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ABSTRACT

Two contrasting flow regimes exist in the stable boundary layer (SBL), as evidenced from both observa-

tional and modeling studies. In general, numerical schemes such as those used in numerical weather

prediction and climate models (NWPCs) reproduce a transition between SBL regimes. However, the char-

acteristics of such a transition depend on the turbulence parameterizations and stability functions used to

represent the eddy diffusivity in the models. The main goal of the present study is to detail how the two SBL

regimes occur in single-column models (SCMs) by analyzing the SBL structure and its dependence on ex-

ternal parameters. Two different turbulence closure orders (first order and an E–l model) and two types of

stability functions (short and long tail) are considered. The control exerted by the geostrophic wind and the

surface cooling rate on themodel SBL regimes is addressed. Themodel flow presents a three-layer structure: a

fully turbulent, weakly stable layer (WSL) next to the surface; a very stable layer (VSL) above that; and a

laminar layer above the other two and toward the domain top. It is shown that theWSL andVSL are related to

both SBL regimes, respectively. Furthermore, the numerically simulated SBLpresents the two-layer structure

regardless of the turbulence parameterization order and stability function used. The models also reproduce

other features reported in recent observational studies: an S-shaped dependence of the thermal gradient on

the mean wind speed and an independence of the vertical gradient of friction velocity du* on the mean

wind speed.

1. Introduction

The existence of two stable boundary layer (SBL)

regimes has been firmly established in recent years from

both observational and modeling studies (Mahrt et al.

1998; Sun et al. 2012; Van de Wiel et al. 2012a; Ansorge

and Mellado 2014; Sun et al. 2015; van Hooijdonk et al.

2015; Acevedo et al. 2016; Baas et al. 2018; Lan et al.

2018, among others). Traditionally, sinceMahrt et al. (1998)

the SBL flow has been divided in two major regimes: a

very stable boundary layer (VSBL), characterized by

the presence of weak turbulence and large vertical

gradients of mean quantities, and a weakly stable

boundary layer (WSBL), where turbulence is much

stronger than in the VSBL and the vertical gradients

of mean quantities are reduced. Sun et al. (2012) showed

that the VSBL–WSBL transition is locally controlled by

the mean wind speed. However, the mean wind speed

threshold for the transition is not universal, varying from

one site to another (Acevedo et al. 2016; van Hooijdonk

et al. 2015). In studies based on simplified numerical

models (Van de Wiel et al. 2017; Holdsworth and

Monahan 2019), it has been suggested that such differ-

ences may be associated to different surface characteris-

tics, such as soil properties and the total surface net

radiation.

Generally, the existence of two contrasting SBL re-

gimes is reproduced by numerical schemes used to

represent the interactions between the surface and the

SBL (McNider et al. 1995; Derbyshire 1999; Acevedo

et al. 2012; Ansorge and Mellado 2014; He and Basu

2015; Maroneze et al. 2019b). Using a simplified two-

layer model, McNider et al. (1995), showed that the SBL

regime is highly dependent on the initial conditions.

Such a simplified model, however, is only capable of

reproducing a nonturbulent or a fully turbulent regime,

and this feature may be observed in weather numerical
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prediction models as well (Derbyshire 1999). Shi et al.

(2005) demonstrated that a very stable regime where the

atmospheric levels are vertically decoupled from each

other arises naturally in Reynolds-averaged Navier–

Stokes (RANS) models of the SBL, regardless of the

domain size and number of vertical levels considered,

and these results have been later confirmed by McNider

et al. (2012) using a complete single-column model.

Both Derbyshire (1999) and Ansorge and Mellado

(2014) have raised the important question whether such

decoupling in the models is only a feature of the system

of equations or also the simulation of a genuine feature

of the SBL. This issue has been addressed by Maroneze

et al. (2019b), who explored how simplified models re-

produce differently the two SBL regimes as the variables

being solved by prognostic equations, rather than pa-

rameterized, vary. Their results showed that a VSBL is

simulated as long as the buoyancy effects are consid-

ered. Moreover, the VSBL regime is more realistically

simulated when a prognostic equation for the turbulent

heat flux is considered and better yet when temperature

variance is also solved. In those cases, the relationship

between turbulent kinetic energy and mean wind speed

are contrastingly different between the two regimes, in a

manner similar to what has been reported in the field

(Sun et al. 2012, 2015). These results, therefore, indicate

that the models and observations are indeed describing

the same phenomenon. However, it is important to no-

tice that the VSBL solved by low-order schemes that

parameterize the heat flux present limitations that de-

pend on the choice of parameterization.

Turbulence parameterizations are essential to de-

scribe the eddy diffusivity in air quality (McNider et al.

2018), numerical weather prediction (Savijärvi 2009;

Steeneveld et al. 2010; Battisti et al. 2017), and climate

models (Steeneveld et al. 2011; McNider et al. 2012).

Among the models, the parameterizations may vary in

regard to the order of turbulence closure or to how

turbulent diffusivity is affected by the atmospheric sta-

bility (Cuxart et al. 2006). Generally, the influence of

atmospheric stability is prescribed by an arbitrary sta-

bility function. Stability functions are mainly divided in

two classes: short-tail (ST) stability functions, which

suppress the mixing for intense stratification or long-

tail (LT) stability functions that allow some finite

mixing even under very strong stratification. Sandu

et al. (2013) showed, using a climate model, that ST

stability functions better represent the qualitative

features of the boundary layer. Nevertheless, these

models need some level of mixing to avoid an ex-

cessive cold bias near the surface and an impairment

on the representation of large-scale processes, al-

though Savijärvi (2009) and McNider et al. (2018)

have indicated that this is dependent on model res-

olution. Baas et al. (2018) suggested that the prob-

lems pointed by Sandu et al. (2013) may be related

with other physical process of the model, such as the

coupling between the surface and the lower SBL, as

they showed that both types of parameterizations are

able to reproduce both SBL regimes and the transi-

tions between them.

The main goal of the present study is to detail how the

two SBL regimes occur in single-columnmodels (SCMs)

by analyzing the SBL structure and its dependence on

external parameters. Contrasting with previous obser-

vational and modeling efforts, the SBL dynamics is an-

alyzed as a whole, rather than at specific heights. By

doing such, it is possible to verify whether different re-

gimes occur simultaneously at different heights in the

model. The two orders of closure (first order and an E–l

model) and the two stability functions (ST and LT sta-

bility functions) used in the study are largely used in

numerical weather prediction and climate models

(NWPCs) around the world. Furthermore, it is veri-

fied how the SBL vertical structure is controlled by

external parameters, such as the thermal and me-

chanical forcings, represented respectively by the

geostrophic wind and surface cooling rate.

2. Model

For a flat surface and a dry atmosphere, neglecting the

effects of advection and the radiative flux divergence,

the equations governing the atmospheric flow in the

planetary boundary layer can be written as follows:

›u
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5 f (y2 y

G
)2

›(u0w0)
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52
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where u and y are the wind components, u is the air

temperature, f is the Coriolis parameter, uG and yG are

the geostrophic wind components, (u0w0) and (y0w0) are
momentum turbulent fluxes, and (w0u0) is the turbulent

sensible heat flux.

The turbulent fluxes are parameterized usingK theory

(Louis 1979; Therry and Lacarrère 1983; Delage 1997;

Bélair et al. 1999; Weng and Taylor 2006; Cuxart et al.

2006, among others):

2(u0w0)5K
M
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, (4)
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where KM and KH are the eddy diffusivity for momen-

tum and heat, respectively. The two diffusivities are

related to each other through the turbulent Prandtl

number (Prt), as KH 5 KM/Prt. In spite of the depen-

dency of the turbulent Prandtl number on the atmo-

spheric stability (Zilitinkevich et al. 2013; Li et al. 2015;

Katul et al. 2014), for simplicity Prt 5 0.85 is used here.

a. Turbulence closure

The momentum and heat eddy diffusivities are nec-

essary to determine the vertical turbulent fluxes in K

theory. The order of the closure is defined according to

Mellor and Yamada (1974). Generally, weather forecast

or climate models use one of two possible parameteri-

zations to evaluate the turbulent diffusivity in the bound-

ary layer: first order or E–l schemes (Weng and Taylor

2003; Cuxart et al. 2006; Svensson et al. 2011).

1) FIRST-ORDER SCHEME

In the first-order models (hereinafter 1st), the eddy

diffusivity is (Louis 1979)

K
M
5 l2m

›U

›z
f
m
(Ri) , (7)

whereU is the mean wind speed and fm(Ri) is a stability

function that depends on the local Richardson num-

ber (Ri):

Ri5
g

Q

(›u/›z)

(›u/›z)2 1 (›y/›z)2
. (8)

For both types of closure presented in this work,

the mixing length lm has been evaluated following

Blackadar (1962):

1

l
m

5
1

kz
1

1

l
0

, (9)

where k is the von Kàrmàn constant and l0 is the mixing

length for neutral flows (Delage 1974; Weng and Taylor

2003). Following Weng and Taylor (2006), l0 5 40m is

assumed.

2) E–l SCHEME

Using a third-order closure model, André et al. (1978)
showed that a model based on a simple diffusion scheme

cannot reproduce many features of the PBL diurnal

cycle, as the schemes should be refined enough to

distinguish and represent the diurnal and nocturnal

period characteristics and forcings. Therry and Lacarrère
(1983) used André et al. (1978) results to develop the

K–Emodel, a 1.5-order closure model that evaluates the

eddy diffusivity from the turbulent kinetic energy (TKE)

budget equation. If an equation for the mixing length is

included, the model is referred as the E–l model (Weng

and Taylor 2003, 2006). In the E–l scheme the turbulent

fluxes are still diagnostically evaluated form Eqs. (4)–(6),

and the momentum eddy diffusivity is parameterized as

K
m
5

ffiffiffiffiffiffiffiffiffiffi
a21e
p

l
m
f
m
(Ri), (10)

where e is TKE, a is the ratio between the shear stress

and TKE near the surface (Cuxart et al. 2006; Weng

and Taylor 2006). Rodrigo and Anderson (2013) and

Acevedo et al. (2014) have shown that the value of a is

independent of height and it is also highly dependent

on the flow stability. Here, it is assumed that a5 4(11
2.5zL21)1/3, where L is the local Obukhov length

(Acevedo et al. 2014).

As Km depends on TKE, the E–l scheme has an ad-

ditional equation for this variable (Therry and Lacarrère
1983; Weng and Taylor 2006; Cuxart et al. 2006; Bélair
et al. 1999, among others):

›e

›t
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›u
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In Eq. (11) g is the gravitational acceleration, Q is the

reference temperature, (w0e0) is the turbulent flux of

TKE, and « is the TKE viscous dissipation. The trans-

port term in Eq. (11) is written as

2
›w0e0

›z
5

›

›z

�
K

e

›e

›z

�
, (12)

where Ke 5 KM/se, and se 5 1 is the turbulent Prandtl

number for TKE (Duynkerke 1988). The viscous dissi-

pation is estimated by (Tikhomirov 2012; Therry and

Lacarrère 1983)

«5 c
«

(e)3/2

l
d

. (13)

The constant c« in Eq. (13) makes explicit the an-

isotropy in the SBL turbulent flow (Cuxart et al. 2006).

Puhales et al. (2016) showed that it is not appropriate to

use a fixed value for c«, because it depends strongly on

the stability of the flow. Cuxart et al. (2006) stressed that

the values of c« varied by an order of magnitude in the

operational models compared in their study. Here, fol-

lowing Weng and Taylor (2003) we assume c« 5 a23/2.
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Finally, the mixing length for the viscous dissipation is

assumed as ld 5 lm (Therry and Lacarrère 1983; Weng

and Taylor 2003; Cuxart et al. 2006; Weng and Taylor

2006, among others).

In this scheme, the effect of terms that do not affect

the Richardson number, such as the turbulent trans-

port of TKE or its dissipation rate, has been included

in the turbulence formulation. In contrast, the previ-

ously described first-order closure, entirely based on

the Richardson number, only takes in account the

roles of turbulence shear production and buoyant

destruction.

b. Stability functions

In both Eqs. (7) and (10) the atmospheric stability is

parameterized as a function of Ri (Louis 1979; Zhang

and Anthes 1982; Delage 1997; Holtslag and Boville

1993; Cuxart et al. 2006, i.a.). Weather forecasting and

climate models use either ST or LT stability functions.

An ST function assumes a critical value for Ri, beyond

which turbulence in the flow is completely suppressed

(McNider et al. 1995; Derbyshire 1999; Van de Wiel

et al. 2002a). On the other hand, the LT stability func-

tions allow the existence of turbulence even under very

intense stratification (large Ri) (Louis 1979; Delage

1997; Poulos and Burns 2003).

Following England andMcNider (1995) andMcNider

et al. (1995), a quadratic form for the ST stability func-

tion may be obtained from the Monin–Obukhov shear

similarity functions (England and McNider 1995) and

can be written as

f
m
(Ri)5

(
(12Ri/Ri

c
)2, for Ri,Ri

c

0, for Ri$Ri
c

. (14)

Notice that, fm(Ri) vanishes when Ri is greater than

Ric 5 0.25 (the critical Richardson number) and no

mixing and no diffusion occur for Ri . Ric.

In favor of LT stability functions, Louis (1979) pointed

out that the existence of some turbulence even in very

stable conditions (Ri . Ric) in the models prevents the

runaway cooling problem, when the air temperature near

the surface keeps decreasing to accompany the radia-

tively driven ground cooling. In the present study, the LT

stability function proposed by Delage (1997) and later

largely used in the literature (Bélair et al. 1999; Cuxart
et al. 2006) has been used:

f
m
(Ri)5 (11 12Ri)21 . (15)

The model has been, therefore, ran in four different

configurations, combining the two different turbulent

closures and the two different stability functions (Table 1).

c. Discretization and boundary conditions

The vertical discretization of Eqs. (1)–(3) and (11), for

theE–lmodel, is done in a linearly varying mesh spacing

proposed by Degrazia et al. (2009). To increase the

resolution on the upper domain the grid increment was

modified and written as (Schmengler et al. 2015)

Dz5

��
1

A

�
1B

�
z
li
, (16)

where zli is the height above the surface for a linear

equally spaced grid, andA and B are arbitrary constants

that should be modified to fit the domain size and

number of levels. For a 6000-m-high domain, split in 252

levels from the surface to the domain top, the constants

in Eq. (16) are A 5 1033.2 and B 5 143.5.

The first mass level, just above the surface, is lo-

cated at z1 5 0.189m and the last level, just below the

domain top, is located at z2515 5952.38m, so that Dz is
smaller than 50m in the upper part of the domain. The

flux levels (zii) are located in between subsequent

mass levels (zi): zii 5 (zi12 1 zi)/2. The eddy diffu-

sivities and the turbulent fluxes are evaluated at the

flux levels. The prognostic equation for mean quan-

tities [Eqs. (1)–(3)] are evaluated at the mass levels

(zi). In the E–l scheme, the prognostic equation for

TKE [Eq. (11)] is evaluated at the flux levels (zii). The

choice of a variable mesh grid is based in the well

known fact that a low resolution near the surface can

make the results dependent on the finite-difference

method applied (Taylor and Delage 1971; Steeneveld

et al. 2006).

The boundary conditions are defined as follows. At the

domain top, the wind components and the potential tem-

perature are set constant: u(t, ztop)5uG, y(t, ztop)5 yG
and u(t, ztop)5Q. At the surface, the no-slip condition is

assumed and the surface temperature decreases along

the simulation with a constant cooling rate. The initial

vertical profiles are: u(t5 0, z)5 uG, y(t5 0, z)5 yG,

and u(t5 0, z)5 265K up to 100m, increasing at a

constant lapse rate of 0.01Km21, from that height until

the domain top. For the E–l models, a minimum TKE

TABLE 1. Different models that are compared in this work. With

two closure orders and two stability functions, four different tur-

bulence configurations are performed. For simplicity, the term

‘‘model’’ will be used hereafter to designate each configuration.

Model configuration Closure KM fm(Ri)

1st short tail (1st ST) First order Eq. (7) Eq. (14)

1st long tail (1st LT) First order Eq. (7) Eq. (15)

E–l short tail (E–l ST) E–l Eq. (10) Eq. (14)

E–l long tail (E–l LT) E–l Eq. (10) Eq. (15)
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of emin 5 1029 m2 s22 is assumed to provide numerical

stability (Mellor and Yamada 1982; Cuxart et al. 2006).

Initial TKE is set equal to 0.4(1 2 z/250)3m2 s22 from

the surface to 250m, and it is assumed as emin above that

height until the domain top (Cuxart et al. 2006). For

very weak wind simulations, the residual TKE above

the boundary layer height h is set as emin at all times, to

avoid the influence of residual turbulence on the model

solutions.

The set of prognostic equations Eq. (1), (2), (3), and

(11) in the E–l model have been integrated for 10 h,

using a fourth-order Runge–Kutta scheme (ReVelle

1993; McNider et al. 1995; Van de Wiel et al. 2002a;

Costa et al. 2011, among others). A time step of 0.1 s has

been used in all simulations. It has been chosen after a

numerical sensitivity test of the results to the time step

was performed.

The influence of the thermal forcings at the surface

are represented by five constant cooling rates: 0.10,

0.25, 0.50, 1.00, and 2.50Kh21. Here, the cooling rates

are assumed as an external parameter, but it must be

noted that in the real world it is not so. Surface cooling

rates are in reality an internal parameter that depends,

itself, on a number of other external properties, such as

the radiative balance and soil physical properties and

other internal ones, such as the surface heat flux. In the

present case, the role of the external factors have been

combined in a single external parameter, regarded as

the cooling rate. The similar approach has been used in

previous modeling studies (Kosović and Curry 2000;

Weng and Taylor 2003, 2006; Cuxart et al. 2006;

Acevedo et al. 2012, among others). The simulations

have been performed for a wide range of range of geo-

strophic wind speeds [UG 5 (u2
G 1 y2G)], varying from 0.2

up to 30ms21, with increments of 0.2ms21. In reality, it is

highly unlikely that geostrophic wind speeds and cooling

rates are both very large or are both very small at the

same time, so the simulation of these combined extreme

cases must be regarded as a modeling exercise only. To

describe the SBL regimes, the analysis will focus in a

100-m layer.

Every simulation starts after the evening transition.

Therefore, the only way for the model to produce a

neutral boundary layer (w0u05 0) is if no surface cooling

rate exists. The analysis presented here refer to a quasi-

equilibrium state, after 9 h of simulation.

d. Model validation

Amodel validation has beenperformed usingGEWEX

Atmospheric Boundary Layer Study (GABLS) I case

(Kosović and Curry 2000) as a control. Figure 1 shows the

comparison of all four configurations of the SCM (given

in Table 1) with GABLS I experiment. The mechanical

forcing and the thermal forcing used in the validation are

UG 5 8.0ms21 and a 0.25Kh21 cooling rate.

The model boundary layer height is defined as the

height where the sensible heat flux decreases to 5%of its

surface value. Figure 1a shows that h is overestimated by

all configurations of the model. However, when an ST

stability function is used both 1st ST and E–l ST solu-

tions are close to the GABLS I case. On the other hand,

the use of an LT stability function leads to a thicker SBL.

The 1st LT SBL is almost 140m deeper than theE–l LT.

Although all schemes reproduce the u* temporal ten-

dencies near the surface, they also underestimate its

value (Fig. 1b).

All models reproduce the formation of the nocturnal

jet (Fig. 1c). However, the 1st LT model overestimates

the jet height by about 150m, while the E–l model with

long-tail stability function overestimates it by 30m. It

occurs because, as showed in Fig. 1a, these models

reproduce a thicker SBL. It is caused mainly because an

LT stability function allows the existence of turbulence

at levels where an ST stability function does not. As a

consequence, the SBL becomes more turbulent and

homogeneous. Being more turbulent, in LT models the

warm air from the top gets more easily transported to-

ward the SBL bottom, increasing the air temperature

near the surface as well (Fig. 1d). On the other hand, ST

models are colder near the surface, even though they are

more turbulent at these levels (Fig. 1b). The vertical

structure of turbulence in the boundary layer is shown

by the TKE profiles in Fig. 1e. As shown in Fig. 1b,

the E–l LT scheme is less turbulent near the surface.

However, turbulence in this scheme reaches higher

levels than it does in the ST schemes. As previously

mentioned, it happens because, allowing turbulence in

the very stable regime, LT stability functions produce a

deeper SBL.

The eddy diffusivity analysis (Figs. 1f,g) shows that

the SBL turbulent diffusion is best represented by the

E–l ST model, while 1st order schemes provide too

much diffusion near the surface and, as a consequence,

the turbulent fluxes also becomes larger in these cases

(Figs. 1h,e,i). Figure 1h shows that the turbulent mo-

mentum fluxes are larger near the surface in the 1st

models while the E–l model represents better the ver-

tical distribution of this flux. Although all schemes are

able to reproduce fairly well the eddy diffusivities

and the momentum flux [t/r5 (u0w0
2
1 y0w0

2
)1/2], they

underestimate the sensible heat flux near the sur-

face (Fig. 1i).

In general, the performance (Fig. 1) of all schemes

is in agreement with previous studies that used

GABLS I case as control (Cuxart et al. 2006; Weng

and Taylor 2006).
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3. Results

Observational studies of the SBL regimes, such as

those from Sun et al. (2012), Acevedo et al. (2016), and

Lan et al. (2018), used tower observations to determine a

mean wind speed threshold below which the VSBL ex-

ists and above which the WSBL exists. Such thresholds

are determined by wind speed observation either at the

same level of the turbulence observations (Sun et al.

2012) or near the ground (Acevedo et al. 2016). In both

cases, the wind observations are affected by turbulent

mixing activity, making the thresholds dependent on the

internal SBL dynamics. van der Linden et al. (2017)

attempted to overcome this difficulty by classifying the

SBL structure in terms of geostrophic wind speed, using

the long-term measurements at the Cabauw tower for

that purpose. However, they could not associate a geo-

strophic wind threshold to an abrupt change of the SBL

structure, possibly because the averaging over a large

number of cases smoothed characteristics that are

abrupt for individual occurrences alone. In the single-

column models, on the other hand, the SBL environ-

ment is controlled and the geostrophic forcing is

precisely determined in each case. For this reason, in

the present study the regime classification is done in

terms of the external forcing, given by the geostrophic

wind. Besides, there is no need to refer to the quantities

near the ground only, as is typically done in observa-

tional studies. Rather, in the present case, the main

vertical level chosen for the analysis is 100m, which in

many cases is both far from the ground and from the

SBL top. Besides, it is a level high enough to analyze the

transitions experienced as turbulence first reaches it

and later becomes strong. Figure 1c showed that in

the validation experiment, regardless of the scheme, the

mean wind speed increases sharply with height near the

ground, reaching a maximumUMAX some meters below

the SBL top. Above the SBL, where TKE is zero

(Fig. 1e), the mean wind speed is geostrophic. Since this

structure is valid for all schemes considered, it is always

possible to determine three different regimes in any

given vertical profile in the model:

d At the uppermost layer, where U 5 UG, the flow is

laminar.
d Just below the laminar layer and above the height of

UMAX there is a very stable layer (VSL), which has

weak turbulence and presents a large thermal gradient

(Fig. 1d). Such a VSL presents peculiar characteristics

that will be discussed along the present study.
d Below the height where UMAX occurs, turbulence is

much stronger than in the VSL and a weakly stable

layer (WSL) exists, as supported by the reduced

thermal gradient (Fig. 1d).

FIG. 1. (a) SBL height and (b) friction velocity time series. Vertical profiles of (c) wind speed, (d) temperature, (e) TKE, (f) momentum

eddy diffusivityKM, (g) heat eddy diffusivityKH, (h) momentum flux, and (i) sensible heat flux. The solid thick gray line is the GABLS I

case; red dashed line is the 1st ST model; green dashed line is the 1st LTmodel; blue dashed line is the E–l STmodel; and the cyan dashed

line is the E–l LT model.
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This classification strategy implies that in any cir-

cumstance there is a WSL and a VSL at the same time,

but at different layers. At first sight, it contrasts with the

strategy commonly used in observational studies that

define a given regime for the entire SBL at any given

time (Mahrt et al. 1998; Sun et al. 2012; van Hooijdonk

et al. 2015; Acevedo et al. 2016; Lan et al. 2018, among

many others). In reality, however, there is consistency

between the two classification strategies, because the

WSL may be present below any given observational

level after the transition. This is, in fact, supported by

observations that show that very close to the ground the

SBL is nearly always at the strong wind, weakly stable

regime (Sun et al. 2012, 2015).

Figure 2 shows the wind (left panels) and TKE (center

panels) profiles at the relevant transitions for the 100-m

level: when turbulence arrives at that level (black lines),

when it reaches UMAX, which is the VSL to WSL tran-

sition (red lines). In all cases a 0.25Kh21 cooling rate

was assumed.

The temperature difference between 100m and the

surface (Du; Fig. 2, right panels) is independent on

the geostrophic wind until turbulence reaches 100m,

marking the onset of the VSL. As UG increases further,

this temperature difference decreases sharply, with the

largest Du dependence on UG occurring at the VSL–

WSL transition. When the 100-m level is within the

WSL, its temperature difference from the surface de-

creases slightly with UG and for large UG, the temper-

ature gradient becomes almost independent on UG

(notice the logarithmic horizontal axis in the right panels

of Fig. 2). For very large UG, Du increases with UG be-

cause in this case turbulence has reached higher levels,

bringing downward the warm air from above 100m. van

der Linden et al. (2017) have observed a similar slight

increase of DuwithUG forUG. 15ms21 in the Cabauw

tower. This general S-shape dependence of the tem-

perature gradient on wind speed has been found in both

experimental (Acevedo et al. 2016; van der Linden et al.

2017; Mahrt 2017; Vignon et al. 2017) and modeling

studies (Van de Wiel et al. 2017; Baas et al. 2018).

Besides, the VSL–WSL transition coincidence with the

largest thermal gradient dependence on UG has also

been suggested by Van de Wiel et al. (2017), as the SBL

regime transition. Figure 2 also shows that all model

schemes reproduce the SBL regime transitions, despite

their peculiarities. The differences between the schemes

and how they reproduce the turbulent and thermal

vertical structures will be discussed in detail next, along

with an analysis on how they depend on the SBL regime.

In agreement with previous studies based on simpli-

fied models (Acevedo et al. 2012; Van de Wiel et al.

2017; Maroneze et al. 2019b), the transition characteristics

depend on the scheme used. The differences on their

representation of the VSL–WSL transition become

clear when the relationship betweenVTKE and the local

wind is analyzed (Fig. 3). The laminar–turbulent (L–T)

transition occurs when VTKE exceeds its minimum

value and starts increasing with the wind speed. This

is a small increase, more evident in the short-tail

schemes (Figs. 3a,c) and at higher levels. The VSBL–

WSBL transition, indicated by the triangles in the

bottom of the panels, occurs when the VTKE depen-

dence on U changes, in agreement with the observa-

tions from Sun et al. (2012). In the short-tail schemes

this change is such that VTKE abruptly increases with a

small increase of U. In the long-tail schemes, on the

other hand VTKE steadily increases with U once such a

transition, which is not abrupt, takes place. The wind

threshold for the VSL–WSL transition depends on the

formulation. Long tail schemes generally provide more

turbulence for the same UG. In the 1st LT scheme, all

levels up to 10m are coupled, even for very light winds

(Figs. 3b). The transition occurs at a low wind threshold

in theE–l long tail scheme. On the other hand, the least

turbulent scheme, E–l ST, has the largest U thresholds

for the VSL–WSL transition.

If the surface cooling rate increases, the thermal gra-

dient also increases, and larger wind shear becomes

necessary to generate and maintain turbulence in the

flow. Figure 4 shows the relationship between VTKE and

U at 10m for different cooling rates. In the ST schemes,

the wind threshold for the VSL–WSL transition in-

creases almost 4m s21 for cooling rates varying from 0.1

to 2.5Kh21. In contrast, for the 1st LT scheme, the wind

threshold for the transition shows almost no dependence

on the surface cooling rate, because the LT function

provides more mixing the transition occurs with a

smaller value of U. Consecutively, with small cooling

rates the levels near the surface are in the WSL. In this

case, for cooling rates larger than 0.5Kh21, the model

solves a VSL at 10m (Fig. 4b), but the laminar layer

occurs at that height. Being long tail, the E–l LT is also

turbulent at large Ri, but in this case a laminar boundary

layer occurs near the surface for large cooling rates

(Fig. 4d), contrasting with the 1st LT in that respect.

Such a reduced sensitivity of LT schemes to the cooling

rate has been previously found byMcNider et al. (2012).

Figure 4 also shows that near the surface the relationship

between VTKE and U becomes nearly independent on

both the turbulence scheme and the cooling rate for

large values of U. Furthermore, Fig. 4 shows that, in the

ST schemes and for large cooling rates, there is a region

whereVTKE decreases asU increases. This is caused by a

maximum in the wind speed profile that does not exist

in VTKE. In a practical sense, VTKE may assume two
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FIG. 2. The ninth-hour mean vertical profiles of (left) U and (center) VTKE; (right) thermal gradient in a

100-m layer. The transition is analyzed in a 100-m layer (black horizontal dashed lines in the profiles panels).

The mechanical forcing for each profile is indicated in the legend of the center panels. In the left and center

columns, the black solid line is the vertical profile when turbulence reaches the 100-m level, and the red
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different values for the same local wind speed. However,

it does not characterize a bistable regime, as U is a local

variable, rather than an external parameter. It does not

occur when VTKE is analyzed in terms of UG, showing

that VTKE increases monotonically with the external

mechanical forcing.

At 100m, laminar flow occurs with light winds and

large cooling rates in all schemes, so that both L–T and

VSL–WSL transition are evident in all cases. When the

flow is laminar at that level, the entire SBL exists below

it, being therefore shallower than 100m (Fig. 5). As UG

and, therefore, the 100-m wind increase, turbulence

reaches higher levels, so that eventually the SBL reaches

the 100-m level and beyond. These results explain why

the outputs of numerical weather prediction models

near the surface are highly dependent on the boundary

layer scheme in light wind conditions but not as much in

the strong wind case (Battisti et al. 2017).

Stability parameters that relate the thermal and me-

chanical properties of the flow are often used to classify

the SBL regimes (Nieuwstadt 1984; Mahrt et al. 1998;

Van deWiel et al. 2002b; van Hooijdonk et al. 2015; Lan

et al. 2018, among others). One of such parameters, the

local gradient Richardson number, affects the solutions,

as in the ST schemes [Eq. (14)] turbulence only exists

whenRi,Ric, so that the L–T transition occurs forRi5
Ric 5 0.2 (figure not shown). In LT schemes, on the

other hand, there is turbulent mixing for any Ri.

Nevertheless, it has been shown in the previous figures

that the VSL–WSL transition also occurs in that case.

Does VSL–WSL transition happen at a given value of

Ri? Do other stability parameter have a critical value

for the transition? As the schemes have different de-

pendencies on Ri, it is not appropriate to define the

VSL–WSL transition in terms of Ri. Mahrt (2010)

suggested that the bulk Richardson number (Rb) is a

measure of the whole stability of the layer that is less

vulnerable to errors and self-correlations with high-

order turbulence moments, such as the heat flux:

Rb5
g

Q

u(z)2 u
s
z

U(z)2
. (17)

In Eq. (17), u(z) and U(z) are temperature and mean

wind speed at a height z above the ground and us is the

surface temperature. While Ri describes the local sta-

bility of the flow, Rb is a measure of the overall stability

of an arbitrary layer. Thus, there is no a priori critical

value for Rb, and its value at the transition may vary.

Recently, van Hooijdonk et al. (2015) showed that

commonly used scaling parameters, such as Ri and z/L,

do not have a critical value that splits between the very

stable and weakly stable regimes. They proposed a new

dimensionless parameter, the shear capacity of the flow

(SC), which should be able to predict the transition.

The shear capacity definition considers that the regime

transition coincides with the heat flux maximum and

that there is a minimum wind speed below which tur-

bulence cannot be continually sustained (Van de Wiel

et al. 2012b). SC is defined in terms of bulk properties

as (van Hooijdonk et al. 2015)

SC5U
n g

Qk2
Hz[ln(z/z

0
)]2

o21/3

, (18)

where H is the absolute value of the surface heat flux, z

is the height over the surface, and z0 5 0.1m is the

roughness length.

The meaning of the dimensionless numbers values in

terms of the model regimes can be understood when the

sensible heat flux convergence between the surface and

100m (H1.51m 2 H97.13m) is determined as a function of

the external parametersUG and cooling rate (Fig. 6). All

schemes show a similar qualitative dependence, ex-

pressed by the gray contour lines. For weak winds the

average flux convergence is independent on the cooling

rate, increasing only asUG increases. It happens because

turbulence has not reached 100m yet. The laminar–

turbulent transition at 100m takes place when the con-

tour lines at Fig. 6 start to bend. At this point, the flux

convergence becomes also dependent on the cooling

rate. In the other extreme, for large wind speeds, the

heat flux convergence is only dependent on the cooling

rate (Fig. 6). The values for UG at the VSL–WSL tran-

sition shown in Fig. 2 are presented as black crosses in

Fig. 6. They happen when the flux convergence contour

lines have maximum curvature, meaning that the tran-

sition happens when the flux convergence is most de-

pendent on both cooling rate and UG. The bulk stability

parameters generally have a critical value that defines

the transition. However, such a critical value varies

among the schemes. In both ST models Rb5 0.2 is very

close to the VSL–WSL transition, while the same occurs

for SC 5 3.1 and 3.3, but in this case for small cooling

rates only. For the 1st LT scheme, the critical values are

 
dashed line is vertical profile on the VSL–WSL transition. Vertical lines in the right column correspond to

the values ofUG presented by the respective colors in each center panel. Eachmodel is indicated in the panel

title and the surface cooling rate used in all cases was 0.25K h21.
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Rb 5 1.0 and SC 5 2.0, while in the E–l LT case the

transition happens at Rb 5 0.5 and SC 5 3.1. The

transition value of SC in the ST models, between 3 and

3.5 is similar to those found by van Hooijdonk et al.

(2015) using Cabauw observed data. On the other

hand, the transition Rb, near 0.2, is larger than those

found by Mahrt (2017) using Fluxes over a Snow

Surface (FLOSS) II data and than the theoretical value

FIG. 4. Relationship between VTKE and U at 10.43m above the surface. The surface cooling rates are 0.1 (solid

black line), 0.25 (red dashed line), 0.5 (green dashed line), 1.0 (blue dashed line), and 2.5 K h21 (gray dashed line).

The relationship represents the mean of the ninth hour of each simulation. The triangles along the bottom of each

panel indicate the value of U at which the VSL–WSL transition, defined in Fig. 2, occurs.

FIG. 3. Average dependence of VTKE and the local wind speed U for the levels indicated in the legend. The

triangles along the bottom of each panel indicate the value ofU at which theVSL–WSL transition, defined in Fig. 2,

occurs. All simulations use a constant cooling rate of 0.25K h21. The relationship represents the mean of the ninth

hour of each simulation.
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proposed by Van de Wiel et al. (2017), but this differ-

ence is probably a consequence of the estimations being

made over different depths. These critical values must

be considered as approximations, as their coincidence

with the transition is variable, specially for large cooling

rates. van Hooijdonk et al. (2015) suggested that it is

possible to either use internal flow parameters or

boundary conditions to scale the flow in the SBL. Along

this line, Rb can only be used if it is defined in terms of

parameters at the level considered and/or below it, as

the layers above it may be in an entirely different re-

gime. In other words, an internal Rbmust be chosen. On

the other hand, the same does not apply to SC, which,

being dependent on the surface heat flux (boundary

condition) and the wind speed at a fixed level, is less

dependent on the levels chosen for its evaluation. It is,

FIG. 6. Average dependence of the absolute heat flux difference over 100m (H1.51m 2 H100m) on the surface

cooling rate and the geostrophic wind (solid gray contours). Red lines are Rb5 0.2 (solid), Rb5 0.5 (dot–dashed),

and Rb5 1 (dashed). Blue lines are SC5 2.0 (solid), SC5 3.1 (dot-dashed), and SC5 3.3 (dashed). The stability

parameters were evaluated considering the z 5 100-m layer. Black crosses indicate the value of UG at which the

VSL–WSL transition, defined in Fig. 2, occurs over 100m.

FIG. 5. As in Fig. 4, but for the 100-m level.
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therefore, a more universal parameter, which may be

used to describe the stability of a layer deeper than that

used on its evaluation.

All schemes show similar heat flux dependence on the

external parameters UG and cooling rate (Fig. 7). For

very light windsH is independent of the surface cooling

rate and solely dependent on UG for the ST schemes,

while it is slightly dependent on the cooling rate for the

LT cases. Therefore, for weak winds, only the wind

intensity controls the heat flux (VSL). Once the VSL–

WSL transition takes place, both external parameters

play important roles on H behavior. Similar relation-

ships have been observed at the FLOSS II and Shallow

Cold Pool (SCP) experiments by Mahrt (2017), who

showed the joint distribution of the heat flux in terms of

the vertical temperature difference du and the local

wind. For the ST schemes, the heat flux is independent

on the cooling rate when Ri . 0.25, as the flow in such

FIG. 7. Joint average distribution of the surface heat flux on the surface cooling rate and on the geostrophic wind

(solid gray contours). Light blue lines are the local gradient Richardson gradient: Ri 5 0.2 (solid), Ri 5 0.1 (dot–

dashed), Ri 5 0.05 (dashed), and Ri 5 0.025 (short–long dashed).

FIG. 8. Average dependence of the temperature gradient between 100m and the surface (Du5 u100m2 us) on the

surface cooling rate and the geostrophic wind (solid gray contours). Black crosses indicate the value ofUG at which

the VSL–WSL transition, defined in Fig. 2, occurs over 100m.
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case is laminar. In the more turbulent LT schemes, on

the other hand, the heat flux always depends on the

cooling rate, although for light winds this dependence is

small (Figs. 7b,d). The Ri contours are very similar to

those presented by Mahrt (2017), despite the fact that

here the comparison is done to the cooling rate where

Mahrt (2017) used the local thermal gradient.

The potential temperature difference between 100m

and the surface (Du) is independent on UG and solely

dependent on the cooling rate for both the small and

large limits ofUG (Fig. 8). For very weakUG, the SBL is

shallower than 100m, therefore being unaffected by

changes in the geostrophic forcing. When turbulence

first reaches 100m (L–T transition), the contour lines in

Fig. 8 depart from the horizontal. In this case, cold air

from lower levels is brought up, decreasing Du. The
maximum dependence of Du on the geostrophic wind

coincides exactly with the VSL–WSL transition (crosses in

Fig. 8). From this point on, increases inUG increasinglymix

the air from the surface to 100m, causing Du to decrease

at a slower rate with increasing UG. This is an important

result because it indicates that the transition happens when

the vertical thermal gradient dependence on the wind

speed is largest. These are two simple variables, frequently

observed in standard weather stations, so that this result

may provide a means for finding the wind speed threshold

for the transition from such simple observations.

Mahrt et al. (2018) analyzed the vertical difference of

the friction velocity u* between two levels (du*) in terms

of the vertical temperature gradient and the mean wind

speed, using data collected at the FLOSS II and SCP

experiments. They found that the ‘‘traditional boundary

layer’’ behavior of du* decreasing with increasing

wind speed (for a fixed thermal gradient) and de-

creasing with increasing thermal gradient (for a fixed

mean wind speed) is only found for large enough wind

speeds because for very weak winds there is horizontal

advection of u* aloft, causing negative values of du*.

Here, the joint distribution of du* in terms of the

cooling rate and geostrophic wind speed is analyzed,

as these are the two main external factor affecting the

simulations. The ‘‘traditional boundary layer’’ be-

havior reported by Mahrt et al. (2018) is evident re-

gardless of the wind speed, as no horizontal advection

of any kind exists in the model, but only for the short-

tail schemes (Figs. 9a,c). In these cases, the minimum

du* for a given cooling rate occurs exactly at the VSL–

WSL transition. For the long tail schemes, the VSL–

WSL transition coincides with maximum curvature of

the joint distribution of du* shown in Fig. 9.

4. Discussion and conclusions

The numerically simulated stable boundary layer (SBL)

experiences regime transitions, regardless of the tur-

bulence parameterization order and stability function

used. The flow presents a three-layer structure: next to

the surface there is a layer where turbulence is strong

enough to reduce the thermal gradient, a layer above

that where turbulence is reduced and does not affect

the thermal gradient largely, and a laminar layer above

the other two and toward the domain top. The lowest

layer is consistent with the common classification of a

weakly stable layer with reduced thermal gradients and

FIG. 9. As in Fig. 8, but for du*.
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the intermediate one is in the very stable state, with

larger thermal gradients. The laminar regime at the

uppermost layer corresponds to the decoupled state

defined byDerbyshire (1999) and present in the solutions

of previously presented simplifiedmodels (McNider et al.

1995; Van deWiel et al. 2002a; Costa et al. 2011; Acevedo

et al. 2012). Both in the weakly stable and in the laminar

regimes, the temperature gradient is nearly independent

of the geostrophic wind, being solely dependent on the

prescribed surface cooling rate. The intermediate very

stable regime is, therefore, characterized as the only

condition when the thermal gradient changes with the

large-scale mechanical forcing. Under very weak geo-

strophic winds, it is possible that only the very stable and

the laminar layer exist, or even that the flow is entirely

laminar. This result is directly related to the fact that the

numerical weather prediction models results, near the sur-

face, are highly dependent on the boundary layer scheme,

while the samedoes not occur under strongwind conditions.

In this three-layer framework, a given vertical level

experiences a SBL regime transition when the boundary

between two adjacent layers crosses that level. When it

occurs for the boundary between the uppermost laminar

layer and the intermediate very stable layer, it marks the

laminar–turbulent (L–T) transition. The level experienc-

ing such transition at any time may be regarded as the top

of the SBL.When the boundary from the very stable layer

and the lowest weakly stable layer crosses a level, it ex-

periences the very stable to weakly stable (VSL–WSL)

transition. Given that the entire analysis is based on the

equilibrium states of the simulation, the opposite transi-

tions (T–L and VSL–WSL) happen at the same conditions

when the geostrophic wind decreases instead of increasing.

It has been shown that the S-shaped dependence of

the thermal gradient on the mean wind speed, observed

by Acevedo et al. (2016), Vignon et al. (2017), Mahrt

(2017), and Baas et al. (2018) is well reproduced by the

single-columnmodels (Fig. 2, right column). Furthermore,

the model analysis allows associating the proposed three-

layer structure, solely derived from the model outputs,

with specific relationships between the thermal gradient

and the mean wind speed. In the laminar layer, located

above the SBL, the thermal gradient is independent on the

mean wind speed. In the very stable layer, below the SBL

top, the thermal gradient varies largely with the local wind

speed. Underneath, the weakly stable layer, that may be

very shallow, is characterized by a thermal gradient that

varies little with the local wind speed. The model behavior

of the vertical gradient of friction velocity du* between two

levels may also be compared to a similar observational

analysis, performed by Mahrt et al. (2018). They have

shown that such a gradient is nearly independent of the

mean wind speed for intense winds, while for weak winds,

du* is nearly independent on the thermal gradient. In the

single-column models, an equivalent independence on the

cooling rate occurs (Fig. 9). Both in the observations and

the model, the latter behavior occurs because the near-

surface generated turbulence has not yet reached the up-

per level of analysis. These examples show that many

aspects of the model behavior are determined by the same

causes observed in nature. However, the confirmation that

the three-layer structure observed in themodel also occurs

in nature still demands a detailed observational study.

In the real world, the radiative balance and the physical

soil properties have a key role in controlling the SBL re-

gime (Van de Wiel et al. 2017; Maroneze et al. 2019a). In

this study, these processes have been combined in the

prescribed cooling rate, that is, for this reason, regarded as

an external parameter, while in reality it also depends on

some internal SBL processes, such as the turbulent heat

flux. This approach has been previously adopted in other

modeling studies (Kosović and Curry 2000; Weng and

Taylor 2003, 2006; Cuxart et al. 2006; Acevedo et al. 2012,

among others) but, nevertheless, a detailed modeling

comparison that explicitly incorporates these processes

and others, such as horizontal advection and radiative flux

divergence in the atmosphere, is still necessary.
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