini-

tions of hBL exist and give similar results to those which

follow (Holtslag et al. 2007).

The model implements the surface energy scheme of

Blackadar (1976), known as the force-restore method,

defined by Eq. (4) and illustrated in Fig. 1. The surface,

represented as an infinitesimally thin layer with tem-

perature Ts(t) at z5 z0, is forced by the net radiation

and sensible heat flux and restored to the subsurface

temperature through the subsurface energy fluxes. A

linear temperature profile between the surface and a

fixed subsurface temperature is assumed. The damp-

ing depth of the diurnal forcing d5 (2ls/Csv)
0:5, where

Cs 5 rscs is the volumetric heat capacity, is associated

with a sinusoidal forcing having a time scale of td 5 24 h.

The temperature at this depth is set as the subsur-

face temperature Td. In Eq. (4), C1 5 2/(0:95Csd) and

C2 5 1:18(2p/td). The first two terms in Eq. (4) constitute

the net longwave radiation Qn, the third term is the

sensible heat flux into the atmosphere due to turbulent

TABLE 1. List of model parameters (independent variables).

Parameter Description Value/units

Ts Temperature at the

surface (slab layer)

K

Td Mean temp of subsurface

layer

K

H0 Heat flux into the

atmosphere

Wm22

Qa Specific humidity 0:003 kg kg21

Qc Cloud fraction 0–1

V Earth’s angular velocity 7:273 1025 rad s21

Cs Volumetric heat capacity rscs

Cg 5C21
1 Thermal capacity of a

slab of unit area

0:95

�
lCs

2v

�0:5

kgK21 s22

z0 Surface roughness 0.001m

s Stefan–Boltzmann constant 5:6693 1028 Wm2 K24

cp Specific heat capacity of

dry air

1005 J kg21 K21

r Density of air 1:2 kgm23

g Gravity constant 9:81m s22

k Von Kármán constant 0.4

FIG. 1. Schematic diagram for the SCMof pressure-driven flow in

the SBL including a force-restore surface radiative budget. HereTs

is the surface temperature, Td is the subsurface temperature, z0 is

the surface roughness, p is the pressure, d is the depth of the sub-

surface layer, Ilw is longwave downwelling radiation, H0 is the

surface heat flux, and G is the heat flux into the subsurface.
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transports H0, and the fourth term is the heat flux into

the subsurfaceG. As our focus is on the stably stratified

boundary layer we do not include the effects of albedo

or latent heat in the heat budget. We also neglect the

effects of the vegetation canopy.

We will consider a range of different surface types,

with varying mass density rs, specific heat cs, and ther-

mal conductivity ls (Table 2) corresponding to thermal

damping depths from about d 5 5 to 20 cm. The long-

wave downwelling radiation is given by

I
lw
5s[Q

c
1 0:67(12Q

c
)(1670Q

a
)0:08]T4

a , (9)

where Qc is the cloud fraction, Qa is the specific hu-

midity, and Ta is the atmospheric temperature at a ref-

erence level za just above Earth’s surface (Staley and

Jurica 1972; Deardorff 1978; McNider et al. 1995;

Walters et al. 2007). For simplicity,Qa is held constant

at 0.003kgkg21.

The equations are integrated in time using a fourth-

order Runge–Kutta method. The spatial discretization

is obtained using finite differences on a logarithmic

grid. This grid has 100 vertical levels with a much finer

resolution in the boundary layer than aloft and is de-

termined by zj 5Dz0(rj 2 1/r2 1) with a stretch factor

r5Dzj/Dzj21 ’ 1:10 and an initial step size of Dz0 5
0:05m. The prognostic variablesU, V, and T are defined

at the zi grid levels, while the diagnostic variables of H,

t, and Ri are defined on zi11/2 levels.

We define t5 0 as the time when the shortwave radi-

ation goes to zero acknowledging the fact that obser-

vations from Cabauw indicate that the onset of the SBL

can occur before the shortwave radiation goes to zero

(van Hooijdonk et al. 2017; van der Linden et al. 2017).

The initial conditions were set in accordance with

the logarithmic equations that arise fromMOST. The

near-neutral profiles for temperature and wind used

to initialize the model are given by

U
0
5
U

ext

k
ln(z/z

0
) ,

V
0
5

V
ext

k
ln(z/z

0
) ,

T
0
5T

s
1
u
ext

k
ln(z/z

0
) , (10)

whereUext 5Ugk/ln(h/z0),Vext 5Vgk/ln(h/z0), and uext 5
0:01K (Monin and Obukhov 1954). For simplic-

ity, we set ›p/›y5 0 in all of our simulations which

means that U0 is identically zero at the start of the

simulation.

TABLE 2.Molecular thermal properties of different soil types (from

Arya 1999).

Material

Mass density rs
(kg21K2331023)

Specific heat cs
(J kg21K213 1023)

Thermal

conductivity ls
(Wm21K21)

Water 1.00 4.18 0.57

Ice 0.92 2.10 2.24

Dry sand 1.60 0.80 0.30

Dry clay 1.60 0.89 0.25

Wet clay 2.00 1.55 1.58

Rock 2.70 0.75 2.90

Fresh snow 0.10 2.09 0.08

Old snow 0.48 2.09 0.42

FIG. 2. After 3 h, (a) the wind speed at 40m on the primary axis with the horizontal pressure gradient ›p/›xwhen

f0 5 1024 s21 on the secondary axis and (b) the strength of the temperature inversion as a function of the prescribed

geostrophic wind Sg for each of the stability functions. Here S40 and T40 are the wind speed and temperature at

40m, respectively, and Ts is the temperature at the surface where z5 z0.
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3. Results

To explore the collapse and recovery of turbulence

in the SBL under different environmental conditions

and external forcings it is useful to define a criterion

for turbulent collapse. The classical criterion is that

turbulence will collapse when the gradient Richardson

number exceeds a critical value, many values of which

have been suggested in the literature (Webb 1970;

Businger et al. 1971; Businger 1973; Taylor 1931;

Holtslag et al. 1990; Mahrt 1981). These studies have

found that turbulence is not necessarily quiescent after

the critical value is exceeded (Grachev et al. 2013). We

will use a bulk Richardson number with a critical value

of Ric 5 0.25. This is within the range Ric 5 0.20–0.25

reported for the Surface Heat Budget of the Arctic

Ocean (SHEBA) experiment (Grachev et al. 2013). The

bulk Richardson number has the advantage that it can

be straightforwardly calculated for observations from a

wind tower using the formula

Ri
B
5

g

T
REF

DT

DU2 1DV2
. (11)

The vertical differences will be calculated between z 5
40 and 1.5m (screen height). Other criteria that make

use of a transition wind speed have been explored (Van

Hooijdonk et al. 2015; Sun et al. 2012).

The HOST criterion was first applied to the 1999

Cooperative Atmosphere–Surface Exchange Study

(CASES-99) (Sun et al. 2012) and has been applied in

several subsequent studies (i.e., Mahrt et al. 2015;

Russell et al. 2016; Maroneze et al. 2019). The criterion

relates the mean horizontal wind speed to the turbu-

lent intensity at a given height. These quantities were

averaged in time to capture fluctuations. To apply the

HOST criterion to our model results, we use the time-

averaged horizontal wind speed S and the friction

velocity as a measure of the turbulent intensity. Since,

the model output frequency is 5min, we use a minimal

averaging window of 10min and a height of 10m.

Figure 3 shows that the relationship between S and

u* is broadly consistent with Sun et al. (2015) (Figs. 4a,b).

However, the contrast between the two regimes is

sharper in the observations than it is in our model

which is indicative of model biases in representing

the vSBL. The transition wind speed that is predicted

by the Richardson number criterion is shown with a

dashed line and is about Sg5 8m s21. The geostrophic

wind at the elbow of the hockey stick is in agreement

with the transition wind speed predicted by the crit-

ical Richardson number. Because both criteria lead

to a similar transition wind speed for our simulations,

we will use the simply defined Richardson number cri-

terion for convenience.

Figure 3a demonstrates that when turbulence is said

to collapse there is still some turbulent activity. The

collapse of turbulence is the transition from the wSBL

to the vSBL and the recovery is the transition from the

vSBL to the wSBL.

a. Choice of parameterization

The stability functions used to parameterize the

turbulent diffusivities were largely formulated using

empirical fits to atmospheric data. These functions are

subject to large uncertainty and problems with sam-

pling (Nieuwstadt 1984; Mahrt 1985) especially in the

very stable regime (Clarke 1970; Webb 1970; Businger

et al. 1971; Hicks 1976; Holtslag and De Bruin 1988;

Chenge and Brutsaert 2005; Brown et al. 2008). This

fact has been used to justify the modifications of these

functions to improve model performance (Sandu et al.

2013). A commonly used expression for the similarity

functions is fm,h(z)5 11bz where b5 1/Ric. While

this function first appeared in Monin and Obukhov

(1954), it is generally referred to as the Businger–Dyer

function (Businger 1988). The value of the universal

constant b varies in the literature taking the values 2

(Pruitt et al. 1973), 4.7 (Businger et al. 1971), 5.2

(Webb 1970), and even 7 (McVehil 1964). However,

it is widely accepted that the linear stability functions

proposed by Businger et al. (1971) are not adequate for

z/L. 1 (Carson and Richards 1978; Howell and Sun

1999; Nieuwstadt 1984). In addition to theBusinger et al.

(1971) (BD) function with b5 2 (BD2) and 5 (BD5), we

will consider the Holtslag and De Bruin (1988) (HD)

FIG. 3. The relationship between themean horizontal wind speed

S and the friction velocity u* for the control simulations. Values

were taken at a height of 10m by averaging over 10min.
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function, the Beljaars and Holtslag (1991) (BH) func-

tion which is currently used by the European Centre for

Medium-Range Weather Forecasts (ECMWF) opera-

tional model (ECMWF 2013) and the Louis–Delage

(LD; Louis 1979; Delage 1997) function which is currently

in use by the Canadian Meteorological Centre’s Global

Deterministic Prediction System (GDPS). Some of these

formulations imply the existence of a critical Richardson

number (Businger et al. 1971; Holtslag and De Bruin

1988) and others do not (Beljaars and Holtslag 1991;

FIG. 4. Temperature profiles for different (top to bottom) stability functions and (left to right) geostrophic wind speeds at the times

indicated by the legend at the bottom. The height is nondimensionalized by the height of the boundary layer. The inset plots show the

evolution of the surface temperature.
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Delage 1997). The formulas for these functions can be

found in Table 1 of Holdsworth et al. (2016) except for

Delage (1997). The formula for that function was in-

correctly stated in Holdsworth et al. (2016) and is

actually a modified version of the Louis (1979) func-

tion given by fm,h(Ri)5 (11 12Ri)22.

The surface parameters for the control simulation

correspond to dry sand (Table 2) with z0 5 0:001m

(typical for Cabauw; Bosveld et al. 2014), clear skies

(Qc 5 0), Td 5 281K, and an initial surface tempera-

ture of Ts 5 283K. These surface characteristics are

similar to those used in previous model studies (ReVelle

1993; McNider et al. 1995; Edwards 2009b). The grass-

covered soil at Cabauw consists of up to 50% clay

and the thermal conductivity varies with the level of

soil moisture (Bosveld 2018). Given the differences in

the soil characteristics and the idealized nature of our

model, exact quantitative agreement with Cabauw

observations is not expected, but the parameters are

close enough for a qualitative comparison. The ob-

served temperature profiles from Cabauw indicate a

steady temperature tendency due to longwave radiative

flux divergence of approximately CHL 5 2Kh21 at each

vertical level (cf. Fig. 5 of van der Linden et al. 2017).

The same value was used by Acevedo et al. (2012).

The evolution of the temperature profile normalized

by the time-evolving height of the boundary layer for

the different stability functions is shown in Fig. 4. Each

column represents a different geostrophic wind speed

(as indicated at the top). These speeds were selected

to be representative of speeds in the vSBL, near the

transition wind speed, and in the wSBL, respectively.

Inset plots of surface temperature show that, consis-

tent with the air temperature profiles, cooling near

the surface is generally smaller for larger Sg. The BD

profiles are similar in shape with differences attributed

to the fact that smaller Ric results in more pronounced

surface cooling because mixing goes to zero at a rela-

tively weak static stability. The BH, HD, and LD func-

tions all have similar shapes except in the vSBL where

there are pronounced differences in curvature with the

HD function.

Figure 2b shows the inversion strength as a function

of the geostrophic wind at t 5 3 h. The strength of the

simulated inversion is calculated as the temperature

difference between 40m and the lowest model level. All

of the formulations exhibit similar dependence of in-

version strength on Sg. The inversion strengths are more

sensitive to Sg for relatively weak pressure gradients and

reach values of around 9K. This finding is consistent

with the stratifications observed at Cabauw (Van deWiel

et al. 2017) (cf. Fig. 1) where there was a factor of ’4

difference between the inversion strengths of the lowest

and highest wind speeds measured in the observations

(Sg 5 3–16m s21). Similar correspondence is found

with Baas et al. (2018) (cf. Fig. 4) and van der Linden

et al. (2017) (cf. Fig. 9) when the temperature in-

versions are calculated at heights consistent with their

calculations (not shown).

In Fig. 2b the solid diamond markers indicate cases of

turbulent collapse, crosses indicate cases with turbulent

collapse and recovery, and the open circles indicate a

persistent wSBL. For the BD function with b5 2, the

vSBL–wSBL transition occurs at a larger Sg than for the

other functions.

Several previous studies have related the temperature

inversion to the geostrophic winds (van der Linden et al.

2017; Baas et al. 2018) or to the speed at a fixed height

above the surface S40 (Van de Wiel et al. 2017; Vignon

et al. 2017). Baas et al. (2018) showed that the transition

from the vSBL to wSBLwasmore gradual with changes

of Sg than with changes in the wind speed at a fixed

height because of the nonlinear relationship between

these two speeds. The relationship between S40 and Sg

is shown for each of the similarity functions in Fig. 2a

when t 5 3 h. For very small Sg the boundary layer is

shallow so the winds are close to geostrophic at S40.

As Sg increases the boundary layer deepens and the

speed at 40m is subgeostrophic. Later in the night, S40

becomes supergeostrophic for Sg 5 4–8m s21 as a con-

sequence of inertial oscillations.

Figure 5 shows the wind speed and temperature

profiles at t 5 6 h for all of the stability functions with

Sg 5 4m s21 in the top row (vSBL) and 16m s21 in the

bottom row (wSBL). In the wSBL, the profiles resulting

from the BD2, HD, LD, and BH functions have shapes

that are similar to the Cabauw profiles (cf. Fig. 5 of

van der Linden et al. 2017). In particular, the wind speed

profiles reach amaximumnear the top of the stable layer

(at about 200m aloft) whereas the BD5 function results

in an unrealistically shallow boundary layer. Super-

geostrophic wind at the top of the inversion layer is

often referred to as a low-level jet. The low-level jet is

more pronounced and occurs nearer to the surface for

functions with relatively small Ric. There are sub-

stantial quantitative differences in the profile shapes

for the different functions with the HD, BH, and LD

functions exhibiting the closest agreement with the

shape of the observed Cabauw profiles (cf. Fig. 5 of

van der Linden et al. 2017) for both regimes, although

the model underestimates the depth of the boundary

layer in the vSBL for all stability functions. This bias

could be due in part to the initial conditions chosen, but

it also highlights the inability of these parameteriza-

tions to capture the weak or intermittent behavior of

turbulence in the vSBL.
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Figure 5 shows that BH, HD, and LD result in tem-

perature profiles that are more similar near the top of

the profile to observations from Cabauw than the BD

functions (cf. Fig. 5 of van der Linden et al. 2017). While

the wind speed profiles and height of the boundary layer

are very similar for BH, LD, and HD functions, Fig. 4

(first column) and Fig. 5b show that, although all three of

these functions exhibit a negative curvature near the

surface in the vSBL, the curvature of the HD tempera-

ture profile is more pronounced. Negative curvature is

observed to be associated with near-surface clear-air

radiative cooling in the vSBL (André and Mahrt 1982)

and is evident in composite profiles from Cabauw for

weak winds in Fig. 3 of Baas et al. (2018). This curva-

ture is consistent with the model results of Edwards

(2009a,b) who used a force-restore method with high

spatial and high spectral resolution. TheHD function is

recommended by Andreas (2002) who argued for the

existence of a critical Richardson number and turbulent

Prandtl number of order one. Based on the strong neg-

ative curvature of the temperature profile in the vSBL

and similar morphology to the Cabauw profiles, we will

use the HD function for the remainder of our analysis.

Figure 6 shows the evolution of various stable bound-

ary layer variables for the control simulation, for a range

of different geostrophic wind speeds. The similarity of the

modeled friction velocities and surface heat fluxes with

observations from Cabauw is remarkable given the

simplicity of our model and the biases in the boundary

layer structure for weak winds [cf. Fig. 2 of Baas et al.

(2018) and Fig. 3 of van der Linden et al. (2017)].

The evolution of RiB is shown in Fig. 6a, with the critical

value separating the wSBL and vSBL indicated by a

red line. For Sg below this line (wSBL) the curves

corresponding to equally spaced Sg values are more

tightly packed than the lines above (vSBL). This fact

is particularly noteworthy given the logarithmic scaling

of RiB in this plot. This difference in behavior moti-

vates the choice of RiB 5 0:25 as the wSBL–vSBL

threshold since it approximately marks a qualitative

change in behavior of the system. Similarly, the tem-

perature gradients, squared friction velocities and heat

FIG. 5. Vertical profiles of (left) wind speed and (right) temperature for the different stability functions are

shown at t 5 6 h. Two different wind speed classes are shown representing (a),(b) the vSBL with Sg 5 4m s21 and

(c),(d) the wSBL with Sg 5 16m s21.
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fluxes show a similar pattern of greater variability with

Sg in the vSBL than in the wSBL (Figs. 6b–d). Only

for a relatively narrow range of Sg around 8ms21 (the

dashed line Fig. 6) does turbulence collapse and sub-

sequently recover. This result is broadly consistent with

the finding in Abraham and Monahan (2019, manu-

script submitted to J. Atmos. Sci.) that clear-sky nights

remaining within the wSBL or vSBL are approximately

separated by a geostrophic wind speed threshold of

about Sg 5 10ms21. When turbulence collapses in our

simulations it occurs rapidly after sunset. The stratifi-

cation (RiB) that sets in after this initial adjustment re-

mains relatively constant for the remainder of the night.

The same is true of the thermal gradient in Fig. 6b which

is consistent with observations from Cabauw (cf. Fig. 5

of van der Linden et al. 2017) except when Sg 5 2ms21.

This discrepancy highlights the well-known difficulty

of modeling SBL conditions for weak Sg. Modeled

boundary layer heights are unrealistically shallow for

very weak Sg soT40 is well above hBL.When the gradient

is measured from within the boundary layer there is a

monotonic increase in the temperature gradients for all

Sg (not shown).

b. The role of the Coriolis effect

The idealized model presented here builds on stud-

ies of regime shifts in the SBL that have neglected the

Coriolis effect in the momentum equation (Van de

Wiel et al. 2002a,b, 2007; Holdsworth et al. 2016). The

justification for this simplifying assumption is that the

time scale of turbulent collapse is much smaller than

the time scale of geostrophic adjustment. The validity

of this assumption is investigated here by fixing

›p/›x5 (1024 s21)rSg using the same discrete range of

Sg shown in Fig. 6 for simulations with ( f0 5 1024 s21)

and without rotation ( f0 5 0 s21).

Van de Wiel et al. (2012a) defines the pseudo–steady

state (PSS) as the short period of time after the nocturnal

transition when the wind and temperature gradients

near the surface are relatively stationary, and the

time scale of the PSS ttmin
as the time after sunset when

the surface stress reaches a minimum. For nights which

FIG. 6. The evolution of surface characteristics for the control simulations with geostrophic wind speeds in the

legend at the bottom: (a) bulk Richardson number, (b) inversion strength at z 5 40m, (c) square of the friction

velocity, and (d) turbulent heat flux. The HD stability function is used.
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exhibit a persistent regime over the duration of the night,

the regime that will manifest is largely determined over

these time scales. The evolution of the wind speed pro-

file toward the PSS for ›p/›x5 0:96mPam21, is shown

in Fig. 7a for f0 5 0 and Fig. 7d for f0 5 1024 s21. The

near-surface profile does not change very much between

ttmin
/2 and ttmin

for both of the simulations, consistent with

the notion of a pseudo–steady state. Even though these

time scales are less than the approximate time scale of

geostrophic adjustment (2p/f0), the differences in speed

profiles between the rotating and nonrotating simula-

tions indicate that the effect of Coriolis on the evolution

of the SBL is quickly evident. Figure 7b shows that the

time of minimum wind stress occurs later with than

without rotation. This result occurs because the down-

pressure gradient acceleration of the wind is reduced by

Coriolis effects so it takes longer for the shear to build

up enough to overcome the stabilizing effect of stratifi-

cation. For larger pressure gradients, ttmin
increases as a

function of ›p/›x for the simulation with rotation, but

decreases without rotation. At the beginning of the night,

cooling of the surface increases stability and reduces

turbulent diffusion. In the absence of rotation, larger

pressure gradients drive stronger flows, resulting in

more rapid shear-driven turbulence and earlier ttmin
. The

situation is more complicated in the presence of ro-

tation as larger pressure gradients drive larger inertial

oscillations which result in longer ttmin
.

Some model studies implement a constant speed

condition at the upper boundary located at a relatively

low altitude within or just above the SBL (McNider et al.

1995; Van de Wiel et al. 2007, 2012b; Acevedo et al.

2012). This boundary condition is justified by appealing

to the idea that there exists a crossing point at which the

initial wind speed profile (t 5 0) intersects the profile at

t5 ttmin
/2 with speed increasing above and decreasing

below. FollowingVan deWiel et al. (2012a) we will refer

to this as the velocity crossing point. This crossing point

(CP) is apparent in both of the simulations (the red crosses

in Figs. 7a,d). Figure 7e shows the values of CP and hBL 1h

after sunset. The rotating simulations exhibit relatively

shallow boundary layers since the wind is deflected by

the Coriolis effect which reduces the shear. Values of CP

are much smaller in the absence of rotation than in its

presence. The crossing point is in close agreement with

hBL in the presence of rotation, but the two quantities

diverge in the nonrotating case.

Figures 7c and 7f show the strength of the tempera-

ture inversion 1 h after sunset, calculated at different

fixed heights, as a function of ›p/›x. The shape of the

curve changes depending on the height at which the

inversion strength is calculated. Calculating the in-

version strength at a fixed height for all the values of

›p/›x means that for smaller ›p/›x this height is above

hBL and for relatively large ›p/›x it is below hBL (Fig. 2a).

Hence, inversion strength shows a stronger dependence

on ›p/›x when the temperature gradient is measured at

a fixed height that is nearer to the surface. The rela-

tionship between the temperature inversion and the

pressure gradient is similar for rotating and nonrotat-

ing simulations at the start of the night, but increasingly

differs as time goes on (not shown). For sufficiently

weak ›p/›x the vSBL persists throughout the night

(Figs. 7c,f). Turbulence collapses for stronger ›p/›x in

the presence of rotation because Coriolis effects reduce

the zonal shear.

To explore the effect of changing the value of the

Coriolis parameter f0 while keeping the upper bound-

ary conditions the same we fix Sg resulting in different

values of the horizontal pressure gradient for each f0.

The wind speed and temperature profiles at t 5 6 h are

shown for the vSBL with Sg 5 4m s21 (Figs. 8a,b) and

for the transition wind speed Sg 5 8m s21 (Figs. 8d,e)

which exhibits the collapse and recovery of turbu-

lence in our control simulation (Fig. 6). Figures 8c

and 8f show the wind speed at z 5 hBL for these two

values of Sg normalized by the speed of the geostrophic

winds as a function of the inertial period. The wind

reaches a maximum supergeostrophic value after 1/2 of

an inertial period. For the strongest rotation rates the

simulation evolves through nearly one full inertial pe-

riods by the end of the night, while for the weakest

rotation rates the simulation moves through less than

1/4 of an inertial period. At the fixed time, near-surface

winds are stronger for greater rotation rates leading

to deeper boundary layers with a more pronounced

low-level jet. By construction, simulations with larger

rotation rates are associated with larger pressure

gradient forces.

The bottom row in Fig. 8 illustrates how the value

of f0 influences stability and shear as a function of

the geostrophic winds. For larger f0, ttmin
is reached

sooner (Fig. 8g). For this plot we omit the case where

f0 5 2:53 1026 s21 because the minimum occurs at the

end of the night. Stronger rotation rates are associated

with larger pressure gradient forces and stronger in-

ertial oscillations so ttmin
occurs earlier in the night with

larger values of the Hmax (Fig. 8). Figure 8i shows that,

qualitatively, the temperature gradients in the bottom

40m of the atmosphere exhibit the same dependence of

the stratification on Sg that is evident from observa-

tions at Cabauw in the Netherlands and Dome C in

Antarctica (Van de Wiel et al. 2017; Vignon et al.

2017; van der Linden et al. 2017; Baas et al. 2018). For

stronger f0 there is a sharper transition between the

wSBL and vSBL. Shear develops more gradually for
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weaker rotation rates resulting in amore prevalent vSBLs

that persist throughout the night. For cases where the

collapse and recovery of turbulence occurs it is associ-

ated with increasing local shear as the wind speed ap-

proaches the magnitude of the geostrophic winds.

Gohari and Sarkar (2017) found that turbulent

collapse and recovery is influenced by inertial oscilla-

tions in their direct numerical simulations. However,

it is difficult to directly assess the role of rota-

tion from our analysis because changing f0 with Sg

fixed changes ›p/›x, but changing f0 with ›p/›x fixed

would change Sg (and therefore the upper boundary

condition).

We find that neglecting rotation is a reasonable as-

sumption when studying the collapse of turbulence for

very weak pressure gradients. However it must be noted

that there are noticeable effects of Coriolis in the wind

and temperature profiles immediately after sunset. In

the pseudo–steady state the dependence of inversion

strength on the pressure gradient is similar, qualitatively,

for both simulations. Over longer time scales, there are

more pronounced differences as Coriolis effects reduce

local shear affecting both the timing of collapse and the

regime occupation.

c. The role of the surface energy budget

We now investigate how cloud cover, surface type,

and subsurface temperature affect the evolution of

the SBL for different geostrophic wind speeds. Figure 9

shows the relative contribution of each of the terms in

FIG. 7. (left) The evolution of the wind speed profile in the PSS is shown for ›p/›x5 0:96mPam21 (Sg 5 8m s21) for both

(a) nonrotating and (d) rotating simulations. The height of the boundary layer is indicated by a circle for each profile, and the height of

the crossing point is indicated by a red cross. (center) For different pressure gradients, (b) the time of the minimum surface stress and

(e) the heights are shown. (right) The strength of the temperature gradient was calculated at different heights indicated by the legend for

the (c) nonrotating and (f) rotating simulations. The heights and gradients were taken at t 5 1 h.
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the energy budget [Eq. (4)] for three values of Sg in the

control simulation. For each value of Sg the radiative

cooling term C1Qn 5C1(Ilw 2sT4
s ) dominates the sur-

face energy budget, resulting in an overall surface cool-

ing. Initially, C2G is negative because Ts .Td at t5 0,

but it rapidly becomes positive due to the surface cool-

ing. Larger values of Sg result in larger contributions

of the surface heat flux to the surface temperature

tendency and a more rapid equilibration of surface

temperature. Furthermore, as Sg increases the relative

contribution of the subsurface heat flux to the tem-

perature tendency decreases. For Sg 5 2m s21 (a

vSBL case), the subsurface heat flux dominates the

sensible heat flux. For Sg 5 8m s21 (in which turbu-

lence initial collapses but then recovers), the two

contributions are approximately equal. Finally, for

Sg 5 16m s21 (a wSBL case), the subsurface heat flux

is much smaller than the sensible heat flux.

Using the Regional Atmospheric Climate Model

(RACMO) single-column model to simulate the SBL at

Cabauw, Baas et al. (2018) suggested that such differ-

ences in the relative importance of sensible heat flux and

subsurface heat flux are characteristic features of the

vSBL and wSBL. Figure 10 (top row) shows RiB as a

function of time for three surface types that have

similar specific heat capacities, but different thermal

FIG. 8. (a),(d) Profiles of the wind speed and (b),(e) temperature as well as (c),(f) the evolution of the normalized wind speed are shown

after 6 h for (a)–(c) very stable and (d)–(f) transition wind speeds. (g)–(i) Relationship between (g) surface stress, (h) maximum heat flux,

and (f) inversion strength and the geostrophic wind. The units of the Coriolis parameter f0 in the legend are 1024 s21.
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conductivities: new snow with ls 5 0:08Wm21 K21,

old snow with ls 5 0:42Wm21 K21, and ice with

ls 5 2:24Wm21 K21 (Table 2). For a geostrophic wind

speed of Sg 5 8m s21 (shown with a dotted line), the

transition wind speed in the control simulation, the

stability regime occupied depends on the thermal

conductivity of the surface. For new snow, turbulence

collapses within a few hours of sunset and, although

RiB decreases over the remainder of the night, it

does not recover. For old snow, turbulence collapses

shortly after sunset and recovers over the next few

hours. Plots of dRiB/dt show that RiB is increasing

once more at the end of the night (not shown), po-

tentially leading to another collapse. In contrast,

conditions remain weakly stable throughout the night

for ice.

The corresponding surface energy budgets for Sg 5
8m s21 are shown with solid lines in Figs. 10d–f. The

total surface cooling is relatively large for new snow,

weaker for old snow, and weaker still for ice. Sensible

heat fluxes dominate subsurface heat fluxes in the

vSBL new snow simulation (Fig. 10d), while the op-

posite is true in the wSBL ice simulation (Fig. 10f).

This result indicates that the relationship between

sensible and subsurface heat fluxes suggested by Baas

et al. (2018) is not a generic feature of the distinction

between the two SBL regimes. That study concluded

that in the vSBL the sensible heat flux constitutes

only a small fraction of the surface energy budget.

While this is true for our control simulations shown in

Fig. 9 (dry sand), the surface budgets shown in Fig. 10

demonstrate that this conclusion is not generalizable.

The relative contribution of each term in the surface

energy budget is dependent on the properties of the

underlying surface.

To further study the role of the subsurface heat flux in

the surface energy budget a series of simulations were

performed with C2 5 0, suppressing the subsurface heat

flux from the budget. The dashed lines in the second row

of Fig. 10 indicate the resulting surface energy budget.

For new snow, the total surface cooling does not change

much when C2 5 0 indicating that in this case energetic

coupling to the surface is not a dominant factor influ-

encing turbulent collapse. More pronounced differ-

ences in surface cooling are apparent for old snow and

ice. Figures 10g–i illustrate the time evolution of RiB in

the absence of a subsurface heat flux for these cases. For

new snow, these curves are not substantially different

from those shown in Fig. 10a. In contrast, for old snow

turbulence collapses rapidly whether or not a subsurface

energy flux is present, but does not recover in the

absence of energetic coupling to the surface. Over

ice, turbulence does not collapse; however, without the

subsurface heat flux RiB begins increasing in time after

about 6 h (dRiB/dt are not shown) potentially leading to

turbulent collapse. The feedback associated with the

subsurface gradient has little effect on turbulent col-

lapse as it takes some time to adjust to the cooling of the

surface, but it appreciably affects turbulent recovery. In

addition to influencing the process of turbulent collapse

as described in Van de Wiel et al. (2017), feedbacks

associated with the subsurface heat flux can affect the

process of the turbulent recovery.

Figure 11a shows the strength of the temperature in-

version as a function of Sg for the range of surface types

in Table 2. The size of the marker in Fig. 11a corre-

sponds to the thermal conductivity of the surface. Con-

sistent with the results of Van de Wiel et al. (2017),

surfaces with large thermal conductivities such as rock

or wet clay are associated with weaker temperature

FIG. 9. The evolution of surface energy budget [Eq. (4)] for the control simulation (dry sand) with (a) weak (Sg 5 2m s21), (b) transition

(Sg 5 8m s21), and (c) strong (Sg 5 16m s21) geostrophic winds.
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gradients and lower sensitivity to Sg than surfaces with

much smaller thermal conductivities such as new snow

and dry clay. For dry sand, the surface type used in our

control simulations, the transition wind speeds that

separate the vSBL from the wSBL are around 6–8m s21,

while for new snow much greater wind speed is needed

to generate enough mixing to sustain the wSBL.

To examine the influence of clouds on static stability,

the inversion strength in a series of simulations with

different values of cloud cover Qc are investigated

(Fig. 11b). For full cloud cover Qc 5 1, the stratification

generally remains neutral and in fact becomes unsta-

ble (not shown) likely as a result of the initially posi-

tive subsurface gradient. During overcast conditions

FIG. 10. (left to right) Selected surface types. (a)–(c) Evolution of the bulk Richardson number is shown for different Sg. The critical

value RiB 5 0:25 is shown by a solid red line. (d)–(f) Corresponding surface energy budgets for Sg 5 8m s21 are shown. The dashed lines

show the budgets whenC2 5 0. (g)–(i) Evolution of the bulk Richardson number is shown whenC2 5 0. Surface properties can be found

in Table 2.
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(Qc 5 0:75) the inversion strengths are relatively weak,

while for clear skies (Qc 5 0) the inversion is up to 8K

stronger in the vSBL than in the wSBL. Unsurprisingly,

the value of Sg separating the wSBL from the vSBL

depends on Qc. Although this effect is relatively

small, for clear skies (Qc 5 0) larger geostrophic

wind speeds are needed to generate enough mixing

to overcome the strong radiative cooling of the

surface and sustain the wSBL. In agreement with a

statistical analysis of tower data from Cabauw

(Monahan et al. 2015), we find that wSBL occupa-

tion is favored by larger geostrophic wind speed and

cloud cover.

For different amounts of cloud cover Figs. 12a–c

show the variation in RiB with Sg for the surface param-

eters of the control simulation. These panels demon-

strate that the cloud cover influences both the collapse

and recovery of turbulence in the SBL. The corre-

sponding energy budgets (Figs. 12d,e,f) are shown for

Sg 5 6m s21, for which the collapse of turbulence de-

pends onQc. The magnitude of the total surface cooling

decreases with increasing Qc due to the increase in

longwave radiation at the surface. There is a similar

variation in the turbulent sensible heat flux and consid-

erable variation of the subsurface gradient with Qc. Dur-

ing overcast conditions radiative cooling occurs slowly

enough that the subsurface gradient supplies enough

energy to the surface to prevent turbulent collapse for

all but the smallest geostrophic wind speeds. Again

we see an example of a wSBL night in which the

subsurface heat flux is an important part of the surface

energy budget.

Finally, to explore the influence of the subsurface

temperature a series of simulations are shown for dif-

ferent values of Td. When Td 5 283K the initial tem-

perature at the lowest model level is equivalent to

the surface temperature at sunset Td(0)5Ts(0). Typ-

ical winter conditions have Ts(0),Td(0) while in the

summertime Ts(0).Td(0). Figure 13a shows that the

inversion strengths depend on the subsurface tempera-

ture. For Sg 5 8ms21 turbulence collapses if the sub-

surface temperature is sufficiently cold relative to the

surface (’4K cooler). When Td(0)5 279K turbulence

collapses about an hour after the start of the simulation

and recovers over the next couple of hours (Fig. 13b).

Turbulence nearly collapses for Td(0)5 281K as well,

but the near-surface cooling is not as strong (Fig. 13c) so

the subsurface gradient grows quickly enough to com-

pensate (Fig. 13d) and stability decreases.

4. Discussion

Our idealized model demonstrates that the most

commonly used parameterizations of turbulence are

able to simulate both the collapse and recovery of

turbulence in the vSBL in the presence of a large-scale

horizontal pressure gradient, Coriolis effects, and a

surface energy budget. Because of the simplicity of

the model and the neglect of processes such as in-

termittent turbulence in the vSBL, the timing and

magnitudes of changes across transitions may not

be accurately represented. While in this study we often

compare our results to observations at Cabauw, we do not

attempt to replicate observations at any particular site

FIG. 11. The strength of the temperature inversion at 3 h between z5 40m and the surface for (a) surface types and

(b) cloudiness. In (a) the size of the marker is determined by the thermal conductivities found in Table 2.
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exactly. Closer matches between the model and any spe-

cific set of observations could use site-specific initial con-

ditions and surface characteristics or a more sophisticated

model of the surface energy budget. Furthermore, more

complicated parameterizations of turbulence could be

considered including for example more detailed treat-

ments of the mixing length or adding a turbulent Prandtl

number (He et al. 2019). We do find that the represen-

tation of the vSBL in our model for very weak geo-

strophic winds exhibits boundary layers which are too

shallow. The representation of the stable boundary layer

under very stable conditions remains a challenge to

NWP and climate models.

Our results have illustrated how enhanced mixing

from the buildup of shear and subsurface heat flux

feedbacks can drive the recovery of turbulence. Fur-

ther study is needed to understand the role that other

neglected processes such as density-driven currents,

solitary waves, and internal gravity waves (Sun et al.

2002, 2004) play in regime transitions and to represent

them in NWP and climate models. A good starting

point for such a study would be to represent these pro-

cesses in idealized models like the one presented here.

Related idealized model studies with much coarser

vertical resolution reported abrupt shifts between re-

gimes (limit cycle behavior) (Van de Wiel et al. 2002b;

ReVelle 1993; McNider et al. 1995) not found in this

much higher-resolution model. In fact, the near-surface

resolution we consider is much finer than is used by opera-

tional models. For wind speeds that are characteristic

of the very stable regime the height of the boundary layer

is on the order of a few tens of meters (Fig. 6b) which

is too shallow to be resolved by standard NWP and cli-

mate models. Changes to the vertical resolution in such

models is a significant undertaking because many of the

model parameterizations are tuned to the existing resolu-

tion. Nevertheless, studies show that poor vertical resolu-

tion in the SBL can lead to large errors in the radiative flux

(Räisänen 1996) and may be essential to preventing the sur-

face warm bias (McNider et al. 2012). More work is needed

to determine if an increase in model resolution is neces-

sary to capture the effects of these near-surface dynamics.

FIG. 12. The evolution of (a)–(c) the bulk Richardson number and (d)–(f) surface cooling budget [Eq. (4)] for the control simulation

under varying amounts of cloud cover.
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The above analysis considered the influence of the geo-

strophic winds, cloud cover, thermal conductivity, and the

subsurface temperature on regime transitions in the SBL.

These quantities were held constant over the duration of

the night in our simulations. In the real atmosphere, these

forcings all evolve in time, adding another layer of com-

plexity to the dynamics. Moreover, the representation of

clouds in our model is rather simplistic and it would be

interesting to see how the type of clouds or their lo-

cation in the atmosphere might affect SBL dynamics.

Our simulations are restricted to a particular set of

initial conditions. Preliminary investigations of the onset

of the SBL indicate that the system may be sensitive to

the atmospheric conditions around sunset (vanHooijdonk

et al. 2017). More research is needed to explore the in-

fluence of realistic initial conditions on this complex

dynamical system.

5. Conclusions

This study examined the influence of the large-scale

horizontal pressure gradient on conditions of stratification

in the SBL using an idealized single-column model with

parameterized turbulence and a force-restore surface

radiative scheme. A range of stability functions were

considered, all of which were capable of qualitatively

representing the vertical wind and temperature pro-

files from the Cabauw tower (van der Linden et al. 2017;

Baas et al. 2018; Van de Wiel et al. 2017; Vignon et al.

2017), but there were some quantitative differences.

We found that the Holtslag and De Bruin (1988) sta-

bility function resulted in shapes of profiles that matched

most closely with the observations.

The idealized SCM model showed that the parame-

terizations of turbulence used in operational models

are capable of representing the collapse and recovery

of turbulencewhen coupled with a surface energy budget.

This result does not of course indicate that the simulation

of either collapse or recovery is quantitatively accurate.

For veryweakwinds themodel exhibits relatively shallow

boundary layers compared with the observations.

Simulations were performed with and without rota-

tion for a fixed pressure gradient force. Although differ-

ences in the wind speed and temperature were apparent

FIG. 13. For different subsurface temperatures, (a) the temperature inversion is shown as a function of the

geostrophic wind. When Sg 5 8m s21, (b) the bulk Richardson number, (c) the rate of cooling DT/Dt (z5 2m), and

(d) subsurface energy flux are shown for different values of the subsurface temperature (K).
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between the rotating and nonrotating cases at the start

of the simulation, the two simulations exhibited similar

trends in atmospheric stability. Simulations with f 5 0

exhibit more rapid turbulent collapse anddeeper boundary

layers. Simulations performed with variable f0 and fixed

Sg indicate that when the inertial period is short com-

pared to the length of the night, inertial oscillations are

associated with a vSBL–wSBL transition. Further study

is needed to determine whether inertial oscillations are

actually the cause of this transition.

In agreement with observations (Monahan et al. 2015;

van der Linden et al. 2017; Baas et al. 2018), we found

that the strength of the large-scale pressure gradient

strongly influences regime occupation in the SBL be-

cause the it controls the amount of turbulent mixing

near the surface. The regime occupied by the SBL for a

given geostrophic wind speed depends on the ambient

cloud cover, the thermal conductivity of the surface, and

the temperature of the subsurface through their influ-

ence on the surface energy budget (as in Van de Wiel

et al. 2017). Cloud cover affects the amount of down-

welling longwave radiation making wSBLs more likely

for increasing cloud cover. Surfaces with larger thermal

conductivities transfer heat more efficiently from the

subsurface to the surface and relatively warm subsurface

temperatures increase the subsurface gradient.

Occupation of either the weakly stable or very stable

regimes is not simply a tug of war between the surface

radiative cooling and the downward transport of tur-

bulence controlled by the geostrophic winds. Rather it is

the combined effect of the rate of heat transport from

the subsurface together with the turbulent transport of

heat from above that counters the radiative cooling

of the surface (although, in contrast with the findings of

previous studies, the occupied regime is not simply de-

termined by the relative magnitude of the sensible and

subsurface heat fluxes). Moreover, the relative impor-

tance of these terms is found to depend strongly on the

thermal conductivity of the surface and the ambient cloud

cover and weakly on the temperature of the subsurface.

The idealized SCM shows that the subsurface can play

an important role in the vSBL–wSBL transition depend-

ing on the thermal conductivity. The influence of cloud

cover is more pronounced affecting both the collapse

and recovery of turbulence.
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