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Abstract8

The atmospheric boundary layer (ABL) wind turning, the angle between the9

direction of the surface friction and the wind just above the ABL, plays an10

important role the formation and lifespan of synoptic-scale cyclones. Analysis11

of this wind turning and the accompanying mass flux are used as diagnos-12

tics to evaluate how parametrization of sub-grid processes affect climate and13

numerical weather prediction models. A suite of single column model experi-14

ments, where a large parameter space is explored, are performed and analysed.15

The first GEWEX Atmospheric Boundary-Layer Study (GABLS1) is used as16

inspiration as the initial and forcing conditions, turbulence parametrization17

parameters and different vertical resolutions are simulated until quasi-steady18

state. Scaling of vertical profiles from the simulation suite identifies control-19

ling parameters of the wind turning and cross-isobaric mass flux to be wind20

speed, roughness length and the ABL thickness. Systematic differences in the21

vertically integrated cross-isobaric mass flux between associated with verti-22

cal resolutions and choice of turbulence closure are found. The differences are23

greatest for simulations representative of locations in mid-latitude climate that24

often experience near-neutral conditions. The results can partly explain why25

state-of-the-art numerical weather prediction and climate models show very26
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Fig. 1 Balanced flow above (a) and within (b) the ABL showing the geostrophic (Ug) and
ageostrophic (Uag) wind from the force balance between pressure gradient (PGF), Coriolis
and friction. The isobar-perpendicular component of the near surface wind (U⊥) and the
wind turning angle (α) are also included.

different ABL wind turnings and mass fluxes that differs from observations27

and large eddy simulations.28

Keywords NWP and Climate models · Cross-isobaric flow · Large scale29

circulation · Turbulence parametrisation · Boundary layer wind turning30

1 Introduction31

Over a flat and homogeneous surface, a balance between the pressure-gradient,32

Coriolis effect and frictional force governs the quasi-stationary flow in the33

atmospheric boundary layer (ABL). Above the ABL, in the free atmosphere,34

the effects of friction diminishes and due to this change in force balance the35

wind rotates clockwise (in the NH and counter clockwise in the SH) with36

height over the layer. This is commonly known as Ekman turning (Ekman37

1905) and is schematically shown in Fig. 1. This turning of the wind can be38

used to analyze the effects of friction on the flow in the ABL as it is directly39

connected to cross-isobaric mass flow, U⊥ (Fig. 1), throughout the ABL. This40

mass transport has an impact on development of e.g. cyclones and large-scale41

flow which can therefore affect medium-range weather forecasts and climate42

integrations (Beare 2007; Holton and Hakim 2013). Note that the ageostrophic43

wind (Uag = U − Ug) is not the same as the cross-isobaric component of the44

near surface wind as it is the truly perpendicular component of the wind45

compared to the free stream wind that moves mass across isobars.46

The analytical solution of the Ekman equations, assuming a constant eddy47

viscosity, gives a turning angle between the surface and the free stream wind of48

45 ◦, while a more realistic approach results in much lower angles (Grisogono49

2011). This wind turning is generally underestimated in reanalysis and models50

in comparison to observations (e.g. Blackadar 1962; Hess and Garratt 2002a;51

Lindvall and Svensson 2019). Brown et al. (2005) takes on the comparison of52

the wind turning across the marine ABL and compares the ERA-40 reanalysis53
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to radio sonde data from oceanic station in the North Atlantic. They identify54

significant underestimation of the turning in the reanalysis compared to the55

observations. Lindvall and Svensson (2019) create a global climatology of the56

wind turning and cross-isobaric mass fluxes over land from radio sondes and57

compare to the ERA-interim reanalysis. The same pattern is visible as both58

the absolute value of the turning and the mass flux are underestimated in the59

reanalysis, as well as its range of values. Furthermore, they identified that the60

analyzed data does not follow the surface Rossby number similarity theory61

of Lettau (1962). The theory is valid for neutral and barotropic ABLs but62

Lindvall and Svensson (2019) finds a dependence on stratification even in the63

strong wind cases that are usually assumed to be near-neutral in the observed64

ABL. The Rossby number similarity theory connects the turning of the wind to65

the surface layer stability. This similarity has been shown to fit observational66

data well (Hess and Garratt 2002a), but less correlated with data from models67

with sophisticated turbulence closure (Hess and Garratt 2002b).68

The stably stratified ABL has for long time been a challenge for numerical69

models (Sandu et al. 2013). The first Global Energy and Water Cycle Exper-70

iment (GEWEX) Atmospheric Boundary Layer Study (GABLS1) is a model71

inter-comparison that describes a weakly stable ABL developing in time with72

a decreasing ground temperature under moderately strong shear forcing. The73

case is assumed to be statistically homogeneous in the horizontal direction en-74

abling the so-called single-column model (SCM) approximation and suitable75

for large eddy simulations (LES), see Cuxart et al. (2006) and Beare et al.76

(2006), respectively. The SCM case is run to a quasi-stationary state with many77

different research and operational numerical weather prediction (NWP) mod-78

els using different boundary layer schemes. The results from this model inter-79

comparison show a large spread for e.g. the ABL thickness, which is related to80

the sensitivity of the difference turbulence schemes and they are also different81

from the LES results (Cuxart et al. 2006). Further analysis of the GABLS182

case reveals that the models generally underestimate the turning of the wind83

compared to the LES, and present very different magnitude for the ABL verti-84

cally integrated cross-isobaric mass flux (Svensson and Holtslag 2009). These85

discrepancies are linked to differences in turbulence parametrisation as well as86

the vertical resolution in the numerical model. Moreover, the numerical results87

are contaminated by simplified boundary conditions, corresponding assump-88

tions and inadequate near-surface resolution (Grisogono 2011). Svensson and89

Holtslag (2009) also pointed out that the governing equations directly give90

the turning of the wind with height and the related cross-isobaric mass flux is91

solely governed by surface turbulent stress in the direction of the geostrophic92

wind for quasi-steady state conditions.93

While the turning of the wind with height in models and observations has94

been studied, including the cross-isobaric mass flux, the conditions controlling95

these properties are not yet fully understood. Extension or corrections of exist-96

ing similarity theories or drag laws have been attempted (e.g. Liu et al. 2021)97

by realising that truly neutral ABLs in the nature are rare to non-existent.98

Existing similarity and laws are most likely build upon observations of conven-99
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tionally neutral boundary layers (CNBLs), i.e. neutral ABLs with a capping100

inversion. A connection to the CNBLs can be provided via the layer thickness101

as a parameter, which is not taken into account in the theory by Lettau (1962).102

As existing similarity theories for the turning angle over the ABL and the103

corresponding mass flux have limited applicability we suggest and alternative104

approach to examine the role of these in state-of-the-art NWP and climate105

models. A SCM, while based on parametrized turbulence, provides a controlled106

framework that includes the essential processes active in a non-cloudy ABL.107

In this study, we build a database by performing a large ensemble of SCM108

simulations across a wide range of idealized ABL conditions to systematically109

relate key environmental parameters to wind turning and cross-isobaric mass110

flux.111

The database consists of simulations of a variety of cases (amount O104)112

inspired by previous studies, observations and reanalysis data to examine the113

vertical structure of the near neutral and stable ABL. The parameter space for114

the simulations include a variation of thermally stratified conditions, selection115

of surface roughness and free stream wind speeds, informed by observations116

and reanalysis. The column is placed at different latitudes while certain compo-117

nents of the turbulence closure are varied. The influence of vertical resolution118

is also examined along with the turbulence representation. We investigate the119

vertical distribution of the ABL wind turning and mass flux and which param-120

eters or components in the model that are important for it, as well as compare121

the diagnostics to similarity theories.122

Lastly, ERA5 reanalysis from three climatically distinct locations is used123

to construct probability distributions within the SCM parameter space. Sam-124

pling the SCM ensemble according to these distributions allows us to quantify125

the climatological difference arising in the cross-isobaric mass flux due to the126

turbulence scheme and vertical resolution.127

The results from the simulation sets are explored in the light of how they128

would perform in a global model setting. Therefore, we focus the analysis on129

two main diagnostics that provide information on their potential influence on130

the large-scale dynamics; the wind turning and the cross-isobaric mass flux. We131

analyze the structural behaviour of the reference set of simulation in relation132

with existing theories and then extend the discussion to the role of closure133

constants and vertical resolution. Figures are presented with data from one134

or more simulation sets, where parts of each figure are discussed separately in135

the different sections of the results. Later sections then revisit earlier figures136

for comparison and completion of discussion of the data they present.137

2 The single-column model equations and simulation setup138

The governing equations for a dry ABL (see Appendix) are solved numerically139

assuming statistical homogeneity in the horizontal directions. The vertical so-140

lution of the velocity and potential temperature is developing in time from a set141

of initial conditions and driven by a constant geostrophic forcing. The system142
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of equations include a first order closure for modelling the turbulence similar to143

the formulation used operationally in the European Centre for Medium Range144

Weather Forecast (ECMWF) Integrated Forecast System (IFS) for neutral145

and stably stratified boundary layers. The eddy viscosities for momentum and146

heat are derived based on the local mean variable gradient, a turbulent length147

scale and stability functions (ECMWF 2023). It is a widely used method of the148

turbulence closure in operational state-of-the-art NWP and climate models.149

The stability functions for momentum (Fm) and heat (Fh) are given by:150

Fm(Ri) =
1

1 + 2bRi(1 + dRi)−1/2

Fh(Ri) =
1

1 + 2bRi(1 + dRi)1/2
.

(1)

These are formulated using a bulk Richardson number (Ri, see Appendix) as151

stability parameter and contain two constants, b and d. The level of turbu-152

lence is efficiently controlled by the constants and the mixing length. In the153

surface layer, it is l = κz and is bounded by the asymptotic length scale λ0154

which here is taken to be 30 m in both simulation sets, a value motivated by155

the measurements of Tjernström (1993). In the current version of IFS λ0 is156

restricted based on the boundary-layer height ECMWF (2023), not adopted157

here. Both the stability function constants and the asymptotic length scale158

influence the level of turbulence and has been used to tune the performance159

of the IFS Sandu et al. (2013) and their sensitivity clearly connects the local160

friction to the global scale performance.161

The SCM computations are performed using a general one-dimensional162

solver written in Python, based on the same principles as an earlier Maple-163

based solver (Mårtensson and Wallin 2004). The problem is formulated as a164

system of time-dependent, coupled one-dimensional partial differential equa-165

tions, defined symbolically together with boundary conditions. The equations166

are automatically discretised and a problem-specific Python solver is generated167

in a preprocessing step. Spatial derivatives are approximated using second-168

order central differences on a collocated grid, while time integration is based169

on an implicit first-order scheme. The resulting non-linear system is solved170

iteratively using a tri-diagonal matrix structure. This approach enables rapid171

implementation of complex models while reducing the risk of human-induced172

errors. The resulting solver is computationally efficient, as symbolic processing173

is performed during preprocessing and the generated code utilises the NumPy174

and SciPy libraries.175

The boundary conditions for wind (U,V) implies the logarithmic law for176

fully rough surfaces, which means that U = V = 0 at the surface roughness177

length z0. The vertical coordinate is shifted so that z = 0 at the boundary178

condition. The ground temperature is here set at the same location, z0, but179

can in principal be shifted to a different temperature roughness height z0t. The180

eddy viscosities Km and Kh are set at the boundary to be consistent with the181

ground momentum and heat fluxes (Equation 2)182



6 Páll Ágúst Þórarinsson et al.

Fig. 2 The momentum (blue) and heat (red) stability functions as function of Richardson
number used in the turbulence closure for neutral and stable regimes (Eq. 1). The short and
long tail versions are shown with solid and dashed lines, respectively. Note the logarithmic
x-scale and values below the critical Richardson number (Ric = 0.25) is shaded in grey.

Km
∂U

∂z
= u2

τ , Kh
∂T

∂z
= uτθ

∗, (2)

where uτ and θ∗ are evaluated from the log law. Here the first cell centre, at183

z = z1, is used:184

U1 =
uτ

κ
ln

(

z1 + z0
z0

)

, T1 − Tsfc =
Prtθ

∗

κ
ln

(

z1 + z0
zh0

)

, (3)

where Prt = 0.7 is the Prandtl number, κ = 0.41 is the von Kármán constant185

and the roughness length for momentum (z0) and heat (zh0) are set to the186

same value.187

The vertical grid of the model is manually generated with a stretching188

function, that uses the surface roughness length, the selected domain height189

and a stretching factor (see Appendix) to define the first cell centre height and190

the remaining grid.191

3 Simulations192

Two sets of simulations are performed, using two specifications of the closure193

constants b and d in Eq. 1. The first simulation set, from now on called short,194

uses b = 5 and d = 1, which are currently used in IFS ECMWF (2023). The195

second set uses b = d = 5, called long from here on. Figure 2 shows the stability196

functions for momentum and heat. It is clear that the short formulation for197

the momentum approaches zero faster than the long, i.e. it has a shorter tail.198

Each of the two simulations sets is furthermore split up in three sets with199

different vertical resolution (see Table 1). From here on, the simulation set200
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Table 1 The vertical grid of the simulation sets.

Simulation Number of Height to Levels Levels
set levels first level (m) below 100 m below 500 m

Reference 300 1 (2)1 37 100
Medium 90 10 5 17
Coarse 30 30 2 5

1When z0 is large

Table 2 The simulation parameter space with the GABLS1 values (Cuxart et al. 2006) in
bold.

z0 Ug Latitude Initial neutral Lapse rate Surface
layer depth above ABL cooling

(m) (m s−1) (deg) (m) (K m−1) (K h−1)

0.03 4 30 100 0.001 0.0
0.1 8 45 200 0.003 0.05
1.0 16 60 300 0.005 0.1
2.0 24 73 400 0.007 0.25

500 0.009 0.375
0.5
1.0

using the highest vertical resolution and short tail functions are called the ref-201

erence simulations, assuming that this is the set where the physical processes202

are well resolved. It is used as the reference in comparison to the other simula-203

tion sets. The medium vertical resolution is chosen as it is close to operational204

global NWP. A very coarse resolution is used in the final set of simulations205

mimicking coarse resolution climate models. For the high-resolution simula-206

tions that have a roughness length of z0 = 2 m, the height of the first cell207

centre is moved from just above 1 m to 2 m. Common for all simulation is208

the domain top at 14 km and a timestep of 60 s. The simulations reach quasi-209

stationary state after 9-11 hours, varying with latitude. All simulations are210

run for 12 hours and the mean of the last hour is used in the analysis.211

Following the GABLS1 setup (Cuxart et al. 2006), the direction of free212

stream geostrophic wind is along the x-axis, consequently, the V component213

is the isobar-perpendicular part (see Fig. 1). The initial surface temperature214

is set to 265 K with a cooling of 0.25 K h−1 throughout the simulation, and215

weak inversion of 1 K km−1 placed at 100 m height. This simulation setup216

is extended to explore a wide range of conditions through varying parameters217

(Tab. 2). The choice of values for the span of each parameter is inspired by, but218

not limited to, studies of SCM simulations which were sampled from reanalysis219

and analysis of observations (e.g. Kelly and van der Laan 2023; Lanzilao and220

Meyers 2024; Liu et al. 2021; Sullivan et al. 2016).221

Simulations spanning the parameters in Table2 are performed for both222

the short and long tail sets, and the three vertical resolutions. This allows223

exploration of the relative importance of both the numerical resolution as well224
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as the turbulence representation for the simulated wind turning and mass225

flux. Each simulation set contains 21,000 simulations, with a combined total226

of 126,000 simulations.227

4 Method and definitions228

The wind turning over the ABL is defined as:229

α = αBLH − αsfc (4)

where αsfc is the surface angle (i.e. first model level assuming no turning in230

the surface layer) and αBLH is the wind direction at the top of the ABL. The231

turning is adjusted to fall within α ∈ [−180; 180] degrees, i.e. a positive value232

when the wind veers (turns clockwise with height) in the ABL and a negative233

one when the wind backs (turns anti-clockwise with height). When the wind234

veers in the ABL, the cross-isobaric wind component points in the direction235

of the pressure gradient but opposite direction when the wind backs.236

Two methods are used to diagnose the BLH, based on turbulent fluxes and237

mean profiles, respectively. The method based on the stress profile described238

in Cuxart et al. (2006) is used to diagnose the SCM simulated BLH. A bulk239

Ri number, calculated from the surface to the height where Ri > Ric, is used240

to gauge the BLH from the ERA5 reanalysis data (Hersbach et al. 2020) as241

described in (ECMWF 2023). The BLH and the corresponding wind vector is242

linearly interpolated between model levels.243

The vertically integrated cross-isobaric mass flux Ṁ is the vertical integra-244

tion of the cross-isobaric wind vector times the air density (units of [Ṁ ] = kg ·245

m−2 · s−1), from the surface up to the BLH (Equation 5). It acts as a measure246

of total cross-isobaric momentum transport done in the ABL.247

Ṁ =

∫ BLH

sfc

ρV dz =

∫ BLH

sfc

M dz (5)

where ρ is air density, V is the cross-isobaric wind component and height z.248

Data bins for presenting statistics of the SCM simulations for representing249

varying stability is best represented by equal size bins in the stability function250

fm since this quantity directly controls the turbulence intensity in the closure251

fm = [0, 0.2, 0.4, 0.6, 0.8, 1].252

Corresponding bins for the bulk Richardson number, Ri, are made from253

the stability function curves in Fig. 2 for both long and short and result in the254

following bin boundaries255

Ri = [∞, 4.88 · 10−1, 1.62 · 10−1, 6.89 · 10−2, 2.53 · 10−2, 0]256

for the short tail fm, and257

Ri = [∞, 9.66 · 10−1, 2.16 · 10−1, 7.87 · 10−2, 2.66 · 10−2, 0]258
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for the long tail fm. These Ri number bins are later used in the analysis of the259

SCM data.260

ERA5 data from three different locations are used to sample the SCM261

parameter space according to its probability distribution, thereby quantify-262

ing the differences between the simulation sets. The three locations are: 1)263

Keflavík in Iceland, a coastal international airport in the North Atlantic lo-264

cated at roughly 64 ◦N which has an estimated surface roughness length of265

z0 ≈ 0.1 m; 2) Lindenberg in Germany, which is a continental observation266

site at ca 52 ◦N with z0 ≈ 0.75 m; and 3) Sodankylä in Finland, an Arctic267

inland observation site at 67◦N with z0 ≈ 1.8 m. These locations are chosen268

as they represent different conditions and mid-latitude climates. Two years,269

2019 and 2020 are included. Only the near neutral and stably stratified con-270

ditions enters the analysis which is 92, 67 and 50% of the hourly ERA5 data271

at the three locations, respectively. Figure 3 shows the probability distribu-272

tion of the large-scale forcing conditions for the boundary layer at the three273

locations along with the parameter space covered by the SCM experiments.274

The contours are cumulative probability contours. The low value percentage275

contours enclose the most common conditions in ERA5 which appear in the276

centre of the distribution with rarer cases appearing towards the edges. Higher277

percentage value contours therefore cover a bigger range of the data, with the278

100% contour enclosing the entire ERA5 dataset considered.279

5 Exploring the behaviour of the wind turning and cross-isobaric280

mass flux281

5.1 Scaling of vertical profiles and diagnostics282

As introduced in Section 1, a similarity theory for the wind turning angle283

and Rossby (Ro) number has been derived from observations (Lettau 1962)284

applicable for the neutral ABL:285

Ro =
Ug

|f | · z0
, (6)

α = 173.58 log10(Ro)− 3.03. (7)

The similarity relationships (Equations 6 and 7) present a dependency of the286

wind turning angle, α, on the Coriolis effect, f , (latitude dependence), the free287

stream wind speed, Ug, and the surface roughness length, z0 (see grey lines in288

Fig. 4).289

Here, we examine a subset of CNBLs (i.e. no surface cooling forcing) from290

our reference set (Fig. 4), that all have the same stratification as GABLS1291

above the ABL (see Tab. 2). The simulations generally have a lower value of292

wind turning than the Lettau (1962) theory. Similar dependencies are seen in293

the SCM simulations with the roughness length and the latitude while almost294

no dependency of the Ro number is present for the free stream wind speed. The295
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Fig. 3 Probability density space based on ERA5 wind speeds at the BLH and difference in
air temperature over the ABL from a (blue) coastal location in the North Atlantic (Keflavík,
Iceland), (red) a continental site in Europe (Lindenberg, Germany) and (green) an Arctic
inland site (Sodankylä, Finland). Contours show every 10% from 0% to 100%, increasing
from the centre towards the edges. Bold lines represent 50% and 80% contours. The black
dots cover the reference set of simulations with the GABLS1 case marked with an orange
dot.

Fig. 4 Wind turning angle (deg) over the ABL as function of Ro number (Eq. 6) from SCM
simulations for CNBLs with a stratification of 0.001Km−1 above the ABL (black) along with
the theoretical angle from Eq. 7 (gray). Simulation parameter variations in a) free stream
wind speed (Ug , m s−1), b) surface roughness (m), and c) latitude (oN). Annotations of
values in each panel.
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Fig. 5 Unscaled (a) and scaled (b) mass flux for simulations of varying wind speed forcing
and surface roughness. Other parameters set to the values of GABLS1 (Tab. 1). The GABLS1
case marked in orange.

largest range in predicted turning angle is for varying roughness length. The296

latitude dependence of the simulations is, however, opposite of the similarity297

but the dependency is weak. The same overall dependencies are seen for truly298

neutral ABL simulations (not shown). However, fully neutral conditions in the299

atmosphere are rare or even none existent as the free atmosphere above the300

ABL is stratified, often even a capping inversion is present. Thus, the similarity301

is for CNBL and likely some of the latitude dependence is the result of climate302

variable stratification above the ABL, a signal embedded in the observations303

used in Lettau (1962).304

Additional dependencies on buoyancy, stratification and wind speed have305

so far been identified as reasons for deviation from the similarity theory (e.g.,306

Liu et al. 2021; Lindvall and Svensson 2019; Kelly and van der Laan 2023). To307

investigate important parameters for the wind turning and the cross-isobaric308

mass flux, a non-dimensional scaling of our CNBL simulations is derived. The309

integrand in Equation 5 is scaled with its value at the height of the maximum310

wind speed, i.e. VmaxρVmax
:311

M∗ = (V · ρ) · V −1
max · ρ−1

Vmax
. (8)

Profiles of this scaled mass flux, M∗(z), from the reference set of SCM are312

shown in Fig. 5 with the vertical coordinate scaled with the height of the313

minimum value (most negative) of V . With this scaling, all profiles of M (Fig.314

5a) collapse onto a reasonably self-similar curve as can be seen in Fig. 5b,315

independent of their initial conditions or forcing.316

The self-similarity of the scaled profiles indicates that the vertical distri-317

bution of cross-isobaric mass flux and wind turning has a universal character318

despite large variations in forcing and environmental conditions. The fact that319

the appropriate height scale coincides with the minimum in V further suggests320
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that the mass flux is dependent on the stratification of the ABL as well as the321

other components of the Lettau (1962) theory.322

The integral measure of the cross-isobaric mass flux (Eq. 5) can be scaled323

similarly as the profiles of mass flux, using either inner or outer ABL param-324

eters:325

Ṁ∗
inner = Ṁ · V −1

max · ρ−1

Vmax
· z−1

0 (inner scaling),

Ṁ∗
outer = Ṁ · U−1

g · ρ−1

H
Ṁmax

·H−1

Ṁmax

(outer scaling).
(9)

The outer scaling uses the the free stream wind speed forcing (Ug) and HṀmax
326

is the height above which the integral cross-isobaric mass flux, Ṁ , becomes327

constant with height, i.e. the height where the wind velocity returns to the328

magnitude and direction of Ug. The density taken from the height HṀmax
.329

These scalings, which can be seen from the profiles in Fig. 5 and Eq. 9,330

show that in the ABL the cross-isobaric mass flux is greatest where the cross-331

isobaric wind component is strongest. Thus, the lower half of the ABL provides332

the majority of the contribution to the ABL integral. The maximum values333

are found close to the position of H/HVmin
= 0.25 (Fig. 5a); closer to the334

ground the magnitude of the cross-isobaric component becomes smaller due335

to the no-slip condition at z0. The scaling with inner parameters in Eq. 9 points336

towards the governing parameters behind the mass flux, the cross-isobaric wind337

component and the roughness length, while the outer scaling points towards338

the free stream wind speed and the total thickness of the layer. Thus, the free339

stream wind speed and surface roughness, which induces the cross-isobaric340

wind, and the thickness of the layer are important for the development of the341

cross-isobaric mass flux and the integral measure.342

5.2 Relation of wind turning and mass flux to forcing parameters343

Profiles of the wind turning show a pattern where the turning is non-monotonic344

with height, with back-turning in the region of the low level jet (Fig. 6). The345

turning tends to be greater in more stably stratified cases than in near neutral346

and conventionally neutral cases. The turning gradient is also increasing with347

stability (not shown). The wind turning for simulations with different setup348

can result in similar values of wind turning (Fig. 6a) while the integrated cross-349

isobaric mass flux for these cases are very different (Fig. 6b). That is mostly due350

to the different geostrophic wind speed forcing and a deeper boundary-layer.351

Likewise, very similar simulation setups can result in very different values of352

wind turning but similar values of cross-isobaric mass flux (not shown). The353

magnitude of the total ABL turning and its gradient compare well to the354

results of Kelly and van der Laan (2023) that explored the wind turning from355

SCM modelling and observations from locations in northern Europe.356

The integrated cross-isobaric mass flux increases with increasing Ug (Fig.357

6b), as this increases the cross-isobaric component V as well, (see Fig. 5). The358

increasing stratification, which leads to shallower ABL, reduces the integrated359
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Fig. 6 Wind turning (a) and vertically integrated mass flux (b) from SCM simulations with
varying free stream wind speed. Reference data with solid lines and long tail low resolution
data with dotted and crossed lines. Other parameters are set to the same as GABLS1 case
(Tab. 1).

mass flux. One exception are simulations where both stratification and free360

stream wind are large; wind speed is the main driving factor of the mass flux.361

However, those cases are rare in reality according to Fig. 3.362

The level of turbulence which is causing the wind turning and thereby the363

governs the mass flux, is dependent on both shear and buoyancy. The relative364

importance of shear and buoyancy can be examined by comparing simulations365

that differ only in free stream wind or the surface cooling condition. Removing366

or doubling the surface cooling forcing condition for the GABLS1 case setup367

has much less impact on where on the stability curve the case lands than368

halving or doubling the wind speed (not shown). Cases with higher mass flux369

tend to be on the near neutral end while the cases with lower mass flux stack370

towards the more stably stratified end.371

As discussed above, the cross-isobaric mass flux is primarily related to the372

wind turning, the geostrophic wind forcing and the boundary-layer depth. But,373

their relations are not linear, simple nor straightforward. Absolute values of374

the wind turning and cross-isobaric mass flux have little to no correlation at all375

(not shown). Using the outer scaling of vertically integrated cross-isobaric mass376

flux (Eq. 9), a an organized relationship emerges for simulations of CNBLs,377

see Fig. 7a. The relationship becomes near-linear between the scaled mass flux378

and the wind turning and the data clusters with values of roughness length.379

Such a relationship, or correlation, is absent in the Lettau (1962) formulation380

(Eq. 7 and Fig. 7a). When including the more stably stratified cases, a gradual381

decrease of this relationship is seen (Fig. 7b). For the largest cooling rates the382

correlation is lost, similar to Lettau (1962).383
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Fig. 7 a) Outer scaled mass flux and wind turning from CNBL SCM simulations colored
by roughness length and b) same as (a) but of varying stability colored with surface cooling
forcing. Short tail data displayed with a dot and long tail with crosses. Only simulations
from 73 deg N showcased for clarity. Theoretical values (Eq. 7) from Lettau (1962) are shown
in grey in panel (a) and crosses refer to simulations using long tails in both panels.

6 Effects of vertical resolution and turbulence closure constants on384

the diagnostics385

Not only the variable physical conditions, represented by the simulation setup386

and forcing conditions, influence the magnitude of the integrated cross-isobaric387

mass flux. The choice of vertical resolution and the details of the turbulence388

parametrisation of physical processes also has an influence. Here we investigate389

systematic changes of these numerical representations on the cross-isobaric390

mass flux. All simulations have the same time-step length (Tab. 1) although a391

coarser resolution normally would lead to a longer one. Thus, the investigated392

sensitivity is likely underestimated.393

The short and long tail stability functions from the turbulence parametri-394

sation have a different shape and tail towards the stable regime (Fig. 2). They395

start to deviate in the near neutral regime and it is interesting to note that396

the order of the stability functions for momentum and heat switch for the397

two tails. While many state of the art NWP and climate models have a more398

sophisticated turbulence parametrisation, it is of interest to find out how the399

stability functions, that have been extensively used, affect the variables exam-400

ined here. The results are viewed in perspective from inter-comparison studies401

where similar closures are used with lower vertical resolution and simpler first-402

order closures for the turbulence parametrisations (e.g. Bretherton and Park403

2009; Seland et al. 2020; Lin and Yu 2022). Long tail stability functions has404
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been known to be a way of artificially increasing mixing in stable regimes as405

they tend to improve performance in global models (Sandu et al. 2013). Thus,406

short and long tail simulation sets are used to showcase the sensitivity and407

role of the turbulence parametrisation and to explore its effects on the mean408

profiles and our diagnostics.409

When comparing mass flux from the different simulation sets, there is an410

increase of, on average, 11 % between the lowest and highest resolution. This411

increase is seen for both sets of turbulence stability functions. However, if the412

resolution is kept constant, the mass flux amount increases by 3-4 % from413

short to long tail functions. There is an overall increase in the mass flux of 15414

% when the resolution is degraded from highest to lowest and the tails are long415

rather than short (e.g. Figures 5 and 6b). This is a systematic change across416

the parameter space where no SCM simulations have a decrease in mass flux417

with change in either resolution or stability function. The relative difference418

of mass flux between the different resolutions and/or the stability functions419

tends to be highest for simulations that has stronger stratification, have low420

wind and are at a high latitude (not shown). Note that it is relative difference421

but not absolute number of amount of mass transported across isobars.422

The modified resolution and stability function affects the mass flux through423

changes in the BLH. Lower resolution and long tails degrade the organized424

behaviour seen in the reference set in Fig. 7. There are wider spread of the data,425

with inconsistency in the clustering of the CNBLs simulations with different426

roughness length (Fig. 7a) and for the more stably stratified cases we see both427

over and underestimation of the wind turning for a given value of the scaled428

mass flux, compared to the reference set (Fig. 7b). The same degradations429

in organized behaviour is noted when analysing other parameters in similar430

manner (not shown), such as relationships to the wind turning and the mass431

flux to the BLH.432

Moreover, a shift in stability at low levels is seen when altering the reso-433

lution and tails (Fig. 8). Simulations with coarser resolution tend to be more434

neutral than high resolution cases and simulations from the long set are more435

neutral than ones from the short. The latter is explainable by the design of the436

stability functions (Fig. 2). However, with coarser resolution the vertical gra-437

dients of mean variables become more ill resolved and result in a more neutral438

stratification, which also may be influenced by the constant time step chosen439

for all simulation sets. The same is true for the cross-isobaric mass flux (Ṁ)440

where the amount of cases with higher mass flux in near neutral conditions441

increases when resolution is decreased (Fig. 8). The difference between short442

and long tail simulation statistics within each resolution can be explained by443

the different bins behind the data selection. The long tail functions give larger444

bins compared to the short tail ones as the same range of value of the momen-445

tum stability function fm results in a wider span of Richardson number for446

long tail compared to short tail ones (Fig. 2 and section 4). When the wind447

turning is examined in the same manner, it exhibits a pattern where, with448

coarser resolution the turning is decreased for near neutral cases but increased449

for more stably stratified ones (not shown).450
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Fig. 8 Histograms of vertically integrated cross-isobaric mass flux binned based on the bulk
Richardson number evaluated over 30 m closest to the surface for a) high, b) medium, c)
low resolution for both short (blue) and long (red) tail simulations. The data is presented in
five bins over the bulk Richardson number from short and long tail stability functions (see
section 4). Annotated numbers indicate amount of simulations within each bin. Coloured
area of the box plot span the 25th to 75th percentile and the median and mean with a solid
and dotted black lines, respectively.

The systematic effect of the vertical resolution on the mean solution can451

be traceable through analyzing the eddy coefficients for heat and momentum,452

Km and Kh, respectively, along with the local vertical gradient of the mean453

components (see Appendix). With coarser resolution, the local mean verti-454

cal gradient is less resolved and the Km and Kh are larger compared to the455

reference simulations (Fig. 9). Due to the design of the stability functions,456

simulations with long tail provide more mixing of momentum than short tails,457

but vice versa for heat. Although there is a difference between the medium458

and high resolution, these two are much more similar to each other than when459

compared with the low resolution. That must be due to the medium resolution460

simulations’ capability of resolving the local gradients better as it has more461

than double or triple amount of vertical levels below 100 or 500 m, respectively462

(Tab. 1).463

7 Quantifying effects of variations in resolution and turbulence464

closure on the diagnostics projected at three sites465

Weather and climate variations result in differences in stability regimes as466

exemplified by ERA5 reanalys at three locations (Fig. 3). At Keflavík higher467

free stream wind speed is more frequent than Lindenberg and Sodankylä where468

larger temperature difference over the ABL is more common. The free stream469

wind speed, which is an initial and forcing condition in the SCM simulations470

and taken as the wind speed at the BLH in ERA5, span similar range in both471

datasets. The ABL temperature difference is calculated similarly in ERA5 and472

the SCM but the comparison might be influenced by other processes in ERA5473

than the surface cooling used in the SCM. The construction of the idealized474

SCM simulations makes it hard to represent the very stable ABLs that occur475
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Fig. 9 The eddy diffusivity coefficients of a) momentum (Km) and b) heat (Kh) from
the GABLS1 case. High resolution simulations (solid lines), medium (dashed) and coarse
(dotted), short tail data set in blue and long tail data in red.

in Lindenberg and Sodankylä. Furthermore, the BLH in the reanalysis data is476

diagnosed using a bulk Richardson number method (ECMWF 2023), while in477

the simulations we use a method based on the stress in the ABL as described478

in Cuxart et al. (2006). Overall the SCM simulations fall well within the pa-479

rameter space of the reanalysis data, especially so for Keflavík. The GABLS1480

case represents one of the most common conditions found at all three sites.481

The ERA5 derived probabilities (Fig. 3) are used to sampled data from482

the SCM simulations at the three locations. We select only the SCM sim-483

ulations with similar latitudes and roughness lengths, for the latter we use484

the reanalysis forecast roughness length. In summary, the sampling is based485

on four variables: wind speed, temperature difference, roughness length and486

latitude. These include all the Lettau (1962) similarity theory components to-487

gether with the additional governing parameter, stratification. The simulations488

are divided into bins of equal likelihood of occurrence (10%) using the ERA5489

probability contours in Fig. 3 for each location. Then, the cumulative mass490

flux, F, is calculated according to Equation 10 and the results are presented491

in Fig. 10.492

Fn =

n
∑

1

(

Fn−1 +
fn
0.1

)

(10)

Where F0 = 0 and fn is the mean of all the cross-isobaric mass flux from each493

bin, then divided by its likelihood (here 10%).494

The concave shape of the curves in Fig. 10 indicates that the simulations495

within the last bins contribute more to the total mass flux than the simulations496

from the lower percentage bins. The cases outside the 70% contour (Fig. 3)497

contribute about half of the total transport at all three locations. Most of these498

cases have strong free stream wind forcing but some have weaker winds and499

strong cooling. The strongest wind cases contribute most to the total transport500
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Fig. 10 a) Summed averages of mass flux from high resolution simulations with short
tails falling within each probability contour at each ERA5 location from Fig. 3 scaled with
probability (Eq. 10). b) Same as (a) but difference in mass flux between the set data and
long tail simulations with low resolution, shown as a percentage increase and scaled with
the total mean from (a).

despite that the wind turning over the layer is less, see Section 5. The wind501

turning is generally larger with increasing stability, however, the strong winds502

and deeper layers dominate the accumulated transport.503

Fig. 10b shows a systematic increase for all locations; largest for Keflavík.504

The increase is similar for Lindenberg and Sodankylä, as for the entire SCM505

simulation set on average as discussed in section 6, but about 5% larger for506

Keflavík. It is again the contributions from the strongest free wind cases that507

matter the most. According to Fig. 3, Sodankylä experiences relatively more508

stably stratified ABLs and less cases of high winds than the other two loca-509

tions. Even though Lindenberg has many cases that have low winds and stably510

stratified ABLs, it also has cases that are more neutrally stratified and higher511

winds, more so than in Sodankylä.512

This leads to the conclusion that changing the resolution and tails matters513

less in high latitude and continental climates than a mid-latitude location.514

These results indicate, that for the cross-isobaric mass flux, the choice of mod-515

elling of the turbulence has a stronger effect in a location that more often516

experiences neutral conditions, deeper ABLs and higher winds than in stably517

stratified, shallow ABLs with low winds. This does not mean that there is518

no difference in the more stable regimes, on the contrary the relative change519

can be very large in such conditions with consequences for the surface energy520

budget (Sandu et al. 2013).521

Figure 11 shows similar behaviour for all six simulation sets at Keflavík522

with increasing differences towards the outer probability contours. Further-523

more, differences between vertical resolutions are larger than between tails524

which agrees with results from section 6.525

Previous studies have found that choice of modelling of the physical pro-526

cesses and general numerical setup influence the cross isobaric mass flux. Sensi-527

tivity of near surface winds to horizontal model resolution were found in global528
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Fig. 11 Same as Fig. 10 but only for the Keflavík location showing a) the three different
resolutions using short tail simulations only and b) the two different stability function tails
from high and low resolution simulations.

high resolution climate models by Huusko et al. (2025). There, most significant529

change in parameters connected to changes in global circulation were found in530

the Southern Ocean storm tracks during austral winter. Furthermore, Pyykkö531

and Svensson (2023) compared the ABL vertically integrated cross-isobaric532

mass flux from nine different climate models. They found big differences be-533

tween models in trade wind and mid-latitude storm regions. Those climate534

models have differences in the numerical setup, horizontal and vertical reso-535

lution as well as how to represent physical processes. Given these results, in536

combination with those from Fig. 10 and 11 we can conclude that representa-537

tion of processes in the boundary-layer are important for the ABL vertically538

integrated cross-isobaric mass flux.539

8 Conclusions540

We have performed a large ensemble of idealized single-column model simula-541

tions for near neutral to stable conditions of dry atmospheric boundary layer542

with different vertical resolution and turbulence parametrisation constants.543

The simulations span a wide parameter space motivated by previous stud-544

ies, observations and reanalysis data. Moreover, six different set of data are545

produced through varying the vertical resolution and the constants within the546

turbulence closure. Diagnostics of wind turning and vertically integrated cross-547

isobaric mass flux were calculated for all simulations and used for evaluating548

these variations.549

Governing parameters for these diagnostics were identified through scaling.550

Previous theory and studies identified that stratification plays a role for both551

these diagnostics. Here, further analysis showed that the free stream wind552

forcing is the most important parameter for the cross-isobaric mass flux, but553

effects of stratification are more visible for the wind turning. The dependencies554
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and variations of these diagnostics are not straightforward nor simple as shown555

by scaling analysis.556

Decreasing vertical resolution results in degenerated correlations due to557

the decreased numerical accuracy. More importantly, a systematic difference558

in the diagnosed cross-isobaric mass flux is found. Coarsening the resolution559

and modifying the stability function (from short to long tail versions) of the560

parametrisation results to up to 15% increase in cross-isobaric mass flux, where561

the influence of the resolution is dominating over the stability function. The562

largest absolute change in mass flux occur for near neutral cases with deep563

boundary layers and high winds. Locations that experience such conditions are564

therefore more sensitive to these changes, even though the relative difference565

might be greater in low wind and stably stratified conditions. This was shown566

mapping the parameter space of the simulated data onto a probability density567

space derived using two years of reanalysis data.568

These results show how changes in the vertical resolution and equation569

closure can play a big role for the cross-isobaric mass flux in the boundary570

layer of climate and numerical weather prediction models, which connects to571

the atmospheric general circulation. The cross-isobaric mass flux is therefore a572

strong evaluation tool for the boundary layer modelling schemes in numerical573

weather prediction and climate models.574

The simulations are idealized for a dry boundary layers, with constant575

forcing, run to quasi-stationary state. In reality such conditions rarely exist and576

other properties and conditions also influence the boundary layer turbulence,577

the wind turning and cross-isobaric mass flux. Nevertheless, the present study578

provides insight into the behaviour of these diagnostics and the influence of579

vertical resolution and turbulence closure. It can be used to further understand580

these parameters in a fully coupled model and more complex situations.581

For future work, integrating such diagnostics as a part of on-line calcula-582

tions within numerical weather prediction and climate models may be useful583

for assessing the influence of different parametrizations. This would enable a584

more complete analysis of the truly cross-isobaric wind vector within the fully585

coupled system.586
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Appendix: System equations, closure and vertical grid590

Páll Ágúst Þórarinsson* · Gunilla Svensson · Stefan Wallin591

592

*KTH Royal Institute of Technology, pallt@kth.se.593

1 System equations and closure594

The single column approximation system equations read:595

DU

Dt
= −∂u′w′

∂z
− f(Vg − V ),

DV

Dt
= −∂v′w′

∂z
+ f(Ug − U),

DΘ

Dt
= −∂θ′w′

∂z
.

With the turbulent flux closure:596

u′w′ = −Km
∂U

∂z

v′w′ = −Km
∂V

∂z

w′θ′ = −Kh
∂θ

∂z

where U and V are the mean horizontal wind components, θ is the potential597

temperature and the prime stands for the variables fluctuation about its mean.598

The eddy diffusivity coefficients (Km and Kh) are modelled with a mixing599

length and stability functions with a first order closure on the turbulence for600

momentum and heat respectively601

Km = l2m
∂V

∂z
fm

Kh = lmlh
∂V

∂z
fh

where lm, lh are momentum and heat mixing lengths and fm, fh stability func-602

tions and V =
√
U2 + V 2 the wind speed. The mixing lengths are represented603

as:604

1

lm,h
=

1

κz
+

1

λ0

with λ0 = 30m as observed in Tjernström (1993). The stability functions read605
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fm =
1

1 + 2bRi(1 + dRi)−1/2

fm =
1

1 + 2bRi(1 + dRi)1/2

where b = 5 and d = 1 for short tails and b = d = 5 for long tails. The606

Richardson number is calculated using the Brunt-Väisälä frequency and the607

stress608

Ri = N2/S2

with609

N2 =
2g

θ

∂θ

∂z

and

S2 =

(

∂U

∂z

)2

+

(

∂V

∂z

)2

.

2 The vertical grid610

The vertical grid is built from a function that takes in the number of vertical611

levels, the domain top and the roughness length and returns a stretching factor612

k needed to satisfy the condition derived here. That condition is, the biggest613

stretching factor k so that the first cell centre will be located higher than614

the roughness length z0. If the lowest model level is lower than the roughness615

length the no-slip condition at z0 is contradicted. The geometric sum616

n
∑

0

kn =
1− kn+1

1− k

represents the exponential form kn. The lowest level in the model made with
the resolution function will be

z =
k0h

∑n
0
kn

and the distance to the first cell centre has to be greater than the roughness
length. The height of the first cell centre is then

z =

k0h∑
n

0
kn − 0

2

so then617

k0h∑
n

0
kn − 0

2
> z0
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gives that

k0h

2z0
>

n
∑

0

kn =
1− kn+1

1− k
.
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