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Abstract

The accurate representation of the stable boundary layer (SBL) is a key

issue for weather prediction and climate models. The SBL exerts a crucial

influence controlling heat, moisture and momentum fluxes between the sur-

face and the rest of the atmosphere.

Some of the world’s most stably stratified boundary layers develop on

the Antarctic continent. The British Antarctic Survey has observed the

boundary layer at their Halley Station for the past several decades. Previ-

ous work investigating stable boundary layers has tended to take either a

purely observational or purely modelling-based approach. In this thesis, a

novel three-way methodology has been developed which uses the Halley ob-

servations, alongside single-column model (SCM) and large-eddy simulation

(LES) techniques to examine two case studies.

The LES and observations were first used together to establish the correct

initial conditions and forcings for each case study. Very close agreement was

generally achieved between the LES and observations, particularly for the

first case study. This approach represents a powerful framework for verifying

SCM and LES results against a range of in-situ observations.

The choice of stability function is an important decision for column-based

parameterizations of the SBL. Four schemes were tested in the SCM, pro-

viding persuasive evidence for the use of shorter-tailed stability functions.

The LES data was also used to extract implied stability functions. These

experiments reinforced the conclusion that shorter-tailed stability functions

offered improved performance for the Antarctic stable boundary layer.

The wind turning angle was defined as the difference between the geostrophic

and near-surface wind directions. A slightly larger wind-turning angle was

found with the LES and SCM results presented in this thesis, as compared

to previous work. This difference might be explained by the shallowness of
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the boundary layers studied here.

Finally, some investigations into the resolution sensitivity of the LES

and SCM were conducted. Increases in resolution in the LES generally led

to convergence towards the observations, with grid-convergence being quali-

tatively approached with a grid-length of ∼2 m. The use of enhanced vertical

resolution yielded excellent agreement against the observations, with lower

computational expense. Vertical resolution sensitivity tests were also con-

ducted using the SCM. Limited sensitivity was found over the grid-length

range explored here, with the main benefits being delivered close to the sur-

face.
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Chapter 1

Introduction

The atmospheric boundary layer (ABL) forms the lowest layer of the troposphere,

separating the Earth’s surface from the free troposphere above (Figure 1.1). Since

humans spend almost their entire lives in this part of the atmosphere, understand-

ing and predicting its characteristics is of pervasive importance.

Earth 

Free atmosphere 

Tropopause (~11 km) 

Troposphere 

Boundary layer  
(50 – 5000 m) 

Turbulence 

Figure 1.1: A stylised view of the atmosphere, indicating the placement of the boundary

layer within the troposphere (not drawn to scale). The Earth’s surface provides a bottom

boundary condition on: (i) momentum (no-slip), and (ii) heat and moisture fluxes. Wind

shear and solar heating drive the turbulence which is characteristic of the atmospheric

boundary layer.

18
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1.1 The atmospheric boundary layer

The boundary layer is often defined as being, “that part of the troposphere that is

directly influenced by the presence of the Earth’s surface, and responds to surface

forcings with a timescale of about an hour or less” (Stull, 1988). Land and ocean

surfaces influence the ABL to give it properties which are quite distinct from those

of the rest of the atmosphere. The boundary layer is typically 1 km deep, although

depending on conditions this may vary from 50 m to 5 km (Garratt, 1994). Such

variation is controlled by many factors, including latitude (Garratt, 1982), time of

year (Brummer et al., 2012), and synoptic conditions (Sinclair et al., 2010).

The atmospheric boundary layer is characterised by turbulent motion (Arya, 2001).

Turbulent motion is, qualitatively, the chaotic motion of air, and consists of three-

dimensional swirls, or eddies, of varying sizes which interact with one another.

Energy from the largest of these eddies - which can reach several thousand metres

in size - tends to cascade down to progressively smaller scales, until it is eventually

dissipated through frictional heating. The Kolmogorov microscale (η) is sometimes

invoked when discussing turbulence. This scale gives the nominal wavelength of

the smallest turbulent eddies in this turbulent cascade, with a typical value of η

being ∼1 mm (Stull, 1988).

Turbulence kinetic energy (TKE) is often used as a measure of turbulence inten-

sity, and, physically, it represents the kinetic energy of the turbulent part of the

flow. It is therefore instructive to consider the terms in the turbulence kinetic en-

ergy budget. Whilst the following expression is only valid for the simplified case

of a horizontally-homogeneous boundary layer, it is employed here because of the

greater clarity it lends to the discussion.
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e Turbulence kinetic energy

(u,v,w) vector flow velocity

z height

t time

θ potential temperature

g acceleration due to gravity

ρ density

p pressure

ε viscous dissipation

Table 1.1: Definition of the variables used in the TKE budget (1.1).

De

Dt︸︷︷︸
I

=
g

θ

(
w′θ′

)
︸ ︷︷ ︸

II

−u′w′∂u
∂z
− v′w′∂v

∂z︸ ︷︷ ︸
III

− ∂w′e

∂z︸ ︷︷ ︸
IV

− 1

ρ

∂w′p′

∂z︸ ︷︷ ︸
V

− ε︸︷︷︸
VI

(1.1)

where the variables are defined in Table 1.1, and the physical interpretation of each

term in (1.1) is described in Table 1.2. Overbars indicate an ensemble mean, and

prime superscripts denote fluctuations from this mean.

It should be noted that TKE is not a conserved quantity. Instead, (1.1) contains

a number of production and loss terms, with TKE varying with season, synoptic

conditions, location and time of day (Stull, 1988). Of particular note is the con-

trolling influence of the diurnal cycle. The variation in insolation this diurnal cycle

causes leads to changes in the magnitude of Term III, and the magnitude and sign

of Term II in (1.1). The variation an idealised ABL experiences over a 24-hour

period is explored in detail in the following section.
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Term I The tendency of TKE

Term II Production/consumption of TKE by buoyancy:

caused by small-scale, air density heterogeneities

from localised differences in heating

Term III Production of TKE by wind shear

Term IV Turbulent transport of TKE:

describes how TKE is redistributed by turbulent motions

Term V The pressure correlation term:

describes how pressure perturbations act to redistribute TKE

Term VI The viscous dissipation of TKE:

the conversion from TKE into heating by friction

Table 1.2: Physical interpretation of terms in TKE budget (1.1).

1.1.1 The diurnal cycle of the boundary layer

Under favourable conditions, such as clear skies, the ABL has a clear diurnal cycle

over land (Stull, 1988). Figure 1.2 displays the variation in depth of an idealised

boundary layer over a 24-hour period, as indicated by the solid and dashed red lines.

During the day under clear-sky conditions the ABL is usually unstably stratified.

Solar forcing heats the air close to the ground, forming a superadiabatic layer where

temperature decreases very rapidly with height. This makes the near-surface air

parcels warmer, and thereby less dense, than the surrounding air. This forces the

buoyancy term in (1.1) to become positive. The air parcels are unstable so rise

vertically, forming thermals. The strong surface heating during daytime conditions

drives this convection. These thermals are very efficient at mixing momentum,

heat and mass within the boundary layer, hence the daytime temperature and

wind speed profiles are approximately constant with height in this layer. The top

of the daytime convective boundary layer (CBL) is usually marked by a temper-

ature inversion, where temperature increases with height. The depth of the CBL



CHAPTER 1. INTRODUCTION 22

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Wind shear 

z 

Night 
Stably-stratified 

Night 
Stably-stratified 

Time 

Day 
Convective  

Sunset Sunrise 

Wind shear 
Convective 
thermals 

Wind shear 

Figure 1.2: The diurnal cycle experienced by an idealised, clear skies atmospheric bound-

ary layer. Solid and dashed red lines indicate boundary-layer depth.

is dependent on the strength of convection, but is typically 1-2 km in the mid-

latitudes (Grimsdell and Angevine, 1998). It should be noted that turbulence can

also be generated by shear production within the CBL. This is especially true in

the mid-latitudes and polar regions, where the purely heat-driven CBL described

above is rarely observed.

The preceding description of the diurnal evolution of the boundary layer is asso-

ciated with clear-sky conditions. This diurnal cycle is particularly weakened in

amplitude by the presence of stratocumulus cloud (see Lock, 2004). Buoyancy pro-

duction is minimised under overcast conditions, since little heating or cooling of

the surface is possible. This results in shear production dominating over buoyancy

production in Equation 1.1. Figure 1.3 displays typical wind and potential tem-

perature profiles for the convective boundary layer described above. In boundary

layers where buoyancy is unimportant, a neutral boundary layer may form.
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Surface layer 

(a)

z 

Well-mixed 
layer 

Capping  
inversion 

Super-adiabatic 
layer 
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Figure 1.3: Typical profiles of (a) wind speed (u), and (b) potential temperature (θ) in a

buoyancy-driven, convective boundary layer. Note the well-mixed layer in both subplots

and the super-adiabatic layer in the temperature profile subplot.

In marked contrast, the properties of the night-time ABL are very different to the

daytime profile detailed above. After sunset, the incoming shortwave radiation

ceases. Longwave radiation is emitted by the ground leading to surface cooling

(since most land surfaces have a higher emissivity than air). This results in a cor-

responding cooling of the overlying air, with near-surface air reaching the lowest

temperatures. A temperature inversion forms, which grows upwards from the sur-

face. Since air density decreases with temperature, buoyancy forces inhibit mixing

of air parcels under this temperature profile: an air parcel displaced a small distance

from its position will tend to return to its initial position. This stable-stratification

results in the nocturnal boundary layer being termed the stable boundary layer

(SBL). SBLs are not, however, solely a nightime phenomenon. For example, during

winter-time in the mid-latitudes (when solar forcing is weak), the stable statifica-

tion which formed during the preceding night can endure throughout the following

day.
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Within the SBL, TKE is sourced through shear production (1.1). TKE is destroyed

by the buoyancy and viscous dissipation terms. The balance between production

and destruction of TKE in SBLs underpins our understanding of the evolution of

these boundary layers. This balance is summarised mathematically in the flux

Richardson number (Rf ),

Rf =

g

θ
w′θ′

u′w′ ∂u
∂z

+v′w′ ∂v
∂z

(1.2)

which is the ratio of the buoyancy term (Term II) to the wind shear term (Term

III) in (1.1).

Consideration of the TKE budget in the SBL explains why turbulence intensities

are normally far lower at night compared to daytime. The shear production term

in (1.1) is positive. This acts to enhance TKE under daytime and night-time condi-

tions. In contrast, the buoyancy production term (1.1) is positive/negative during

the day/night. This acts to enhance/suppress TKE in the CBL/SBL.

The degree of stratication exerts a strong influence on the extent of turbulent

transfer in the ABL. Turbulent transfer and mixing tend to be inhibited in the sta-

ble boundary layer (Kondo et al., 1978; Smedman, 1988). This makes its faithful

representation in models crucial in many of the most important forecasting appli-

cations, such as minimum temperature forecasting, fog prediction and air-quality

modelling. The reduction in turbulence intensity within the SBL results in a cor-

responding decrease in boundary-layer depth. Stable boundary-layers are typically

between 50 and 500 m deep (Mahrt, 1998).

Near-surface winds are generally light in the stable boundary layer, although this

is normally not the case further from the surface. The stability of the surface in-

version in the nocturnal ABL removes much of the frictional drag imparted on the

flow by the Earth’s surface. This sometimes allows the winds aloft in the SBL to

accelerate temporarily to supergeostrophic values, via an inertial oscillation (Black-
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adar, 1957). This flow is known as the low-level jet (LLJ), and it can persist for

much of the night (see Van de Wiel et al., 2010). Figure 1.4 displays typical wind

and potential temperature profiles for the stable boundary layer described above.

z 

Geostrophic  
wind 

Low-level jet 

u 
ug 

(a)

z 

ABL top 

Surface inversion 

𝛳 

Remnants of 
capping 

inversion 

(b)

Figure 1.4: Typical profiles of (a) wind speed (u), and (b) potential temperature (θ) in

an idealised stable boundary layer. Note the low-level jet in the wind profile subplot and

surface inversion in the potential temperature profile subplot.

The idealised diurnal cycle presented above is for a boundary layer over flat, homo-

geneous land. In reality, such conditions are rarely experienced. Heterogeneity of

land and water surfaces, and surface topography all result in real boundary layers

departing from this idealised model. Understanding and modelling atmospheric

boundary layer structure over complex terrain has been a key area of research over

the past several decades (see Avissar and Pielke, 1989; Mahrt et al., 2010). Synop-

tic forcing and clouds can also complicate the picture. For example, stratocumulus

cloud present at the height of the capping inversion, or fog forming by radiative

cooling near the surface, can act to alter the temperature structure and energy

balance described here. Generally, clear-sky conditions and high-pressure synoptic

forcing are most supportive of the evolution outlined in Figure 1.2.
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1.2 The stable boundary layer

This thesis focuses on improving our understanding of the Antarctic stable bound-

ary layer, and its representation in weather and climate models. To date, the

meteorological community has been less successful at modelling the SBL than its

neutral or convective counterparts (Holtslag, 2006). The mathematical description

of turbulence in the stably-stratified boundary layer is an important component

of weather and climate models. Both these types of model require subgrid-scale

parameterization schemes to describe processes that are unresolved by the model’s

grid structure. Atmospheric boundary layer turbulence is one such process.

The evolution of the modelled atmosphere is influenced by interactions between the

Earth’s surface, the boundary layer and the free atmosphere. The reliability of the

model output is therefore partly dependent on the accuracy of the chosen turbulent

parameterization scheme. The stable boundary layer parameterizations used in

weather and climate models remain surprisingly simplistic, given the complexities

of the turbulence they are attempting to capture. For example, the Met Office

Unified Model employs first-order turbulence closure for the stable boundary layer

(Brown et al., 2008). As an example, this scheme parameterizes the horizontal√
(momentum flux) as

u′w′ = −Km
∂u

∂z
(1.3)

The above parameterization relies upon determining a diffusion coefficient for mo-

mentum. This coefficient is defined by:

Km = λ2
mSfm(Ri) (1.4)

where λ is a mixing length, and fm(Ri) is a stability-dependent function (Beare

and Macvean, 2004). S is vertical wind shear, defined thus:

S2 =

(
∂u

∂z

)2

+

(
∂v

∂z

)2

(1.5)
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Heat and moisture fluxes are parameterized in a similar fashion. The form of these

functions is discussed further in Section 1.4, and the methods used by the mod-

els employed in this thesis to represent turbulence are further outlined in Chapter 2.

Progress in this area of meteorology has been hampered by a number of challenges,

associated with our understanding of the dynamics of the SBL remaining incom-

plete. Research into very stable boundary layers is ongoing (see Mahrt, 2010).

Efforts towards understanding and modelling the SBL are complicated by the wide

variety of physical processes which it supports. Firstly, terrain effects are generally

more important in the SBL. Even a very slight slope can significantly influence

the evolution of such boundary layers, by producing surface-drainage flows (Monti

et al., 2002). The SBL is also more sensitive to surface heterogeneity than the

CBL, due to the decreased efficiency of mixing in the former. Thirdly, since the

SBL forms as a consequence of the surface’s radiative cooling, the diurnal cycle

of this forcing may never permit the SBL to truly reach a steady-state. Fourthly,

stable stratification suppresses vertical transfer, and this can result in intermittent

turbulence (Van de Wiel et al., 2002). Other complicating issues include clear-air

radiative-flux divergence (Garratt and Brost, 1981), decoupling (Derbyshire, 1999),

the formation of low-level jets (Malcher and Kraus, 1983) and gravity wave activity

(Hooke and Jones, 1986).

The parameterization schemes of numerical weather prediction (NWP) and climate

models must attempt to reproduce the above processes, along with their interac-

tions. In reality, it is very challenging to correctly describe all of these processes in

a numerical model. The possible influence of such mechanisms also complicates the

interpretation of results from observational studies, particularly in the very stable

boundary layer (Banta et al., 2007). Although comparisons between model param-

eterizations and observations have identified weaknesses in the parameterizations

used in NWP models (see Beljaars and Viterbo, 1998), a straightforward route

towards addressing these discrepancies is rarely obvious. Some typical turbulence
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parameterization schemes used in large-scale models are introduced in Section 1.4.

Recently, more research efforts have been directed towards the challenges of suc-

cessfully modelling the stable boundary layer. Over the past decade, the Global En-

ergy and Water Cycle Experiment (GEWEX) Atmospheric Boundary Layer Study

(GABLS) initiative has delivered tangible progress. The overall aim of GABLS is to

enhance understanding and to improve representation of boundary-layer processes

in weather and climate models (Holtslag, 2006). This initiative gave particular

attention to the sensitivity of turbulence within the SBL to details in the mixing

formulation, and interactions with the land surface.

The first effort of the GABLS initiative was known as GABLS-1. Large-eddy simu-

lations (LES) are able to simulate the moderately stably-stratified boundary layer

(Beare and Macvean, 2004). GABLS-1 performed LES simulations using models

from eleven different centres and compared the output from these models (Beare

et al., 2006b), and then used these as a reference for single column model (SCM)

simulations (Cuxart et al., 2006). The boundary layer in each column of a large-

scale weather or climate model can be thought of as effectively an SCM. This

means that an SCM can be used to efficiently test the parameterizations used in

these more complex, expensive models.

The GABLS-1 intercomparison adopted the idealised Arctic stable boundary layer

case described by Kosovic and Curry (2000), which was inspired by conditions ob-

served during the Beaufort Sea Arctic Stratus Experiment. The goal was to assess

the reliability of LES of the moderately stable boundary layer. The simulations

were initialised with a well-mixed layer with an overlying inversion, and a constant

surface cooling rate of 0.25 Khr−1 was specified. A moderate geostrophic wind

(8 ms−1), which was independent of height, was imposed. All simulations were run

for 9 hours at a variety of resolutions.
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Figure 1.5 displays the mean wind speed profiles from the 11 LES used in GABLS-

1 at (a) 2 m and (b) 6.25 m resolution (Beare et al., 2006b). Grid convergence

of results was achieved for each LES below a grid length of 3.125 m. For the

moderately-stable regime considered in GABLS-1, such a resolution was indicated

for robust results. However, a change of only about 20 % was found between

3.125 m and 6.25 m resolution runs (Figure 1.5). LES explicitly resolve the larger

turbulent eddies, and parameterize the smaller ones using a sub-grid model. For

medium resolution simulations of the stable boundary layer the dependence of the

results on the sub-grid model was highlighted. The importance of the sub-grid

model‘ also increases with greater stratification.

GABLS-1 provided many insights which were detailed in a special issue of Boundary-

Layer Meteorology (see Beare et al., 2006b; Cuxart et al., 2006). However, a need

to use observations to prescribe more realistic forcings and constrain the model

output resulted in a new initiative: GABLS-2.

The aim of GABLS-2 was to investigate the representation of the diurnal cycle

over land in weather and climate models for a period of several days (Svensson

et al., 2011). Results from thirty different single-column models and one LES were

compared. The case was based on observations collected during the Cooperative

Atmosphere-Surface Exchange Study (CASES-99) experiment (Poulos et al., 2002).

CASES-99 was a large field campaign which took place in the prairie grassland of

Kansas, USA. Observations were available for three nights, with the boundary layer

exhibiting different characteristics on each of these (fully turbulent, intermittent

turbulent, and non-turbulent). This case was previously studied and prepared by

Steeneveld et al. (2006a). Reasonably realistic forcings were used in order to allow

some level of comparison between the models and observations, although the prin-

cipal purpose of the initiative was again to inter-compare output from the various

models.
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Figure 1.5: Mean wind speed profiles from the 11 LES models, considered as part of

GABLS-1, at (a) 2 m, and (b) 6.25 m resolution.

Beare et al. (2006b)

GABLS-2 found significant differences in model output for all parameters, and

substantial deviation from the observations was also noted. In particular, and al-

though the surface temperature was prescribed, the models predicted a variety of

near-surface air temperatures. This influenced the near-surface momentum and
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heat fluxes, and, in turn, the development of the morning transition. GABLS-2

showed that accurately simulating the diurnal cycle remains a difficult challenge

for models. For the convective part of the diurnal cycle, some of the first-order

closure schemes performed better, whilst the turbulence kinetic energy schemes

tended to be slightly more accurate under nocturnal conditions. Surface fluxes and

boundary-layer depths were both over-estimated during the night.

The third GABLS initiative (GABLS-3) built on the experiences of the preceding

GABLS cases, with particular foci on the diurnal cycle and nocturnal low-level

jet. In this study, LES and SCM intercomparisons were made against observations

from the field site at Cabauw, Holland, under clear-sky conditions.

In the LES component of the study, results from eleven LES were compared (Basu

et al., 2012). This LES ensemble was remarkably successful in modelling the dy-

namical evolution of the boundary layer. The variation in the results of the ensem-

ble members was also surprisingly low. This implies that the results were rather

insensitive to the formulation of subgrid-scale model used. Reasonably coarse res-

olution (6.25 m) was found to be adequate for the moderately/strongly stratified

atmospheric boundary layer.

The SCM comparison used nineteen SCMs. Care was taken to prescribe realistic

geostrophic forcings and dynamical tendencies (Bosveld et al., 2012). Interestingly,

this study found that forcings obtained from a large-scale weather model were not

accurate enough to drive an individual SCM, and permit a detailed comparison

with observations. In contrast, however, far greater success in this last regard was

achieved when an SCM ensemble was used.

The various GABLS initiatives have acted to highlight the difficulties involved in

comparing model results against observations: the impact of uncertainties in the

initial conditions, atmospheric forcings and parameter choices on the model output
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are normally significant, yet also difficult to untangle from the effects of model un-

certainty. Despite these challenges, however, it is essential that model predictions

be tested against observations. This thesis builds on the efforts of this previous

work, by using numerical models and observations to study a high-latitude SBL. A

robust methodology was developed to initialise and validate the models using the

observational dataset. This will be introduced in detail in Chapter 2.

1.3 The Antarctic stable boundary layer

1.3.1 Antarctica: a natural laboratory for the SBL

This thesis presents investigations into the stable boundary layer, using several

modelling techniques and in-situ observations from an Antarctic research station.

Chapter 2 provides a comprehensive description of this Antarctic site, alongside a

discussion of the observational dataset available. Antarctica has long been recog-

nised as a location which offers a number of advantages for observation-based,

boundary layer studies (King et al., 1989). These advantages have resulted in

Antarctica being termed “a natural laboratory for studying the stable boundary

layer” (King and Turner, 2007). In the following section, the reasons underpin-

ning and motivating current research into high-latitude (and specifically Antarctic)

boundary layers are outlined.

Firstly, during the winter the continuous darkness allows observations to be made

which are free from diurnal effects. These conditions support the formation of

strongly-stratified, quasi-equilibrium boundary layers: indeed, strong surface-based

inversions lasting for several days are frequently reported, since the surface energy

balance is dominated by radiative cooling to space (King et al., 1996). In contrast,

such conditions are very rarely observed in the mid-latitudes.

Secondly, the homogeneous surface on ice sheets simplifies observational arrange-
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ments. The shallower boundary layers which prevail at these latitudes mean that

measurements can be made of a higher proportion of the boundary layer with a

relatively short instrumented mast (Handorf et al., 1999).

In addition to Antarctica being a location which offers advantages to the ob-

server, its accurate modelling by general circulation models (GCMs) is important.

The high-latitudes are both “extremely vulnerable to current and projected climate

change” and “the regions with the greatest potential to affect global climate and thus

human populations and biodiversity” (IPCC, 2007). In particular, there has been

great concern recently regarding the possible contribution to global sea level rise of

a change in the mass-balance of the Antarctic ice sheets (Hock et al., 2009). Water

is removed from these ice sheets by iceberg calving, evaporation, meltwater runoff

and export of wind-blown snow. Boundary layer dynamics exert an important con-

trolling influence on all of these processes. Thus it is imperative when modelling

the response of ice sheets to changes in atmospheric forcing to accurately param-

eterize the heat, momentum and moisture fluxes across the stable boundary layer.

It has been demonstrated, however, that the representation of crucial aspects of

the Antarctic weather and climate, such as katabatic flows, are very sensitive to

SBL formulation in models (King et al., 2001).
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(a) (b)

(c) (d)

Figure 1.6: The results of experiments investigating the sensitivity of Antarctic climate to

choice of turbulence parameterization scheme. Subplots show winter averages of surface

heat flux [Wm−2] for four sensitivity tests minus control run. Absolute differences greater

than 10 and 20 Wm−2 are indicated by light and heavy shading respectively.

King et al. (2001)

1.3.2 Astronomy in Antarctica

A further motivation for studying the polar boundary layer has emerged in recent

years. Fluctuations in the atmospheric refractive-index, caused by turbulence, are

troublesome for astronomers since they have a degrading effect on image resolu-

tion, also known as astronomical seeing (Lawrence et al., 2004). The magnitude of

this seeing is often quantified using the so-called temperature structure parameter,

C2
T , and can be measured using sodar (Swain and Galle, 2006). Most turbulence

in the polar atmosphere is confined to the shallow boundary layer directly above
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the ground surface. In-situ measurements indicate that above this boundary layer

(typically ∼30-50 metres), residual seeing is excellent (Trinquet et al., 2008). The

presence of such high-quality observational conditions above parts of Antarctica

explains the enormous increase in the amount of astrophysical research being con-

ducted from Antarctica in recent years (see Lloyd et al., 2002; Fossat et al., 2004).

These considerations have led to a major interest in locating the next generation

of astronomical observing facilities in the interior of the Antarctic continent. Fig-

ure 1.7 shows the 10-metre South Pole Telescope, based at the Amundsen-Scott

South Pole Station, Antarctica. This telescope is designed for observations in the

microwave, millimetre-wave and submillimeter-wave regions of the electromagnetic

spectrum and has been operational since 2007. The highest points in the Antarctic

interior (or Antarctic Plateau) are termed Domes (e.g. Dome C). It is believed that

these domes may represent the best locations on Earth for conducting astronomical

observations (Lawrence et al., 2004). Modelling studies are providing great insights

into the processes underpinning this optical turbulence (Lascaux et al., 2011).
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Figure 1.7: A photograph of the 10-metre South Pole Telescope in operation during the

polar night. The Milky Way and Aurora Australis are both visible in the night sky.

Vanderlinde (2012)

1.4 Parameterizing the stable boundary layer

From the above discussion, it is apparent that the details of turbulent parameteri-

zation schemes is an important consideration if the stable boundary layer is to be

well-represented by weather and climate models. As has already been commented

most such models employ a function of gradient Richardson number (Ri), called

the stability function, to encapsulate this turbulence. Such functions are required

to account for the competition between stability and wind shear.

For small, positive Richardson numbers, these stability functions can be determined

from Monin-Obukhov theory. However, classical Monin-Obukhov theory predicts

that a laminar flow will become turbulenct when the Richardson number falls below

a certain critical value, Ricr (Miles, 1961). A value of 0.25 is normally assumed

(Stull, 1988).
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Two issues exist with this view. Firstly, laboratory experiments have demonstrated

that turbulence can exist in the SBL for Richardson numbers in excess of this crit-

ical value (Kondo et al., 1978). Secondly, the use of stability functions in opera-

tional NWP models which adhere to the concept of a critical Richardson number

are associated with poor model performance. These problems include unrealistic,

“runaway” surface cooling (Derbyshire, 1999), and insufficient Ekman pumping oc-

curring (Beljaars and Viterbo, 1998). This last issue is associated with the degree

and structure of wind turning within the boundary layer, and will be investigated

in Chapter 5.

Operational NWP models work around this problem by utilising stability functions

with so-called “enhanced mixing”, which artificially support turbulent mixing at

higher stabilities (Beljaars and Holtslag, 1991). This solution is rather unsatisfac-

tory, however, since it is inspired by model performance rather than laboratory and

observational data.

The above discussion has established that the formulation of stability function is a

crucial choice in parameterizing the stable boundary layer. This thesis will test the

predictions of four well-established stability functions against observations. These

will be referred to as the “cut-off” , “sharp tails” , “Louis tails” , and “long tails”

schemes. Their stability-dependence is displayed graphically in Figure 1.8.

As has been discussed above, classical theory predicts that turbulence assumes the

existence of a critical Richardson number, below which a laminar flow becomes

turbulent (see Miles, 1961). Two formulations of stability function which broadly

satisfy this condition are considered in this thesis. The first of these suppresses

turbulent mixing above Ricr entirely; this thesis will refer to these as the “cut-off

tails”.
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Figure 1.8: Graphical representation of the Ri-dependence of stability functions tested in

this thesis.

fm = fh =


(
1− Ri

0.25

)2
0 < Ri ≤ 0.25

0 Ri > 0.25

(1.6)

The second of these functions permits some mixing above Ricr, and these are

referred to in the text as “sharp tails” (Cuxart et al., 2006).

fm = fh =


(1− 5Ri)2 0 ≤ Ri ≤ 0.1

( 1
20Ri

)2 Ri > 0.1

(1.7)

To address the drawbacks associated with functions which cut-off around the crit-

ical Richardson number, several other semi-empirical stability functions have been

developed which decay more slowly with stability. A well-known example of this

was developed by (Louis, 1979):

fm = fh =
1

(1+5Ri)2
Ri ≥ 0 (1.8)

Louis functions have a strong record of use in operational weather models, pro-
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ducing better predictions of surface temperatures in strongly-stratified conditions

than functions with less mixing (Beljaars and Viterbo, 1998). Another formula-

tion, which is also tested in this study, decays even more slowly than the Louis

tails function. These are referred to as “long tails” (Cuxart et al., 2006).

fm = fh =
1

1+10Ri
Ri ≥ 0 (1.9)

It should be noted that identical stability functions are used here for both heat

and momentum. Such an approach implies that mixing of heat and momentum

are equally efficient. In fact, this assumption is generally considered to be untrue

(Stull, 1988). The turbulent Prandtl number (Pr) is defined as the ratio of the

turbulent eddy viscosity to the turbulent heat diffusivity. This number is generally

taken as having a value below 1.0. Esau and Grachev (2007) used LES to inves-

tigate its stability dependence using LES and field data from the Arctic. They

suggested the reduced efficiency of mixing of momentum might be explained by

momentum loss through irradiation of internal gravity waves. Since the Prandtl

number within the stable boundary layer remains an active topic of research, and

investigation of the Prandtl number was not a principal aim of this thesis, identical

stability functions were used for heat and momentum in the results which follow.

The important influence of the Prandtl number should, however, be remembered

when these results are evaluated, and might offer a fruitful topic for further research.

A core objective of this thesis will be to more tightly couple boundary layer models

to high-quality observations. The latter will be used to interrogate the parameter-

ization schemes underpinning the representation of turbulence in the former.
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1.5 Techniques for studying the stable boundary

layer

A number of techniques are commonly used to study the stable boundary layer.

These are required to improve our understanding of the various processes which

occur within the SBL, and use that understanding to improve the parameterization

schemes employed in weather and climate models.

The most direct technique is to make observations of the stable boundary layer.

Since observations represent what happened in atmosphere, their value is self-

evident. However, the interpretation of these measurements is complicated be-

cause the signal is modified by the various phenomena which occur in boundary

layer. Even when great care and planning is given to experimental design, it can

be difficult to use observations to isolate a particular process for study, or con-

duct sensitivity tests to understand the influence of a particular parameter on

boundary-layer dynamics. Observations are also always influenced by the site at

which they are collected. Caution must be applied to remove, as far as possible,

these site-specific effects before drawing more general conclusions. Observations

may be thought of as a large-scale experiment in a very poorly-controlled natural

laboratory.

In fact, the situation is normally even less well constrained than this. Not only

can most parameters not be controlled, but many of these - including the most

fundamental ones - may not be known with much precision. In addition, any ob-

servations will be influenced to some degree by the wider-scale, synoptic situation.

Sometimes this exerts such a confusing influence that any observational data is

rendered too difficult to interpret. Finally, the quality of observations is strongly

dependent on making those measurements at a well-placed field site. As has al-

ready been discussed in Section 1.2, surface heterogeneity and sloped ground can

both dramatically complicate the vertical structure of the boundary-layer. It is
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important that the field site is chosen to minimise the influence of these effects.

These problems can be addressed by constructing a virtual turbulence environ-

ment using a computer model. Simplifications can be made, and certain processes

isolated for study, in a way which is more difficult, or even impossible, using obser-

vations. Such an approach can shed light on the dynamics of the boundary layer

more easily, cheaply and in a more controlled fashion than is possible using real

observations. It should be stressed, however, that models complement rather than

replace observations as a technique for studying the stable boundary layer.

Figure 1.9 displays a typical energy spectrum for the atmosphere for scales rang-

ing from the synoptic to the turbulent. What is notable about Figure 1.9 is the

gap in the energy spectrum between the large and small scales. The existence of

this spectral gap allows us to partition an instantaneous measurement of a mean

variable, χ, into a mean measurement averaged over a given time period, χ, and a

turbulent fluctuation from that mean, χ′:

χ = χ+ χ′ (1.10)

This procedure is known as Reynolds decomposition. It is commonly applied to

boundary layer measurements of wind speed, potential temperature and humidity.

The Navier-Stokes equations, which govern the time-evolution of a fluid flow, are

∂ui
∂t

+ uj
∂ui
∂xj

= −δi3g + fcεij3uj −
1

ρ

∂p

∂xi
+ ν

∂2ui
∂x2

j

(1.11)

where any unintroduced variables in the above equation are defined in Table 1.3.

Reynold’s decomposition can be applied to the equations of motion for instanta-

neous velocity (1.11), and the rules of Reynolds’s averaging invoked (e.g. θ′ = 0).

This yields the equations of motion for the time-evolution of mean velocity:
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Figure 1.9: A graph of relative spectral intensity against eddy period for motions in

the atmosphere. Note the larger eddies are associated with synoptic-scale motions, and

smaller eddies are caused by turbulence. A spectral gap separates motions on these two

scales.

∂ui
∂t

+ uj
∂ui
∂xj

= −δi3g + fcεij3uj −
1

ρ

∂p

∂xi
+ ν

∂2ui
∂x2

j

−
∂u′iu

′
j

∂xj
(1.12)

Equations 1.11 and 1.12 are almost identical, apart from the addition of an extra

term on the right hand side in (1.12). This term represents the turbulent transport

of momentum, and is known as the Reynolds’ stress term. Its inclusion indicates

ui = (u, v, w) vector flow velocity

δi3 Kroneker delta function

fc Coriolis parameter

εijk alternating psuedo-tensor

ν kinematic viscosity

Table 1.3: Definition of the variables used in the Navier-Stokes equations (1.11).
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that the influence of turbulence must be considered in the boundary layer, even if

only mean quantities are being predicted.

Large-scale weather and climate models solve (1.12) in three dimensions. However,

since turbulent transport of momentum is usually much larger in the vertical than

the horizontal, the effect of this term in the horizontal is normally ignored. As the

boundary layer in each column of a weather model is like an SCM, useful insights

can be gained by considering only a single vertical column of the atmosphere, and

incorporating turbulence parameterizations very similar to those used in more com-

plicated weather and climate models.

A single column model offers some advantages over other, more complex, mod-

elling strategies. Firstly, its one-dimensional nature allows the model physics to

be tested in isolation without the results being affected by feedback from larger-

scale dynamics or other components present in a full, three-dimensional forecast

model. Secondly, the simulations are computationally very fast compared to those

for more complex models. Such a model produces vertical profiles of mean and

turbulent variables. This is useful since the accuracy of these profiles can be val-

idated against observations. They have been used to simulate turbulence in the

Antarctic boundary layer. King (1989) found that a one-dimensional model was

reasonably successful at reproducing the mean wind and temperature profiles at an

Antarctic site, so long as the prevailing wind was not coming from the direction of

the sea (which triggered convection). However, a one-dimensional representation

of the atmosphere will always be a simplification of the real atmosphere, and some

crucially important features of the SBL cannot be captured by such a model.

Since large-scale weather and climate models parameterize turbulent motions, their

accuracy in the boundary layer is strongly dependent on the robustness of their pa-

rameterization schemes. Another modelling technique, LES does explicitly model

the larger eddies within the boundary layer, which contain the majority of turbu-
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Model Dimensions Turbulence Computational

resolved? speed

SCM 1D No Fast

LES 3D Yes Intensive

Table 1.4: Comparison of a number of key aspects of LES and SCM.

lence kinetic energy. This implies that a filter scale be introduced to the governing

equations. Constraints in computing resources mean that the model grid structure

is limited to a finite number of grid points. This grid structure places a fundamental

limit on the smallest features which can be explicitly resolved. For a grid-spacing

∆x, this resolution limit has a size given by 2∆x. Atmospheric features which are

larger than this limit are said to be grid-scale phenomena and are explicitly resolved

in LES. Features below this limit are said to be subgrid-scale phenomena. They

are still important to the overall statistics of the flow and their influence cannot be

ignored - instead their effects must be parameterized using a subgrid-scale model.

The mathematical details of the LES are explained comprehensively in Chapter 2,

and Table 1.4 provides a summary of the key differences between SCM and LES.

Over the past forty years, LES have matured into a tool which provides important

insights on many aspects of boundary layer meteorology, including the convective

boundary layers (Deardorff, 1972; Mason, 1989), marine boundary layers (Nicholls

et al., 1982), and cloud-topped boundary layers (Moeng, 1986). More recently, LES

have been used to simulate stable boundary layers (Mason and Derbyshire, 1990;

Kosovic and Curry, 2000). Whereas convective boundary layers have dominant

energy-containing eddies of order 1 km in scale, these are often of order 50 m or

smaller in the stable boundary layer. These are much more difficult to resolve fully

in a numerical model since fine resolution is much more computationally expensive.

LES simulations of moderately-stable boundary layers have been shown to be sig-

nificantly better than those produced by SCMs (Beare et al., 2006b). LES is an
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established technique for understanding and improving the parameterization of

boundary layers. Beare and his co-workers (2006) used LES to guide the stability

functions used in parametrizations. A strength of LES over observations is that

sensitivity tests can be performed to determine how physical parameters control

the boundary layer.

However, this approach also has its weaknesses. These models are often used to

simulate highly-idealised cases which are divorced from observational data. For

example, the study of Beare et al. (2006b) mainly focused on the intercompari-

son of models rather than a direct comparison with observations. There is thus

a pressing need to interrogate more closely LES models by forcing and validating

them against high quality observations. Secondly, Beare and Macvean (2004) only

reported convergence in turbulence statistics for moderately stable boundary layers

for grid lengths below 3 m. This demonstrates that use of an LES to study the

stable boundary layer is a computationally-expensive exercise. In addition, only

the large eddies are resolved in an LES. With increasing stability, the size of these

decreases and model results become more strongly dependent on the subgrid model.

It is clear from the above discussion that single-column models, LES and obser-

vations all have their merits, but that none is the perfect tool for studying the

SBL. Instead, the true potential of each is only unlocked - and scientific progress

maximised - when these techniques are used together as part of a single, coherent

strategy.

1.6 The current investigation

The preceding sections have introduced some of the challenges and subtleties posed

by the stable boundary layer to the meteorological community. Some notable mod-

elling and observational efforts have been outlined and discussed. In general, these

modelling efforts have produced encouraging results - especially considering how
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exacting the SBL is. Difficulties in comparing model output with observations

have, however, been encountered. The parameterizations used to describe turbu-

lence in the stably-stratified boundary layer remain surprisingly simplistic given

the complexities of the processes they are attempting to emulate. There is thus a

pressing need for further development of turbulence parameterization schemes.

It is proposed that the most fruitful approach to achieve this goal will be one which

uses both observations and numerical models synergistically. Such a strategy al-

lows the computer models to be run with realistic forcings, and their predictions

verified against this same set of observations. This addresses the risk of the mod-

els being “over-tuned” by using them exclusively for highly-idealised simulations

which bear little resemblance to the real atmosphere. The ability of models to

conduct sensitivity tests is also retained with this approach. Model biases in mean

and turbulent profiles, and boundary-layer depth, can only be revealed by studies

which verify model output against observations. The GABLS initiative has, how-

ever, highlighted that initialising and forcing a model with observations is far from

trivial.

This thesis employs the above approach, thereby attempting to achieve the core

aim of this investigation: “To improve stable boundary-layer parameterizations by

constraining LES and SCMs with observations”. To date there have been very few

studies that compare LES with observations. Progress towards accomplishing this

aim is assessed by defining three objectives, and each of these is sub-divided into a

number of further milestones. These are described in detail in the following section.

1.6.1 Research objectives

Figure 1.10 displays the core aim and objectives of this thesis. A single-column

model and large-eddy model will be used together with high-quality boundary layer

observations from an Antarctic research station.
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OBJ 1:  

Methodology 

Develop methodology for using SCM,  

LES and observations in concert 

OBJ 2:  

Model verification 

Use selected case studies to validate LES and 

SCM results 

OBJ 3:  

Further investigations 

Use LES and SCM control simulations to 

investigate the influence of a number of factors on 

model performance 

Project Aim: 

Improve stable 

boundary-layer 

parameterizations by 

constraining SCMs 

with LES and 

observations 

Figure 1.10: Principal aim and objectives of this thesis.

Given the difficulties which GABLS-1 encountered with initialising and forcing

models using observations, the first objective will be to establish a methodology

for using the observational dataset and models in parallel. This objective will be

achieved by accomplishing the milestones outlined in Figure 1.11. First, a number

of case-studies will be selected from the observational dataset. These case-studies

will be chosen during periods which are likely to be successfully modelled, with for

example, an uncomplicated initialisation and weak synoptic forcing. The second

milestone will involve developing a procedure to initialise and force the models for

these case-studies, using the range of measurements that comprise the observa-

tional dataset.

Objective 2 in Figure 1.10 involves producing control simulations using the LES

and SCM for the two case-studies considered in this thesis. Having produced these

control simulations, the phenomenon of boundary-layer wind turning will be inves-
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Milestone 1:  

Select case-studies 
 

Choose a number of viable  

case-studies which are likely to be 

useful for validating model results 

against 

Milestone 2: 

Model initialisation and forcing 
 

Develop a procedure for initialising 

and forcing the LES and SCM using 

the Halley observations, accounting 

for the known errors and weaknesses 

of each observation-type used 

OBJ 1:  

Methodology 
 

Develop methodology  

for using SCM,  

LES and observations  

in concert 

Figure 1.11: Milestones associated with Objective 1.

tigated using a combination of theory, model results and observations.

Figure 1.13 shows the range of further investigations which will be conducted in

order to fulfil Objective 3. These will include considering the impact of stability

function choice on SCM results, alongside tests investigating resolution-sensitivity

in the LES and SCM.
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Milestone 4:  

Wind turning 
 

Investigate boundary-layer wind turning using 

LES, SCM and observations 

OBJ 2:  

Model verification 

 

Use selected case 

studies to validate LES 

and SCM results 

Milestone 3:  

Control simulations 
 

Produce control runs using LES and SCM  

Figure 1.12: Milestones associated with Objective 2.

Milestone 6:  
LES resolution sensitivity tests 

Investigate sensitivity of LES results to vertical 
and horizontal resolution 

Milestone 7:  

SCM resolution sensitivity tests 

Investigate sensitivity of SCM results to resolution 

Milestone 5:  

Stability function sensitivity tests 

Investigate sensitivity of SCM results to choice of 

stability function 

OBJ 3:  

Further investigations 

 

Use LES and SCM control 

simulations to investigate 

the influence of a number 

of factors on model 

performance 

Figure 1.13: Milestones associated with Objective 3.
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1.6.2 Structure of this thesis

The various objectives and milestones outlined above are investigated in the chap-

ters of this thesis. Their contents are detailed below and summarised in Table 1.5.

Chapter 2 - Methodology

Chapter 2 details the methodology and tools used in this thesis. The overall strat-

egy is described in further detail. The observational site and dataset are introduced,

along with important aspects of the models used.

Chapter 3 - Case study selection and descriptions

In Chapter 3 the two case-studies are introduced. One of these is an evening tran-

sition during spring-time, the other is during the mid-winter period when solar

forcing is entirely absent. The scientific utility of the case studies chosen is dis-

cussed.

Chapter 4 - Control simulations and vertical mixing

The results from the LES and SCM control simulations are presented in Chapter 4.

The initialisation and forcings are discussed in detail. The sensitivity of the SCM

results to the choice of stability functions is also considered.

Chapter 5 - Wind turning investigations

Wind turning within the stable boundary layer is a well-known phenomenon which

has important implications with respect to, for example, determining the extent of

Ekman pumping which occurs within cyclones. In Chapter 5 the degree to which

the LES and SCM successfully captured this is investigated. Wind turning in the

observations is also analysed.
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Objective Milestone Thesis sections

1 1 3.1 - 3.3

2 4.1

2 3 4.1, 4.4

4 5.1 - 5.5

3 5 4.2 - 4.3

6 6.1 - 6.3

7 6.4

Table 1.5: A table linking the thesis objectives and milestones to thesis sections.

Chapter 6 - Resolution sensitivity

Chapter 6 investigates the resolution-sensitivity of the model results presented in

preceding chapters. Sensitivity to vertical and horizontal resolution was considered

in the LES. Sensitivity to vertical resolution was explored in the SCM.

Chapter 7 - Summary and further discussion

Chapter 7 draws together the the results presented in this thesis and forms solid

conclusions based upon these. The extent to which this thesis’s aim, objectives and

milestones were achieved is discussed. Potentially fruitful topics for future research

are also identified.



Chapter 2

Methodology

2.1 Introduction

As discussed in Chapter 1, this thesis employs a combination of numerical mod-

elling techniques and boundary-layer observations from an Antarctic site to validate

and improve turbulence parameterization schemes. The site from which these ob-

servation were collected is introduced in Section 2.2, and the observations dataset

is discussed in Section 2.3. An SCM and an LES were also used, and an overview of

each is provided in Sections 2.4 and 2.5 respectively. The strategy used to combine

these different tools to achieve the aim and objectives of this thesis is outlined in

Section 2.6.

2.2 Site description

Over the past several decades, the British Antarctic Survey have made boundary-

layer observations from their research base at Halley, Antarctica. The purpose

of these initiatives was to investigate the various phenomena which occur within

SBLs, with a view to improving our understanding of such boundary layers and

their representation in large-scale NWP and climate models.

52
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Halley Research Station (75o 35’S, 26o 50’W) is situated in Coats Land, which is

a region on the eastern side of the Weddell Sea (Figure 2.1). Coats Land is com-

prised of the Brunt Ice Shelf and the adjacent continent. Halley is ∼10 km from

the seaward edge of the Brunt Ice Shelf, and ∼30 m above sea-level.

Figure 2.1: A map of part of the Antarctic and South Atlantic, indicating the position

of Halley Station. The Brunt Ice Shelf is represented by the pale blue shaded area im-

mediately adjacent to Halley. Each orange circle represents one of the British Antarctic

Survey’s research stations.

British Antarctic Survey (2012b)

The topography of the area surrounding Halley, as extracted from the Antarctic

Digital Database Version 3, is shown in Figure 2.2 (Renfrew and Anderson, 2002).

The Brunt Ice Shelf extends inland from its seaward edge ∼40 km with no sig-

nificant slope (Thomas, 1973). Here the ground begins to rise steeply up to the

continental interior. Such topography is typical of much of the ice-shelf fringed

Antarctic coast. These slopes are ∼5 % at their steepest points, and decrease with
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distance inland (Figure 2.2).

Figure 2.2: Topography of the region around Halley Station. Contour intervals at 100 m.

C1-C4 are locations of meteorological field sites used for studies of katabatic wind-flow.

Note the flatness of the ice shelf itself - one of the factors which makes Halley such a

uniquely attractive site for boundary-layer studies.

Renfrew and Anderson (2002)

The Brunt Ice Shelf provides a very good site for making measurements of the

boundary layer, for a number of reasons which are explored below. The Halley

observation dataset itself is introduced in the following section.

The high latitude of the site, combined with a high surface albedo, means that



CHAPTER 2. METHODOLOGY 55

stable conditions predominate in the surface layer for six months of the year, with

only small diurnal variations. Surface-based temperature inversions occur during

much of the year, and can reach strengths of 1 Km−1 under light wind conditions

during the three months of winter darkness (King and Anderson, 1988). Monthly

mean temperatures at Halley range from about -30oC to -5oC, although they can

occasionally reach -55oC in mid-winter under calm conditions (King and Anderson,

1988). Wind speeds are generally moderate throughout the year, with an annual

mean of 6.5 ms−1. The strongest winds, which can exceed 25 ms−1, are associated

with the passage of weather systems to the north of the station. The low temper-

atures mean that absolute humidity is generally very low.

The prevailing surface wind at Halley is from the east, meaning that for most wind

directions there is a uniform fetch of about 40 km between the observing station

and the closest irregular terrain. This uniform fetch means that the boundary

layer should be in equilibrium with the underlying surface: fluxes measured at

Halley are likely to be representative of those over much of the ice shelf. In addi-

tion to this horizontal-homogeneity, the surface of the ice shelf surrounding Halley

is extremely flat (1:2000 slope, King et al. 1989) and smooth. The snow surface

at Halley is characterised by small undulations, or sastrugi, which have a height

of a few centimetres. The patterns of these sastrugi shift with varying weather

conditions (Tribble, 1964). Measurements of the aerodynamic roughness length of

Antarctic ice shelves indicate a value of (1.1±0.1)×10−4 m for near-neutral condi-

tions (Liljequist, 1957; König, 1985; King and Anderson, 1994). Figure 2.3 shows

Halley Station and part of the surrounding ice shelf, from which the homogeneity

and smoothness of the snow surface in apparent.

Previous observation-based studies of stable boundary layers in the mid-latitudes

have encountered significant complications arising from inhomogeneous terrain and

diurnal variations. The phenomenon of intermittent turbulence also presents chal-

lenges when attempting to observe the stable boundary layer, particularly with
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increasing stratification (see Banta et al., 2007). In marked contrast, the prop-

erties of the Brunt Ice Shelf, namely its lack of diurnal variation for part of the

year, horizontal-homogeneity, and smoothness, make Halley an exceptional site

from which to make micrometeorological observations.

Figure 2.3: Aerial view of the British Antarctic Survey’s Halley Station. The flatness,

smoothness and homogeneity of the snow surface is apparent from this image.

British Antarctic Survey (2012a)
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2.3 Observational dataset

The meteorological measurements made from Halley have given particular atten-

tion to making high-quality observations of the SBL. These began in 1986, with

the STable Antarctic Boundary Layer Experiment (STABLE, King and Anderson

1988). Further technical details are outlined in (King and Anderson, 1994). The

observations presented in this thesis were all made during 2003, when several ad-

ditions and improvements had been made to the STABLE instrument suite in the

light of experience and technological advances. Only observations relevant to this

thesis are discussed in this section.

A 32 m instrument mast was deployed at Halley, upon which instruments were

mounted to measure both mean and turbulent profiles of meteorological variables.

The mast was sited approximately 400 m south-east of the main base buildings.

Such a position ensured that the base buildings did not obstruct surface winds

blowing from north-east through south-west. Since the strong radiative cooling

at high latitudes supports the formation of shallower, more stable boundary layers

than are found at mid-latitude sites (Kottmeier, 1986), observational arrangements

are simplified. In particular, a relatively short instrument mast can be used to pro-

file a larger proportion of the boundary layer.

Mean wind direction, magnitude and absolute temperature were measured at six

different heights (nominally 1, 2, 4, 8, 16 and 32 m), with data available as 10-

minute averages. Absolute temperatures from the mast were converted to poten-

tial temperatures by assuming a dry adiabatic lapse rate of -0.0098 Km−1 (King,

1990). Turbulent flux profiles were also measured, with sonic anemometers being

positioned at heights of 4, 16 and 32 m. Sonic anemometers are both sensitive

enough to capture the often low levels of turbulence intensity within the SBL,

yet also robust enough to endure the harsh conditions experienced on Antarctic

ice shelves. The turbulence and mean profile instruments were deployed into the
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Parameter Sensor heights [m] Instrument

Wind speed 1, 2, 4, 8, 16, 32 Cup anemometer

(R.M. Young propeller)

Wind direction 1, 2, 4, 8, 16, 32 Wind vane

(R.M. Young vane)

Absolute temperature 1, 2, 4, 8, 16, 32 Platinum resistance

thermometer

(Vaisala HMP45)

Turbulent fluxes of 4, 16, 32 Sonic anemometer

heat (Metek GmbH USA 1)

Turbulent fluxes 4, 16, 32 Sonic anemometer

of momentum (Metek GmbH USA 1)

Table 2.1: Summary of observed variables and instruments used on the 32 m mast at

Halley Station.

prevailing wind on 1.2 m booms to reduce flow-distortion effects (Wyngaard and

Zhang, 1985; Grant and Watkins, 1989). A summary of the mast instrumentation

is provided in Table 2.1.

Data from a monostatic acoustic radar, or sodar (Sensitron AB), were also avail-

able. The purpose of this instrument was to provide insights into the turbulence

structure above the height of the instrumented mast. The sodar antenna was

located away from the base buildings and in an area where the surface was rep-

resentative of that of the wider ice shelf. The backscattered component from a

calibrated sodar is related to C2
T (See Section 1.3). Early investigations as part

of this thesis reavealed that unfortunately the sodar used at Halley had not been

calibrated. This meant that the echograms were only able to provide a qualitative

indication of turbulence intensity, although a quantitative measure of boundary

layer depth was obtainable. The selected echo sampling frequency was equivalent

to the profiles having 2 m vertical resolution above its lowest range-gate (24 m).
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These profiles were captured continuously every 10 seconds.

In addition to these measurements detailed above, data obtained from upper air

soundings were also available. Radiosondes were automatically launched every 24

hours from Halley at 12 UTC. A combination of factors, including the very shallow

boundary layers being investigated, the slow time-responses of the on-board instru-

ments and the unrealistic assumptions used by the data processing software, made

them less useful than the mast measurements for studying the fine structure of the

SBL. They were, however, the only method available to this study of measuring the

atmospheric structure at higher altitudes. This meant they remained invaluable

for extracting wind direction and magnitude above the boundary layer.

2.4 Description of the single-column model

2.4.1 Introduction

This thesis uses the above observational dataset to validate and improve several nu-

merical models. The first of these is a single-column model, which uses first-order

turbulence closure and is run at high vertical resolution. It incorporates turbulent

parameterizations which are very similar to those used in numerical weather pre-

diction and climate models. The advantages this kind of model offer have been

argued in Section 1.5. In the following section, the governing equations, turbulent

parameterizations, numerical methods, and grid-structure underpinning the SCM

are introduced.

2.4.2 The model equations

We model an area-averaged zone of the atmosphere which is represented by a one-

dimensional set of equations. The atmosphere is assumed to be dry and divergence

of radiative fluxes is neglected in the energy equation in the boundary layer. Both
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assumptions are confirmed as reasonable simplifications for the Antarctic atmo-

sphere as a consequence of the low temperature and high long-wave emissivity of

ice and snow surfaces (Handorf et al., 1999), although radiation remains important

for the surface energy balance.

In a dry, horizontally-homogeneous boundary layer, and in the absence of radiative

flux divergence, the Reynolds averaged equations describing the dynamics of the

atmospheric boundary layer can be written as

∂u

∂t
= f(v − vg)−

∂u′w′

∂z
(2.1)

∂v

∂t
= f(ug − u)− ∂v′w′

∂z
(2.2)

∂θ

∂t
= −∂w

′θ′

∂z
(2.3)

where the variables in Equations (2.1) - (2.3) are defined in Table 2.2. Overbars

indicate an ensemble mean. ug and vg are related to the pressure-gradient force by

the following expressions:

ug = − 1

ρf

∂p

∂y
(2.4)

vg = +
1

ρf

∂p

∂x
(2.5)
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t time

ug, vg horizontal geostrophic wind speed components

u, v horizontal wind speed components

u′, v′, w′ horizontal and vertical components of wind velocity perturbation

θ potential temperature

θ′ potential temperature perturbation

Table 2.2: Definition of the variables used in the SCM equation set (2.1), (2.2), and

(2.3).

2.4.3 Turbulence closure scheme

(2.1) - (2.3) contain more unknowns than equations: this is known as the turbulence

closure problem. To complete this system of equations, a model for turbulent

fluxes is thus required. The simplest method to model turbulence in the Reynolds-

averaged equations is known as first-order closure, and represents the flux term in

each mean-field equation through an eddy-diffusivity in the following way:

u′w′ = −Km
∂u

∂z
(2.6)

v′w′ = −Km
∂v

∂z
(2.7)

w′θ′ = −Kh
∂θ

∂z
(2.8)

where Km and Kh are the eddy diffusivities for momentum and heat respectively.

All the complexities of turbulence are encapsulated by these diffusivities. This

method of turbulence-closure is employed by a number of operational centres (see

ECMWF, 2004; Brown et al., 2008). Some models use higher-order turbulence

closures, such as 1.5 order closure (where a prognostic equation is used for TKE).

Stull (1988) introduces a number of commonly-used approaches. However, a bal-

ance must be struck in turbulence closure between the degree of complexity used,
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and ease of control of the scheme’s parameters.

This closure method assumes that turbulent fluxes are locally related to mean verti-

cal gradients by the eddy diffusivities, which are a property of the mean flow. This

is a reasonable assumption when the length scale of the largest turbulent eddies

is smaller than the boundary-layer depth. This is generally true for neutral and

stable conditions (for further background on local scaling, see Nieuwstadt 1984).

This thesis focuses on the parameterization of the stable boundary layer, since

the boundary layer at Halley is only rarely unstable. These eddy-diffusivities are

specified by making use of the following mixing-length model (Louis, 1979)

Km = λ2
mSfm(Ri) (2.9)

Kh = λ2
hSfh(Ri) (2.10)

where λm and λh are the mixing lengths for momentum and heat respectively, S is

the vertical wind-shear, and fm and fh are stability functions dependent on Richard-

son number (Ri). The formulation of these was discussed in detail in Section 1.4.

To summarise, the problem of turbulence closure is effectively reduced to the prob-

lem of specifying the mixing length and stability function. However, the form that

these stability functions should take still remains unclear. As was discussed in

Section 1.4, the chosen stability function must balance accuracy within the bound-

ary layer against large-scale model performance. Many formulations of stability

function have been proposed and a number of these are specified in Section 1.4

(Equations 1.6 - 1.9). This thesis will assess the accuracy of these for modelling

the stable Antarctic boundary layer.

The mixing lengths for momentum and heat are expressed in the following way:
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1

λm
=

1

λh
=

1

κ(z + zo)
+

1

λo
(2.11)

where κ is the von Karman constant (0.4 is used in this study), z0 is the roughness

length and λ0 is a constant neutral mixing length (a value of 15 m is adopted here).

The form of Equation 2.11 ensures a smooth transition in λ between its expected

near-surface value (≈ κ(z + zo)), and the interior of the flow (where it asymptotes

to λ0).

2.4.4 Evaluation of surface fluxes

The surface-exchange scheme serves to represent the interactions between the low-

est atmospheric level of the weather model, and the underlying land-surface. Essen-

tially, surface fluxes of momentum and heat are parameterized in terms of the dif-

ference in magnitude of horizontal wind speed and potential temperature between

the surface and first above-ground model level. The following section outlines this

approach in greater detail.

The surface exchange scheme begins by establishing the values of a number of

important variables. The first of these is the wind speed magnitude at the lowest

level of the model, defined thus:

W1 =
(
u2

1 + v2
1

)1/2
(2.12)

where u1 and v1 were the horizontal wind speed components from the first model

level. An initial estimate for the convective velocity scale (w∗) of 0.5 ms−1 was

assumed. This was then used to adjust the wind speed magnitude from the first

model level to include the effect of convective gusts:

W corr
1 =

(
W 2

1 + β2w2
∗
)1/2

(2.13)

where a value for the constant β of 0.4 was used. This corrected wind speed

magnitude was used to calculate the friction velocity under neutral conditions.
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u∗ =
κW corr

1

ln
(
z1
z0

) (2.14)

where z1 is the height of the lowest above-ground model level. Similarly, the neutral

temperature scale was established:

θ∗ =
κ (θ1 − θs)

ln
(
z1
z0

) (2.15)

Where θ1 and θs were the potential temperatures at the lowest above-ground model

level, and surface level, respectively. The Obukhov length (L) was defined thus:

L =

(
θref
gκ

)
u2
∗

θ∗
(2.16)

where θref is a reference potential temperature. L provides a measure of boundary-

layer stability. u∗ and θ∗ were then corrected for stability iteratively. The stability-

corrected u∗ was calculated using

u∗ =
(κW corr

1 )

ln
(
z1
z0

)
−Ψm

(
z1
L

)
+ Ψm

(
z0
L

) (2.17)

Ψm was the momentum stability function, given by:

Ψm = −a z
L
− b
( z
L
− c

d

)
exp

(
−d z

L

)
− bc

d
(2.18)

where a, b, c, and d were constants with values of 1.0, 2/3, 5, and 0.35 respectively.

Similarly, stability-corrected θ∗ and heat stability function (Ψh) were calculated:

θ∗ =
κ (θ1 − θs)

ln
(
z1
z0

)
−Ψh

(
z1
L

)
+ Ψh

(
z0
L

) (2.19)

Ψh = −
(

1 +
2

3

az

L

)3/2

− b
( z
L
− c

d

)
exp

(
−d z

L

)
− bc

d
+ 1 (2.20)

The formulations used here for Ψm and Ψh were first developed by Beljaars and

Holtslag (1991).



CHAPTER 2. METHODOLOGY 65

After 10 iterations had been completed, the stability-corrected values for u∗ and θ∗

were finally used to establish the momentum and heat diffusivities for the lowest

model level (and thereby the corresponding momentum and heat fluxes, using (2.6)

- (2.8)). Under stable conditions these diffusivities were defined by:

K1
m =

z1u
2
∗

W corr
1

(2.21)

K1
h =

z1u∗θ∗
θ1 − θs

(2.22)

The surface boundary conditions are non-slip (u = v = 0 at the surface), with a

specified time-dependent surface temperature. In this thesis, this surface temper-

ature timeseries was based on observations from the Halley site.

2.4.5 Numerical methods

The strategy underpinning finite-difference solutions is to use the difference quo-

tients to replace the partial derivatives in the governing flow equations. This results

in a system of algebraic difference equations for the dependent variables at each

grid point. Equations (2.1)-(2.3) must therefore be transformed into the coordinate

system before they are discretised into their finite-difference equivalents.

The numerical scheme employed here for time integration is Crank-Nicolson (Crank

and Nicolson, 1947). This method is implicit with second-order accuracy. As a

demonstration, (2.3) can be discretised using Crank-Nicolson to yield:

θn+1
k − θnk

∆t
= −1

2

[(
w′θ′

n+1

k+1/2 − w′θ′
n+1

k−1/2

∆z

)
+

(
w′θ′

n

k+1/2 − w′θ′
n

k−1/2

∆z

)]
(2.23)

where k and n are the space and time coordinates, respectively.

Since the Crank-Nicolson differencing form contains both known and unknown

quantities, with unknowns on both sides of (2.23), the method must be applied to
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all grid points. This results in a system of algebraic equations which form a tridi-

agonal matrix. This matrix is then solved simultaneously. Although the Crank-

Nicolson form is more computationally expensive per step than explicit schemes, it

is preferred due to its greater numerical stability (Versteeg and Malalasekera, 1995).

2.4.6 Grid structure

Observational studies show that the surface layer in Antarctic boundary layers

(in which fluxes of momentum and heat are approximately constant with height)

can be extremely shallow - sometimes less than 5 m (Yagüe and Redondo, 1995).

This suggests that numerical models attempting to simulate such boundary-layers

should incorporate fine vertical resolution. Interestingly, however, many weather

and climate models will only contain one or two model levels within high-latitude

boundary layers.

The model used in this thesis employed a uniform, high-resolution vertical coordi-

nate to ensure that shallow surface layers and strong gradients were appropriately

captured. The sensitivity of results to vertical resolution was investigated in Chap-

ter 6 of this thesis .

Variables are stored on a staggered, Lorenz grid, with mean and turbulent vari-

ables on alternate levels (Figure 2.4). This is beneficial, since turbulent fluxes are

parameterized in the SCM in terms of gradients of mean variables (see (2.6)-(2.8)).

Thus, the use of a staggered grid effectively doubles the vertical resolution.
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zn-levels hold  

U, V, 𝛳 

z(k-1) 

zn(k) 

z(k) 

zn(k+1) 

z(k+1) 

z-levels hold 

 turbulent fluxes,  

eddy-diffusivities  

z 

Figure 2.4: A representation of the grid-structure used in the single-column model here,

in which mean and turbulent variables were stored on the zn and z levels respectively.

The number of grid-levels extend from k = 1...kkp, and z(0) is the surface.

2.5 Description of the large-eddy model

2.5.1 Introduction

This thesis also uses Version 2.4 of the Met Office Large-Eddy Model (MOLEM;

Gray et al. 2004) to simulate the boundary layer at Halley. MOLEM has a strong

record in successfully simulating moderately stable boundary layers (see Beare and

Macvean, 2004; Beare et al., 2006b). The following sections introduce MOLEM’s

basic equations, sub-grid model, boundary conditions and numerical implemen-

tation. Further details on this model are outlined in Mason (1989), Mason and

Derbyshire (1990) and Brown et al. (1994).

As described in Section 1.5, the use of large-eddy simulation is a well-established
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technique for understanding the dynamics of the SBL, and guiding parameteri-

zation schemes. Large-eddy simulations use a three-dimensional numerical model

to calculate the large-scale motions explicitly, whilst smaller scale motions are

parametrized using a sub-grid model. The parameterization schemes used in the

sub-grid model are normally based upon a combination of theory and observations.

However, unlike in single-column and NWP models, the sub-grid model is only part

of the turbulence model: the larger-scale turbulent motions are explicitly resolved

(Figure 2.5). In regions of reasonable resolution, the details of the sub-grid model

should not strongly influence the results. Its role is to provide a sink of TKE of

approximately the right magnitude.

Parameterized in LES 
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Figure 2.5: A schematic of a typical energy spectrum at turbulent scales. The LES applies

a filter which explicitly resolves the larger eddies and parameterizes the remainder with a

sub-grid model. The size of this filter is dictated by the model resolution, and is indicated

by kgrid.
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2.5.2 LEM equations

The LES solves the filtered Navier-Stokes Boussinesq equation set for use in dry

boundary-layer simulations. These are written below using tensor notation:

∂ui
∂t

+ uj
∂ui
∂xj︸ ︷︷ ︸

Advection

= − 1

ρ0

∂

∂xi
p′︸ ︷︷ ︸

Pressure

+δi3B
′ +

1

ρ0

∂τij
∂xj︸ ︷︷ ︸

Sub-grid

+f0εijkuk (2.24)

∂uj
∂xj

= 0 (2.25)

∂θ

∂t
+ uj

∂θ

∂xj︸ ︷︷ ︸
Advection

=
1

ρ0

∂hθj
∂xj︸ ︷︷ ︸

Sub-grid

(2.26)

The above equation set is comprised of the Navier-Stokes equations (2.24), mass

continuity (2.25), and the buoyancy equation (2.26). The variables in these equa-

tions are defined in Table 2.3. The advection and sub-grid parts of (2.24) and

(2.26) are indicated. The methods by which the LES represents these is discussed

later in this chapter.

Note that in Equations (2.24) - (2.26), u and θ describe the quantities of the re-

solved flow. The sub-grid component is parameterized solely by the sub-grid model

(Section 2.5.4).

As stated above, Equations (2.24) - (2.26) are written in a Boussinesq form. The

Boussinesq approximation is valid for vertical scales much smaller than that of

the scale height of the atmosphere. This is generally true within the atmospheric

boundary layer (Holton, 2004). This approach relies upon a mean reference state

being defined by ρ0, p0 and θ0, from which only small deviations (denoted by a

prime superscript) are allowed. For an incompressible Boussinesq system, this

mean reference state is independent of height. Such an approximation works well

for boundary layer studies, since the vertical variation in ρ is small.
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χ0 denotes a surface reference state of χ

χ′ denotes a perturbation from the reference state of χ

ui = (u, v, w) is the flow velocity

ρ0 is constant density

p is pressure

θ is potential temperature

δi3 is the Kroneker delta function

B′ = gθ′/θ0 is the buoyancy (g is acceleration due to gravity)

τ is the sub-grid stress

εijk is the alternating psuedo-tensor, which

=+1 for ijk=123, 231, or 312

=-1 for ijk=321, 213, or 132

=0 for any two, or more, indices alike

f0 is the Coriolis parameter

hθ is the sub-grid scalar flux of θ

Table 2.3: Definition of the variables used in the large-eddy model (LEM) equation set

(2.24), (2.25), and (2.26).
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2.5.3 Pressure calculation

Equation 2.24 requires the calculation of p′. This is achieved by taking the time-

derivative of the continuity equation (2.25):

∂

∂t

[
∂

∂xi
(ρ0ui)

]
= 0 (2.27)

which simplifies to

∂

∂xi

[
ρ0
∂ui
∂t

]
= 0 (2.28)

The above expression can now be substituted into the momentum equation (2.24).

Upon substitution and rearrangement, this yields

∂

∂xi

[
ρ0

∂

∂xi

(
p′

ρ0

)]
=

∂

∂xi
(ρ0si) (2.29)

solved at each time step by

si = δi3B
′ − uj

∂ui
∂xj

+
1

ρ0

∂τij
∂xj

+ f0εijkuk. (2.30)

2.5.4 Sub-grid model

The equations underpinning the sub-grid model of the LES are described in the

following section. The role of the sub-grid model is to parameterize the effects of

turbulence occuring on scales smaller those which are explicitly resolvable. The sub-

grid model is governed by the sub-grid stress τij and scalar heat flux hi. MOLEM

employs the following parameterizations for these:

τij = ρ0νSij (2.31)

hi = −ρ0νh
∂θ

∂xi
(2.32)

where ν is the sub-grid eddy viscosity and νh is the eddy diffusivity. Sij is the rate

of strain tensor:
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Sij =
∂ui
∂xj

+
∂uj
∂xi

. (2.33)

The following expressions for eddy viscosity and diffusivity are used

ν =λ2Sfm (Rip) (2.34)

νh =λ2Sfh (Rip) (2.35)

where λ is the mixing length scale, S is the modulus of Sij. fm and fh are stability

functions, which are formulated differently to those used in the SCM, and are

dependent on the local Richardson number Rip

Rip =
∂B/∂z

S2
(2.36)

Rip encapsulates the dynamic and static stability of fluid flows. (2.34) and (2.35)

contain functions which are dependent on Richardson number and the length

scale λ. This builds upon the classical Smagorinsky-Lilly approach, which was

only a function of λ and S (Smagorinsky, 1963). MOLEM introduces a stability-

dependence to Equations (2.34) and (2.34), and makes λ a function of the basic

mixing length λ0, namely:

1

λ2
=

1

λ2
0

+
1

[k (z + z0)]2
(2.37)

where z0 is surface roughness and k is the von Kármán constant (given a value 0.4 in

the model). The purpose of Equation (2.37) is to provide a smooth, and somewhat

arbitrary, transition between the interior value of the length-scale (where λ = λ0),

and the expected near-surface value (where mixing length must be a function of

the distance from the surface). The power of two in Equation (2.37) is used since it

gave Mason and Thomson better empirical results. λ0 helps to determine the filter

scale, which separates explicitly-resolved motions from sub-gridscale turbulence.

λ0 is defined as

λ0 = cs∆ (2.38)
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where cs represents the Smagorinsky constant, and ∆ is the grid spacing. For

anisotropic grids, this is defined as ∆ = (∆x+ ∆y + ∆z) /3. In order to achieve a

satisfactory compromise between accuracy and computational cost, λ0 is normally

chosen in such a way as to make cs ∼ 0.23 (Gray et al., 2004).

Expressions for stability functions for heat and momentum are also required in

Equations (2.34) and (2.35). As described in Section 1.4, turbulence is believed

to decay above a certain critical value of Richardson number, Ric. The stability

functions used in MOLEM reflect this understanding: there are no sub-grid con-

tributions to the flow above the Ric, with MOLEM assuming a value of 0.25 for Ric.

2.5.5 Boundary conditions

The lateral boundary conditions in MOLEM are periodic for all primed prognostic

quantities. There is a stress-free, rigid lid at the top of the model domain, with the

model top being selected so that no significant turbulent motions reached to this

height. In addition, a Newtonian damping layer was implemented above a given

height, zD, to suppress gravity wave reflection from the rigid lid at the top of the

domain.

The lower boundary conditions for momentum were of no-slip over a rough surface

(i.e. u=v=w=0 at surface), with roughness length z0 for both momentum and

temperature. The surface potential temperature boundary condition was imposed

in the experiments in this thesis. These surface forcings were derived using mea-

surements from the instrument mast.

Surface-exchange was accomplished by applying Monin-Obukhov similarity the-

ory, using the Businger-Dyer functions (Gray et al., 2004). As was mentioned

above, a time-varying surface potential temperature was specified. MOLEM took

this boundary value, along with the potential temperature and wind speed at the
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first above-ground grid level, and used Monin-Obukhov theory to calculate surface

fluxes for heat and momentum. Further details of this can be found in Gray et al.

(2004).

2.5.6 Model intialisation and forcings

For the experiments in this thesis, MOLEM was configured to simulate a stable

boundary layer. The radiative transfer code in MOLEM is described in Edwards

and Slingo (1996). It was not, however, used in any of the model runs presented

in this thesis. This reduced the computational expense, and allowed for a fairer

comparison of the LEM model results and those of the SCM. This decision is rea-

sonable since Savijarvi (2009) showed that the middle part of windy SBLs, such

as those considered in this thesis, are dominated by turbulent cooling. Pilot sensi-

tivity tests, which are not displayed here, also indicated that the specific humidity

within the Halley boundary layer was so low that only small changes were produced

when radiation was included.

Although the model does have the option of using a stochastic backscatter sub-grid

model, for simplicity this was not used in these experiments. The intialisation for

wind and temperature profiles is discussed in Section 2.6. A random potential tem-

perature perturbation field was applied below 50 m in order to stimulate turbulence.

2.5.7 Numerical methods

The large-eddy model runs using an Arakawa C-grid in the horizontal and a Lorenz

grid in the vertical (Figure 2.6). Scalar variables (such as p and θ) are held in the

centre point, with each velocity component being staggered in its respective direc-

tion. Eddy diffusivities and viscosities, νh and ν, are held on the w points.

Vertical and horizontal resolution in LES are important considerations. This is
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Figure 2.6: Staggered grid-structure used in LEM (Arakawa-C in horizontal, Lorenz in

vertical).

Adapted and re-drawn from Gray et al. (2004).

especially true within the SBL, where motions occur over smaller spatial scales

than in their convective equivalent. The resolution sensitivity of eleven LES was

considered for the moderately stable boundary layer by Beare et al. (2006b). The

resolution sensitivity of MOLEM for the Antarctic stable boundary layer is inves-

tigated in Chapter 6.

A quadratic conserving, centred-difference advection scheme was used for momen-
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tum and heat (Piacsek and Williams, 1970). The advective parts of (2.24) and

(2.26) are annotated. This scheme offered second-order accuracy in space and

time. MOLEM also offered the option of using a quasi-first order total variance

diminishing (TVD) scheme. The Piacsek-Williams scheme was used in preference

to this since the lower-order TVD scheme had more implicit damping. This im-

plicit damping combines with the sub-grid diffusion to dampen turbulence, making

simulation of the SBL a challenge.

2.6 Method outline

Sections 1.5 and 1.6 of this thesis argued that the optimum approach for boundary-

layer studies combines a range of numerical modelling techniques with observations.

This thesis adopts such a strategy, and this chapter has outlined the numerical mod-

els and observations which will be employed to study the Antarctic boundary layer.

However, the most fruitful way of combining these approaches is open to debate.

Figure 2.7 provides a stylised view of the approach this thesis used to accomplish

this. This approach involved selecting several case-studies from the Halley ob-

servational dataset. These case-studies were chosen since it was anticipated that

modelling them reasonably successfully with the LES and SCM would be an achiev-

able goal. The selection criteria therefore dictated that the case-studies have clear,

justifiable initial profiles and forcings. Ideally these forcings should vary little over

the period of the case-study. Periods when such criteria were met were identified

using European Centre for Medium-Range Weather Forecasts (ECMWF) analyses

(to assess the wider synoptic situation), sodar profiles (to check the evolution of

the boundary-layer structure), and the mast observations of wind speed, direction

and temperature.

Having identified potential case-study periods, a control-run was conducted using

the LES. The LES was used in preference to the SCM for this purpose since the for-
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Figure 2.7: A stylised view of the methods by which SCM, LES, and the Halley observa-

tions were coherently employed within the same project.

mer have been shown to produce better simulations of moderately-stable boundary

layers (Cuxart et al., 2006). The LES was initialised using the mast observations.

A geostrophic wind which was independent of height was applied. Since the bound-

ary layer was almost always deeper than the highest wind measurement from the
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instrument mast (32 m), the value of this geostrophic wind was determined using a

combination of the mast measurements and the noon radiosonde ascent from Hal-

ley. The LES was run several times, to test the small range of geostrophic winds

the above procedure yielded, and establish the “true” value.

Once a case-study was modelled reasonably successfully, with a known initialisation

and forcings, it was possible to use these to conduct sensitivity tests with both the

LES and SCM. These sensitivity tests were mostly focused on the boundary-layer

parameterization schemes. The model output from these tests was verified against

the Halley mast observations.

It is believed that the above procedure represents a powerful framework as to how

to verify model results against a range of in-situ observations. Whilst the obser-

vations permit verification of the model output, the models allow the sensitivity of

the SBL to various parameters to be explored and understood. Figure 2.8 places

the approach used in this thesis in the context of those employed by other SBL

investigations.

Two case studies were selected: the first being an evening transition in the austral

spring. The second was observed during mid-winter, in the absence of diurnal

forcing. These two case studies will be introduced and further discussed in the

next chapter.
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Figure 2.8: A research strategy used in this thesis, set in the context of previous boundary-

layer meteorology research studies.



Chapter 3

Case study selection and

descriptions

Following the methodology outlined in Section 2.6, two case-studies were selected

from the Halley observations dataset and used to initialise, force and validate the

LES and SCM. Thus far, there has been only limited use of observations to validate

the results of LES (see, for example, Basu et al. (2006)). GABLS-1 was only weakly

connected with observations (Beare et al., 2006b). In contrast, this thesis strongly

roots LES and SCM experiments in observed case studies. In this chapter, these

case studies - based on an evening transition during springtime, and a second case

from winter - are introduced. The results of various modelling experiments based

on these cases are presented in Chapters 4 - 6.

3.1 Spring case study

The first case study focused on the evening of 29 October, 2003, during the austral

spring. At this time of year, some solar forcing was present, producing a diurnal

cycle in the Halley observations. This particular day was selected for the first case-

study for a number of reasons, detailed below.

80



CHAPTER 3. CASE STUDY SELECTION AND DESCRIPTIONS 81

Firstly, the presence of a diurnal cycle meant that the numerical models could be

initialised just after the evening transition. This made for a simpler temperature

profile initialisation, since the surface inversion was well-defined at this time (prior

to the evening transition, the boundary layer was well-mixed). Figure 3.1 displays

the potential temperature observations from the instrumented mast for the period

of this case study (18 - 24 UTC). The diurnal cycle is apparent in this θ profile time

series. The surface inversion increases markedly in strength over this period, with

the difference between the 1 m and 32 m measurements being ∼2.5 K at 18 UTC,

but approaching ∼9 K six hours later. The average temperature difference between

these levels for October 2003 was at the lower end of this range (2.6 K), with the

annual average for 2003 being slightly more strongly stratified (3.6 K).
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Figure 3.1: Time series of θ at different heights over the period of the spring case-study.

Figure 3.2 shows a histogram of the difference between the 1 m and 32 m potential

temperature measurements, based on data for the whole of 2003. This shows that

this case study considers stratifications which, although above average, are com-

monly observed at Halley. Indeed, the more strongly-stratified boundary layers are

arguably more interesting from a parameterization viewpoint. This is because the

high-stability limit is typically the most challenging for parameterization schemes
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(Mahrt, 1998). Thus, although the stratifications considered in this case study may

be above average in strength, improvements to parameterizations in this regime will

have a greater impact than those for the neutral regime.
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Figure 3.2: A histogram of stratification data for 2003, based on the difference between

the observed potential temperature at 1 m and 32 m mast levels (using one-hour averaged

data).

In addition to the advantages offered by an evening transition in terms of initial

temperature profiles, the clear trend in surface temperature over the nocturnal

period also simplified the surface forcings. Figure 3.1 shows that the surface tem-

perature (approximately indicated by the 1 m observations) cooled monotonically

over this same period.

The second reason for selecting this case study was that the profile mast ob-

servations and mean sea level pressure (MSLP) charts both indicated that the

geostrophic winds were relatively constant for the duration of the case study. This

simplified the geostrophic forcing of the models. Figure 3.3 displays a time series

of horizontal wind speed components from the instrumented mast. These showed

that the u-component of wind speed was moderate in strength (-7.5 ms−1), and rea-

sonably constant in magnitude over the period of the case-study. The v-component
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of wind speed fluctuated between -1 and +2 ms−1. The observed wind magnitude

for this case study was ∼7.6 ms−1. This was slightly weaker than both the October

2003 average (8.1 ms−1) and 2003 annual average (7.7 ms−1).
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Figure 3.3: Time series of the observed u32m and v32m for the spring case study.

u32m/v32m are plotted in red/blue respectively, with solid lines representing one-hour

means, and dashed lines one standard-deviation either side of this. One-hour means and

standard deviations were calculated from the raw data (themselves composed of 10-minute

averages).

Figure 3.4 displays a histogram of wind speed data from Halley for the whole of

2003. This demonstrates that the wind strengths considered in the spring case

study were typical of those observed at Halley. The combination of wind-speed

components which prevailed during this case study produced an easterly airflow

over Halley. The timeseries of wind observations display various small oscillations

which provide further challenges when attempting to model this boundary layer.

These wind direction observations were confirmed by mean sea level pressure charts

for 18 UTC, 29 October and 00 UTC, 30 October. Figure 3.5 displays these MSLP

charts, based upon ECMWF re-analyses data (British Atmospheric Data Centre,

2012). The approximate location of Halley Station on these charts is indicated
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Figure 3.4: A histogram of wind speed data for 2003, based on one-hour averaged obser-

vations at the 32 m mast level.

by a red cross on each. Low pressure systems are situated to the north-west and

north-east of Halley, with higher pressure lying to the south. These charts show

that the synoptic situation remained relatively unchanged over the six-hour period

of this case-study.

The time series of sodar profiles is shown in Figure 3.6. Although an uncalibrated

instrument, this data is useful for confirming the relatively constant turbulent pro-

files for the duration of this case study. The extra back-scatter recorded between

21 and 22 UTC is probably associated with the slight increase in wind-speed, and

shift in wind direction, which the wind profile observations indicated just prior to

this time. Figure 3.6 indicates the boundary layer remained approximately 60 m

deep throughout the period of the case study.

In addition to these practical reasons for selecting this case-study, evening transi-

tions are important phenomena whose dynamics remain incompletely understood

(Beare et al., 2006a). Since transitions feature a range of shears and stratifications,

they offer a good opportunity to assess the performance of stability functions. The

study of such a boundary-layer at Halley is thus an interesting challenge in itself.
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Figure 3.5: Charts of mean sea level pressure for (a) 18 UTC, 29 October 2003, and (b)

00 UTC, 30 October 2003. The approximate location of Halley Station is indicated by

a red cross on each chart, and experiences only weak synoptic forcing over the period of

this case-study.

British Atmospheric Data Centre (2012)

The bulk Richardson number provides a useful measure of stability when analysing

profile observations:

RiB =
g
θ

(
∆θ
∆z

)(
∆u
∆z

)2
+
(

∆v
∆z

)2 (3.1)

A value of zero for RiB indicates a neutral boundary layer, with negative/positive
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Figure 3.6: Time series of vertical turbulence profiles from the Halley sodar for the period

of the spring case study.

Adapted and re-drawn from British Antarctic Survey (2012c)

values identifying unstable/stable conditions. A time series of RiB for the period

of this case study is displayed in Figure 3.7, calculated using observations from the

1 m and 16 m mast levels. These data show stability was relatively constant up

to 22 UTC (RiB = 0.10 - 0.20), before steadily increasing to exceed RiB = 0.30 by

24 UTC.

Figures 3.8 and 3.9 display the corresponding time series for stratification and wind

shear, respectively. These quantities dictate the magnitude and sign of RiB. For

this case study, the increase in stability indicated by Figure 3.7 is strongly associ-

ated with the increased stratification over this period (Figure 3.8). This is linked

to the on-set of nocturnal conditions. The wind shear time series shows an increase

up until 20 UTC, when it becomes relatively constant in magnitude.
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Figure 3.7: Time series of bulk Richardson number for the spring case study (calculated

using the 1 m and 16 m mast level observations). The solid red line represents the one-

hour averaged mean; dashed grey lines indicate one standard deviation either side of this.

Means/standard deviations were calculated as for Figure 3.3.
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Figure 3.8: Time series of stratification for the spring case study (based on difference

in potential temperature between the 1 m and 16 m mast level observations). The solid

red line represents the one-hour averaged mean; dashed grey lines indicate one standard

deviation either side of this. Means/standard deviations were calculated as for Figure

3.3.
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Figure 3.9: Time series of wind shear for the spring case study (calculated using the

1 m and 16 m mast level observations). The solid red line represents the one-hour

averaged mean; dashed grey lines indicate one standard deviation either side of this.

Means/standard deviations were calculated as for Figure 3.3.
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3.2 Winter case study

The first case study considered the stable boundary layer just after an evening tran-

sition. As was discussed in Section 1.3, however, one of the attractions of studying

the SBL at Halley is the absence of a diurnal cycle in insolation for part of the

winter. This absence acts to support the formation of more stable, longer-lasting

SBLs than are typically found in the mid-latitudes (King and Anderson, 1988).

In the second case study, a period from the austral winter (23 May, 2003, when

diurnal forcing was absent) was considered.

The observed potential temperature profiles over the period of this case study

(00-06 UTC) are plotted in Figure 3.10. There is perhaps a surprising degree of

variability in the difference between the 1 m and 32 m observation over this pe-

riod, given the absence of any diurnal forcing. At 00 UTC, the difference between

these mast levels was ∼2.0 K, whilst by 06 UTC this had increased to ∼10 K. This

range of temperature differences contained both the May 2003 mean (3.5 K), and

the 2003 annual mean (3.6 K). The strengthening of the surface inversion can, at

least partially, be attributed to the reduction in wind speed which occurred over

the period of this case study. Figure 3.2 shows that, as with the spring case study,

this case study considers stratifications which are commonly observed at Halley.

Associated with the change in inversion strength over this period, the surface tem-

perature (as indicated by the 1 m observations) also cooled strongly (by ∼7 K)

over six hours.

As with the first case study, wind profile time series were also available from the

instrumented mast. These showed that the u-component of wind speed at the 32 m

mast level was reasonably constant for the first three hours of the period (Figure

3.11). Beyond this time, the magnitude of u decreased from -8 ms−1, reaching

-2 ms−1 by 06 UTC. In contrast, the v-component of wind speed varied over the

entire period of the case-study. At 00 UTC, v was measured as -0.5 ms−1: six
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Figure 3.10: Time series of observations of θ at different heights for the period of the

winter case-study.

hours later this had increased to 5 ms−1. By the end of the case-study (06 UTC),

the u and v components of wind-speed had decreased and increased in magnitude

respectively, compared to their initial values. The observed wind magnitude for

this case study was ∼8.0 ms−1. This was slightly stronger than the 2003 annual

average (7.7 ms−1). Figure 3.4 demontrates that, as with the spring case study,

the wind strengths considered in the winter case study are regularly experienced

at Halley.

The variability in wind speeds and temperature profile structure can be partly ex-

plained by the synoptic forcing over this period. Figure 3.12 shows a time series of

MSLP charts for this period. The approximate position of Halley is indicated with

a red cross on each of these charts. In both the 00 UTC and 06 UTC plots, a devel-

oping low-pressure system was centred to the north-east of Halley. This depression

evolved over the period, with the isobars in the area around Halley tightening over

this time. This synoptic development will exert an influence on the geostrophic

forcings during this case-study. The mast observations, however, indicate that the

wind forcings were at least reasonably constant between 00 and 03 UTC.
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Figure 3.11: Time series of the observed u32m and v32m for the winter case study.

u32m/v32m are plotted in red/blue respectively, with solid lines representing one-hour

means, and dashed lines one standard-deviation either side of this. Means/standard

deviations were calculated as for Figure 3.3.

This conclusion is reinforced by the turbulent profile time series from the sodar

(Figure 3.13): the boundary layer appears in a quasi-steady state up to 04 UTC

(∼80 m), when the change in wind forcing leads to a slightly shallower boundary

layer (∼60 m). As with the spring case study, the timeseries of wind observations

show various oscillations which pose further challenges when attempting to model

this boundary layer.

Time series of RiB, stratification, and wind shear are displayed in Figures 3.14,

3.15 and 3.16 respectively. Figure 3.14 shows that the stability increased over the

period of this case study, rising rapidly from ∼0.05 at 00 UTC to reach ∼0.45 by

06 UTC.

Figure 3.15 shows that this increase in stability was again associated with an in-

crease in the degree of stratification. The difference between the potential tem-

perature at the 1 m and 16 m levels changed from 1 K at 00 UTC to over 8 K

by 06 UTC. This stratification was slightly greater than in the spring case study,
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Figure 3.12: Charts of mean sea level pressure for (a) 00 UTC, and (b) 06 UTC, 23 May

2003. The approximate location of Halley Station is indicated by a red cross on each

chart. This time series indicates that Halley is influenced by a developing depression

to the north-east over the period of this case-study, with its associated impact upon the

geostrophic forcing over Halley.

British Atmospheric Data Centre (2012)

where the maximum difference observed between these levels was ∼7 K. Wind shear

remained reasonably constant over the entire six hour period (Figure 3.16).
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Figure 3.13: Time series of vertical turbulence profiles from the Halley sodar for the

period of the winter case study.

Adapted and re-drawn from British Antarctic Survey (2012c)
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Figure 3.14: Time series of bulk Richardson number for the winter case study (calculated

using the 1 m and 16 m mast level observations). The solid red line represents the one-

hour averaged mean; dashed grey lines indicate one standard deviation either side of this.

Means/standard deviations were calculated as for Figure 3.3.
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Figure 3.15: Time series of stratification for the winter case study (based on difference

in potential temperature between the 1 m and 16 m mast level observations). The solid

red line represents the one-hour averaged mean; dashed grey lines indicate one standard

deviation either side of this. Means/standard deviations were calculated as for Figure

3.3.
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Figure 3.16: Time series of wind shear for the winter case study (calculated using the

1 m and 16 m mast level observations). The solid red line represents the one-hour

averaged mean; dashed grey lines indicate one standard deviation either side of this.

Means/standard deviations were calculated as for Figure 3.3.
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3.3 Scientific utility of the chosen case studies

In this thesis, two case studies are considered from the Halley dataset. Each of

these cases offered the opportunity to explore the Antarctic stable boundary layer

under different forcings. These are summarised below.

The first case study was observed during the austral spring. At this time of year,

there was some diurnal cycle in insolation. The model was initialised just after

onset of the evening transition, since this simplified the model initialisation. The

diurnal cycle produced a clear variation in surface temperature, which resulted

in an increase in the degree of stratification over time. There was little synoptic

forcing during the first case study, and the wind forcings were therefore relatively

constant over the period of interest. The first case study thus presented the oppor-

tunity to model a stable boundary layer with reasonably constant wind forcings,

and variable stratification.

In contrast to the first case study, the second case study occured during the Antarc-

tic winter. At this time of year, an insolation cycle was entirely absent. This case

involved the development of slightly greater stratification than in the spring-time

case study. In addition, Halley was subject to more significant synoptic forcings

during the second case study that the first. This presented the additional challenge

of more variable wind forcings.



Chapter 4

Control simulations and vertical

mixing

Section 2.6 has outlined the strategy developed by, and employed in, this thesis for

using observations to validate numerical model results. To summarise this strategy,

the observations were first used to initialise an LES control-run. The aim of this

control-run was to establish the correct initialisation and forcings prior to conduct-

ing further model runs and sensitivity tests. It also provided a robust method of

obtaining initial profiles above the height of the instrumented mast. Chapter 3

introduced two case studies which will be investigated using this methodology. In

this chapter, the results from the LES and SCM are presented for the spring and

winter case studies.

4.1 LES control results

In the following section, the LES control runs are presented for both case studies.

The purpose of these control runs was to establish the correct initialisation and

forcings, and provide a benchmark to compare the results of further sensitivity

tests against.

96
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Model domain: (208 x 208 x 200)

(horizontal x horizontal x vertical)

[m x m x m]

Vertical grid length [m] 1.75

Horizontal grid length [m] 3.25

Surface forcing Prescribed surface temperature time-series

θref [K] 255.3

Wind speed initialisation Constant geostrophic wind with height

(zero at the surface)

Geostrophic wind: ug, vg [ms−1] -7.5, -1.5

Roughness length [m] 1.1×10−4

von Karman constant 0.4

Gravitational acceleration [ms−1] 9.81

Coriolis parameter [s−1] -1.408×10−4

Table 4.1: Details of LES control run for the spring case study (r2050).

4.1.1 Spring case study

In this section, the results from the LES control-run for the spring case study

(r2050) are presented. The details of this model run are summarised in Table 4.1,

and explained further below.

Stable boundary layer simulations are very sensitive to the choice of initial condi-

tions, and appropriate attention must consequently be given to any initialisation

procedure. The model’s initial potential temperature profile is displayed in Figure

4.1. To stimulate turbulence, this profile was subjected to random perturbations

up to a height of 50 m (see Mason and Derbyshire, 1990). This initial temperature

profile was established in the following way. By 18 UTC, a well-defined, linear

surface-inversion was evident in the profile mast observations. These observations

were used to calculate the surface lapse-rate, and this lapse-rate was used to extend
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the inversion up to the top of the boundary layer. The boundary-layer depth was

established using sodar observations. In the absence of any temperature observa-

tions above the boundary-layer top, an isothermal lapse-rate was used thereafter.

This approach had some similarities to that used by Kosovic and Curry (2000),

who used an idealised initial temperature profile which evolved into the observed

profile. The cases considered in this thesis were, however, far more strongly linked

to observational data. The LES was forced using a prescribed surface tempera-

ture time-series (Figure 4.2). This time-series was established by extrapolating the

temperature profile from the instrumented mast down to the surface.

250 252 254 256 258 260 262
0

20

40

60

80

100

120

140

160

180

200

θ[K]

H
e
ig
h
t
[m

]

Figure 4.1: Initial potential temperature profile for spring case study. The model profile is

indicated by the blue line. The red square markers show the observed, one-hour averaged,

potential temperature. Circular markers indicate one standard deviation either side of

this mean. The boundary-layer depth (derived using the sodar data) is overplotted with

the grey dashed line; one standard-deviation either side of this mean is indicated by two

dotted grey lines.

The mast observations were also used to determine the geostrophic wind applied

in the model. This data led to a value for ug of -7.5 ms−1 being selected. The

choice of vg was a more difficult decision, given the significant variability present

in the observations at even the 32 m level (Figure 3.3). However, after a number
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Figure 4.2: A time-series of the prescribed model surface temperature for the spring case

study.

of sensitivity tests, a value of -1.5 ms−1 was chosen. These initial wind profiles

were independent of height. These values for the geostrophic wind speed were held

constant for the duration of the case study.

Applying the correct roughness length in a numerical model is an important consid-

eration. Careful prescription of roughness length allows turbulence to be accurately

generated by shear, and, in turn, realistic boundary-layer profiles produced. Con-

sequently, the well-established value for Halley (1.1×10−4 m, King 1990) was used

here.

Figure 4.3 shows the wind profiles produced by the LES at 22 UTC, four hours

after initialisation. The sodar-derived boundary-layer depth is also over-plotted. It

is apparent from Figure 4.3 that very close agreement between the LES control-run

and observations has been achieved. The profile for the v-component very closely

matches the observed profile. The LES may, however, be slightly underestimating

the strength of the jet maximum in the u-component of wind speed. This prob-

lem may be attributed to small errors in the wind forcing and the possible impact

of phenomena such as gravity waves, as well as limitations in the model. Disen-
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tangling these possibilities is difficult to achieve, however. It is also unclear from

the observed profile whether the model has placed this jet at precisely the correct

height. The observations are unable to definitively confirm the jet height, since

they only extend to 32 m. Overall, however, the agreement between model and ob-

servations is excellent. It should also be remembered that the relative shallowness

of high-latitude boundary layers has allowed a greater proportion of the boundary

layer to be profiled here than would be possible at a mid-latitude location with a

mast of such size.
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Figure 4.3: Profiles of horizontal wind speed components from the LES control run and

observations four hours after initialisation. u/v wind components from the LES are dis-

played by the red/blue lines respectively. The red/blue square markers show the observed,

one-hour averaged, mean wind components, u/v. Circular markers indicate one standard

deviation either side of this mean. The boundary-layer depth (derived using the sodar

data) is overplotted with the grey dashed line; one standard-deviation either side of this

mean is indicated by two dotted grey lines.

When the model results and sodar observations are compared, the LES also appears

to predict a slightly shallower boundary-layer depth. This may, however, be partly

attributed to the method by which the sodar calculates this boundary-layer depth.

This is defined as the height at which the backscattered sodar signal drops to 70 %
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of its near-surface value. In shallow boundary layers, 70 % may lead to systematic

over-estimate of boundary-layer depth. Also, since sodar primarily detects small-

scale temperature variations, the sodar normally identifies the top of the inversion

layer. Generally, this height is different to the height of a boundary-layer depth

defined in terms of turbulent profiles (Neff, 1980).

The potential temperature profiles for this model run are shown in Figure 4.4. The

form of the surface inversion at Halley was frequently non-linear. Figure 4.5 graph-

ically illustrates the definitions used in this thesis when discussing the phenomenon

of potential temperature curvature. Given these definitions, the observed profile

in Figure 4.4 displays a marked positive curvature between 5 and 40 m above the

surface. In contrast, the LES profile is both too linear and shows a surface inversion

which is weaker than that which was observed.
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Figure 4.4: Profile of potential temperature from the LES control run and observations

four hours after initialisation. The blue line indicates the profile from the LES. The one-

hour averaged, observed mean is plotted using square red markers; circular red markers

indicate one standard deviation either side of this mean. The boundary-layer depth (de-

rived using the sodar data) is overplotted with the grey dashed line; one standard-deviation

either side of this mean is indicated by two dotted grey lines.

Figure 4.6 displays the corresponding
√

(momentum flux) profiles for this case.
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Figure 4.5: Illustration of definitions for potential temperature profile curvature used in

this thesis. Three profiles are plotted: a linear profile (grey dashed); a negatively-curved

profile (blue dashed); and a positively-curved profile (red dashed).

Observation type u v θ u∗ w′θ′

Coefficient of 0.0906 0.00112 0.00141 0.412 1.16

variation

Table 4.2: Coefficients of variation (ratio of standard deviation to mean) for observations

from the spring case study. Results are based on observations from 16 m mast level.

It should be noted that, even after averaging, flux observations do tend to be

more time-variable than mean observations (such as wind speed). This is demon-

strated by Table 4.2, which shows the coefficients of variation for the observations

from the spring case study. Despite this variability, close agreement has still been

achieved between the LES and observed profiles. Howevever, the LES has slightly

over-estimated the surface friction velocity (∼0.11 ms−1) compared to the observed

value (∼0.08 ms−1).

Finally, the heat flux profiles are shown in Figure 4.7. Heat flux profiles are the

most time-variable measurement considered in this thesis (see Table 4.2). Both
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Figure 4.6: Profile of
√

(momentum flux) from the LES control run and observations four

hours after initialisation. The blue line indicates the profile from the LES. The one-hour

averaged, observed mean is plotted using square red markers; circular red markers indicate

one standard deviation either side of this mean. The boundary-layer depth (derived using

the sodar data) is overplotted with the grey dashed line; one standard-deviation either

side of this mean is indicated by two dotted grey lines.

the observed and modelled data show typical profiles for heat flux in the stable

boundary layer: a negative value at the surface, declining approximately linearly

to zero at the top of the boundary layer. However, the surface heat flux seems to

be under-estimated by the LES compared to the observations (-5.5x10−3 K.ms−1

as compared to -8.2x10−3 K.ms−1). In addition, the vertical gradient of heat flux

from the LES is noticeably smaller than that in the observations. This is associated

with the differences in the lapse-rate in potential temperature noted in Figure 4.4.

There is also some evidence from this plot that the LES is over-estimating the

boundary-layer depth, compared to the heat flux observations. As previously com-

mented, in the classical stable boundary layer the heat flux declines to zero at the

boundary layer top (Stull, 1988). The observed heat flux profile indicates that the

heat flux is approximately zero at 32 m. In contrast, the LES only approaches this

point at ∼45 m.
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Figure 4.7: Profile of heat flux from the LES control run and observations four hours after

initialisation. The blue line indicates the profile from the LES. The one-hour averaged,

observed mean is plotted using square red markers; circular red markers indicate one

standard deviation either side of this mean. The boundary-layer depth (derived using the

sodar data) is overplotted with the grey dashed line; one standard-deviation either side of

this mean is indicated by two dotted grey lines.

For this model run, more than 70% of the heat flux in the interior of the flow was

explicitly resolved. Naturally, this proportion is resolution-dependent, with the

results becoming more reliant on the sub-grid model at coarser resolutions. The

sensitivity of the LES results to resolution will be extensively explored in Chapter 6.

Overall, this LES control run has achieved considerable success at modelling mean

profiles against observations and reasonable success with turbulent profiles, whilst

using initialisations and forcings which are fully justified by the observational data.

This gives confidence in using these initialisations and forcings in future model runs,

and provides a solid control run which can be used as a reference when discussing

the results from sensitivity tests.
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4.1.2 Winter case study

As with the spring case study (Section 4.1.1), the LES was used to first establish

the correct initial profiles and forcings for the winter case study, before further sen-

sitivity tests were conducted. The control run for this case study will be referred

to in the text as r2020. The initial potential temperature profile employed was

calculated in the same way as in the spring case study, and is displayed in Figure

4.8. The model set-up employed is detailed in Table 4.3, and was also similar to

that used for the spring case study. The LES was forced using a prescribed surface

temperature time-series (Figure 4.9), established by extrapolating the temperature

profile from the instrumented mast down to the surface.

One of the challenges in modelling this case study was the variability in the wind

forcings over the period. The source of this variability was largely attributed to

the developing synoptic situation during the case study. Despite this complication,

however, the mast observations indicated that the wind strength was reasonably

constant for the period between 00 and 03 UTC. u32m was approximately -8 ms−1

throughout this period. In contrast, v32m exhibited much more variability: steadily

increasing from -0.5 ms−1 to +2 ms−1 between 00 and 02 UTC. As with the spring

case study, a number of sensitivity tests were conducted to establish the geostrophic

winds which were applied. Values of -8.0 and 0.5 ms−1 were selected for ug and vg,

respectively. These initial wind profiles were independent of height. These values

for the geostrophic wind speed were held constant for the duration of the case study.

Given that the observed wind strength varied during the case study, Figure 4.10

displays the observed and modelled wind profiles from both 03 and 04 UTC. Both

these modelled profiles achieved reasonable agreement with the observations. The

03 UTC predictions are, however, a noticeably closer fit. The LES u-component

profile simulated the correct strength of wind shear close to the surface, although

less favourable agreement was achieved with the 32 m observation.
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Model domain: (208 x 208 x 200)

(horizontal x horizontal x vertical)

[m x m x m]

Vertical grid length [m] 1.75

Horizontal grid length [m] 3.25

Surface forcing Prescribed surface temperature time-series

θref [K] 249.5

Wind speed initialisation Constant geostrophic wind with height

(zero at the surface)

Geostrophic wind: ug, vg [ms−1] -8.0, 0.5

Roughness length [m] 1.1×10−4

von Karman constant 0.4

Gravitational acceleration [ms−1] 9.81

Coriolis parameter [s−1] -1.408×10−4

Table 4.3: Details of LES control run for the winter case study (r2020).



CHAPTER 4. CONTROL SIMULATIONS AND VERTICAL MIXING 107

242 244 246 248 250 252 254
0

20

40

60

80

100

120

140

160

180

200

θ[K]

H
e
ig
h
t
[m

]

Figure 4.8: Initial potential temperature profile for winter case study. The model profile is

indicated by the blue line. The red square markers show the observed, one-hour averaged,

potential temperature. Circular markers indicate one standard deviation either side of

this mean. The boundary-layer depth (derived using the sodar data) is overplotted with

the grey dashed line; one standard-deviation either side of this mean is indicated by two

dotted grey lines.
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Figure 4.9: A time-series of the prescribed model surface temperature for the winter case

study.
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Figure 4.10: Profiles of horizontal wind speed components from the LES control run and

observations (a) three and, (b) four hours after initialisation. u/v wind components from

the LES are displayed by the red/blue lines respectively. The red/blue square markers show

the observed, one-hour averaged, mean wind components, u/v. Circular markers indicate

one standard deviation either side of this mean. The boundary-layer depth (derived using

the sodar data) is overplotted with the grey dashed line; one standard-deviation either

side of this mean is indicated by two dotted grey lines.
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As shown by Figure 4.10a, the LES under-estimated the v-component of wind speed

by ∼0.5 ms−1. The height at which this wind speed maximum occurs is, however,

approximately correct. This discrepancy between model and observations may be

attributed to the changes in v between 00 UTC (when the model was initialised),

and 03 UTC. Between 00 and 02 UTC, the observation from 32 m for v increased

at a rate of ∼1 ms−1/hr. By 03 UTC, this observation had reached a strength of

+2 ms−1. If such a forcing had been applied in the LES, it would have resulted

in a stronger wind speed maximum, and closer agreement with the observed profile.

Figure 4.10b displays the wind profiles from 04 UTC. By this time, the observed

32 m wind speed components had drifted further from those which were used to

force the model. This is evident when the observed 32 m u-component is consid-

ered: between 03 and 04 UTC this measurement declined in strength by 2 ms−1.

In the model, the wind forcings remained constant for the entire run. This ex-

plains the relatively-poor agreement with the observations than was achieved at

03 UTC. This weakening in the wind strength prompted a corresponding reduction

in the boundary-layer depth, as indicated by the sodar observations in Figure 4.10.

Whilst at 03 UTC, a depth of 78 m was observed, this had reduced to 62 m by

04 UTC.

The change in the observed wind forcing - which was not reflected in the model

- also impacted upon the potential temperature profiles. The 03 UTC profiles

(Figure 4.11a) achieved close agreement with the observed profile, other than for

the lowest 8 m. The lowest part of the profile lies within the surface layer, which

is particularly challenging to simulate. The overall profile is in very close agree-

ment with the observations. In contrast the observed profiles from 04 UTC (Figure

4.11b) indicate the formation of a stronger surface inversion. This is explained

by the reduction in the observed wind strength at this time, and the associated

reduction in downward turbulent mixing of heat. Numerical models generally have

greater difficulty in simulating SBL with increasing stratification (Mahrt, 1998).
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Figure 4.11: Potential temperature profiles from the LES control run and observations (a)

three and, (b) four hours after initialisation. The blue line indicates the profile from the

LES. The one-hour averaged, observed mean is plotted using square red markers; circular

red markers indicate one standard deviation either side of this mean. The boundary-

layer depth (derived using the sodar data) is overplotted with the grey dashed line; one

standard-deviation either side of this mean is indicated by two dotted grey lines.

Wind strength exerts a crucial influence on the turbulent flux profiles. Due to the
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Observation type u v θ u∗ w′θ′

Coefficient of 0.200 0.175 0.00193 0.239 1.51

variation

Table 4.4: Coefficients of variation (ratio of standard deviation to mean) for observations

from the winter case study. Results are based on observations from 16 m mast level.

discrepancy which developed in the wind forcing between 03 and 04 UTC, flux

profiles are only shown in Figure 4.12 from 03 UTC. As with the results from the

spring case study, the flux observations exhibited more time-variability than mean

variables (Table 4.4). Figure 4.12a shows that the model slightly under-estimated

the surface value of
√

(momentum flux). The LES suggests this to be ∼0.1 ms−1,

whilst the observations instead indicate ∼0.11 ms−1. In addition, the vertical flux-

gradient was much stronger in the LES, and the boundary-layer shallower than in

the observed profiles.

Similar issues existed with the heat-flux profiles (Figure 4.12b). The surface heat-

flux in the LES was approximately -7.5x10−3 K.ms−1, whilst the observations

showed this to be closer to -8.5x10−3 K.ms−1. As with the
√

(momentum flux)

profiles, the LES produced too strong a vertical flux-gradient, combined with an

overly-shallow boundary-layer depth. The large time-variability of heat flux obser-

vations must be remembered, however, when considering these results (Table 4.4).
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Figure 4.12: Profiles of (a)
√

(momentum), and (b) heat fluxes from the LES control

run and observations three hours after initialisation. The blue lines indicate the profiles

from the LES. The one-hour averaged, observed mean is plotted using square red mark-

ers; circular red markers indicate one standard deviation either side of this mean. The

boundary-layer depth (derived using the sodar data) is overplotted with the grey dashed

line; one standard-deviation either side of this mean is indicated by two dotted grey lines.

4.2 Stability function sensitivity tests

Section 1.4 described the difficulties involved in parameterizing turbulence in weather

and climate models. In most such models, this issue largely hinges upon the for-
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mulation of the stability functions used. This choice of stability function is not

straightforward, however, with a number of variants having been proposed. In

Section 4.1 the LES and observations were used to establish and test the initial

profiles and model forcings for each case study. In the following section, four sta-

bility function formulations (termed cut-off, sharp, Louis, and long) are tested in

the SCM against the observations for each case-study. These stability functions

are defined by (1.6) - (1.9), respectively.

4.2.1 Spring case study

For the following stability function sensitivity tests, the SCM was initialised and

forced as for the LES control (r2050). The details of the model set-up for this

sensitivity test are specified in Table 4.5.

The wind profile results from four hours after the initialisation are presented in

Figure 4.13. All configurations of the model struggled to some degree to reproduce

the observed wind profiles. The longer-tailed functions are designed to produce en-

hanced turbulent mixing at higher stabilities, thereby producing deeper boundary

layers. The sharp and cut-off stability functions performed best against the ob-

served profiles. Against the u-component observations, neither the cut-off nor the

sharp tails produced strong enough near-surface wind shear, and the wind speed

maximum in each occured at a greater height than where the observations indi-

cated it was likely located. In the v-component, the sharp tails produce the profile

which is closest to the maximum observed wind speed. However, both the sharp

and cut-off tails spread this jet over an excessively deep layer.

Figure 4.14 displays the effect of this variation in degree of mixing produced by

the different stability functions on the potential temperature profiles. The range

of curvatures present in the temperature profiles is also noteworthy. Although the

cut-off and sharp tailed functions both simulated shallower boundary layers than
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Vertical domain [m] 200

Vertical grid length [m] 1

Surface forcing Prescribed surface temperature time-series

θref [K] 255.3

Wind speed initialisation Constant geostrophic wind with height

(zero at the surface)

Geostrophic wind: ug, vg [ms−1] -7.5, -1.5

Stability functions tested Cut-off, sharp, Louis, long

Roughness length [m] 1.1×10−4

von Karman constant 0.4

Gravitational acceleration [ms−1] 9.81

Coriolis parameter [s−1] -1.408×10−4

Table 4.5: Details of SCM runs used in the stability function sensitivity tests for the

spring case study.

the longer-tailed schemes, their temperature profiles curved negatively. This is in

the opposite sense to the observations. In contrast, the long and Louis schemes

produce curvature in the same sense as the observations, but the greater degree

of mixing that these schemes stimulated also resulted in an overly-deep boundary

layer. The consequence of this is that the overall agreement with the potential tem-

perature observations was poorer for the long/Louis tails than the cut-off/sharp

schemes. None of the four functions trialled here succeeded in producing a surface

inversion which was as strong as was observed.

The
√

(momentum flux) profiles for this sensitivity test are plotted in Figure 4.15.

All four stability function schemes make a large over-estimate of the surface value

of
√

(momentum flux). The cut-off tails produce a surface
√

(momentum flux) of

0.13 ms−1, whilst the long tails predicted a value of 0.14 ms−1. The observed value

was ∼0.08 ms−1. In general, the trend was for the longer-tailed schemes to predict a
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Figure 4.13: Horizontal wind speed component profiles for the SCM stability function

sensitivity tests, four hours after initialisation. Results are plotted from the SCM using

cut-off (red), sharp (magenta), Louis (cyan) and long (blue) lines. u-components are plot-

ted with solid lines, v-components using dashed lines. The red/blue square markers show

the observed, one-hour averaged, mean wind components, u/v; circular markers indicate

one standard deviation either side of this mean. The boundary-layer depth (derived using

the sodar data) is overplotted with the grey dashed line; one standard-deviation either

side of this mean is indicated by two dotted grey lines.

larger surface
√

(momentum flux) and a smaller vertical gradient in
√

(momentum

flux). Both of these can be attributed to the enhanced mixing inherent with longer-

tailed schemes. Although the difference in surface values between the cut-off model

results and observations was quite large, this discrepancy was much smaller above

the surface. For example, the difference at 32 m between the cut-off tail results

and observations was only ∼0.02 ms−1. In contrast, the discrepancy between the

long tails results and observations at the same height was 0.06 ms−1.

Figure 4.16 shows the heat flux profiles for the same time. Figure 4.16 indicates

a similar picture to Figure 4.15: namely that longer tails result in larger sur-

face flux values and deeper boundary layers. In the case of heat flux profiles, the

cut-off tails produced a surface value which was very close to the observed value
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Figure 4.14: Potential temperature profiles for the SCM stability function sensitivity tests,

four hours after initialisation. Results are plotted from the SCM using cut-off (red), sharp

(magenta), Louis (cyan) and long (blue) lines. The red square markers show the one-

hour averaged observations; circular markers indicate one standard deviation either side

of this mean. The boundary-layer depth (derived using the sodar data) is overplotted with

the grey dashed line; one standard-deviation either side of this mean is indicated by two

dotted grey lines.

(-9x10−3 K.ms−1). In contrast the long tails version of the model predicted a sur-

face value of -1.6x10−2 K.ms−1. However, even the cut-off tails scheme struggled

to generate a sufficiently strong heat flux gradient with height.

Figure 4.17 shows a time-series of boundary-layer depths from the four configura-

tions of the SCM. The sodar observations of boundary-layer depth are also plotted

for reference, as are the results from the LES control. Note that the first hour of

results have been omitted to remove the post-initialisation adjustment phase. The

definition of boundary-layer depth used with the model results was the height at

which the
√

(momentum flux) dropped to 5% of its surface value, divided by a

scaling-factor of 0.95. This is the same method used by Kosovic and Curry (2000).

As has been previously described, the sodar defined the top of the boundary layer

as the point at which the backscattered sodar signal dropped to 70% of its surface
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Figure 4.15:
√

(momentum flux) profiles for the SCM stability function sensitivity tests,

four hours after initialisation. Results are plotted from the SCM using cut-off (red),

sharp (magenta), Louis (cyan) and long (blue) lines. The red square markers show the

one-hour averaged observations; circular markers indicate one standard deviation either

side of this mean. The boundary-layer depth (derived using the sodar data) is overplotted

with the grey dashed line; one standard-deviation either side of this mean is indicated by

two dotted grey lines.

value. This height was strongly dependent on temperature structure, and this dif-

ference in definitions of boundary-layer depth means that the two datasets are not

directly comparable. It is still included, however, as a useful reference in the ab-

sence of any direct observations from above 32 m (the top level of the instrumented

mast).

Also plotted on Figure 4.17 is a definition for boundary-layer depth first derived

by Zilitinkevich (1972):

h = γ

√
u∗L

f0

(4.1)

where L is the Obukhov length, defined thus:
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Figure 4.16: Heat flux profiles for the SCM stability function sensitivity tests, four hours

after initialisation. Results are plotted from the SCM using cut-off (red), sharp (ma-

genta), Louis (cyan) and long (blue) lines. The red square markers show the one-hour

averaged observations; circular markers indicate one standard deviation either side of

this mean. The boundary-layer depth (derived using the sodar data) is overplotted with

the grey dashed line; one standard-deviation either side of this mean is indicated by two

dotted grey lines.

L =
−θu3

∗

kg
(
w′θ′0

) (4.2)

and u∗ is the friction velocity:

u2
∗ =

(
u′w′0

2
+ v′w′0

2
)0.5

(4.3)

In (4.1), γ is a constant of proportionality. There is some discussion regarding the

value γ should assume. Businger and Arya (1975) suggested a value of 0.72, whilst

Nieuwstadt (1981) favoured 0.4. This range of values is indicative of the difficulty

in diagnosing the depth of the SBL. Accordingly, results using both of these values

are displayed in Figure 4.17. (4.1) is defined in terms of quantities measured by

the instrumented mast, and provides a second measure of boundary-layer depth

based on observations. These definitions yield boundary-layer depths of 10-20 m
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Figure 4.17: Boundary-layer depth time-series from the stability function sensitivity tests.

Boundary-layer depths were diagnosed from the model results by the height at which

the momentum flux drops to 5% of its surface value, divided by 0.95. Results from

the cut-off (red), sharp(magenta), Louis (cyan) and long (blue) configurations of the

SCM are plotted, along with the LES control results (dark green). Boundary-layer depth

observations from the sodar (grey solid line), and the predictions of Nieuwstadt 1981 (grey

solid line) and Businger and Arya 1975 (grey dashed line) are also plotted for comparison.

(Nieuwstadt, 1981) and 20-40 m (Businger and Arya, 1975) for this case study.

When the observed mean and turbulent profiles are considered, both these values

appear systematic under-estimates, with the sodar providing a more reasonable

estimate.

The reason for this under-estimate is probably linked to the size of u∗. The value

used in (4.1) was based on the measurement from the lowest level of the instru-

mented mast (4 m). For the spring case study this was ∼0.07 ms−1. The method of

Nieuwstadt (1981) provided a more reasonable estimate for boundary-layer depth

in the winter case study. The heat fluxes were of similar magnitude for the spring

and winter case studies, although u∗ was significantly larger during the latter (0.08-
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0.15 ms−1).

The sodar time-series indicates that the boundary-layer depth remained remark-

ably constant over the period of the case-study (∼60 m). Figure 4.13 shows the

sodar’s boundary-layer depth lay close to that simulated by the sharp and cut-off

tails configurations of the SCM. Both the Louis and long tails produced a signifi-

cant over-estimate in the height of the boundary layer. All four tails configurations

produced a deeper boundary layer than the LES control run.

The data contained in Figure 4.13 serves to strengthen the conclusions which the

profile results (Figures 4.13 - 4.16) indicated - namely that the longer tails produce

excessive mixing, exerting a detrimental impact on profile structure and resulting

in an overly-deep boundary layer.

4.2.2 Winter case study

In the following section, the sensitivity of the SCM simulations to stability function

choice was assessed for the winter case study. The model was set up as specified in

Table 4.6. This set-up was similar to that used in the stability function sensitivity

tests for the spring case study (Section 4.2.1). The model initialisation and forcings

were based on those of the LES control run.

As has been discussed in Section 1.4, longer-tailed stability functions support more

mixing at higher stabilities and result in the formation of deeper boundary lay-

ers. This is apparent in Figure 4.18, which shows the wind profiles from the SCM,

using the four formulations of stability functions (cut-off, sharp, Louis and long;

see Section 1.4). In addition to the trends in degree of turbulent mixing and

boundary-layer depth, longer-tailed functions also produced smaller near-surface

shear-strengths and weaker wind speed maxima. Of all of the stability functions

tested here, the cut-off functions produced the best performance. However, even
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Vertical domain [m] 200

Vertical grid length [m] 1

Surface forcing Prescribed surface temperature time-series

θref [K] 249.5

Wind speed initialisation Constant geostrophic wind with height

(zero at the surface)

Geostrophic wind: ug, vg [ms−1] -8.0, 0.5

Stability functions tested Cut-off, sharp, Louis, long

Roughness length [m] 1.1×10−4

von Karman constant 0.4

Gravitational acceleration [ms−1] 9.81

Coriolis parameter [s−1] -1.408×10−4

Table 4.6: Details of SCM runs used in the stability function sensitivity tests for the

winter case study.

this run generated weaker wind shear and deeper mixing compared to the observed

profiles. For example, in the v-component of wind speed the maximum wind speed

in the model was at 20 m, whilst the observations indicated this occurred between

8 and 16 m.

The curvature present in the observed temperature profile during this case study

has already been discussed. The surface inversion profiled by these observations

was also very strong: a difference of 6 K was measured between the 1 m and

32 m observations. Figure 4.19 shows that the long, Louis and sharp tail runs all

predicted a much weaker inversion than that which was observed. The closest pre-

diction again came from the cut-off tail run, which predicted a 32 m temperature

which was 1.5 K less than the corresponding mast observation. The boundary-

layer depth from this run, however, was much closer to that indicated by the mast

profiles.
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Figure 4.18: Horizontal wind speed component profiles for the SCM stability function

sensitivity tests, four hours after initialisation. Results are plotted from the SCM using

cut-off (red), sharp (magenta), Louis (cyan) and long (blue) lines. u-components are plot-

ted with solid lines, v-components using dashed lines. The red/blue square markers show

the observed, one-hour averaged, mean wind components, u/v; circular markers indicate

one standard deviation either side of this mean. The boundary-layer depth (derived using

the sodar data) is overplotted with the grey dashed line; one standard-deviation either

side of this mean is indicated by two dotted grey lines.

Interestingly, the long, Louis and sharp tail runs all displayed positive curvature.

This was in the same sense as the observations. The extra mixing in these runs,

however, had the effect of deepening the boundary layer detrimentally. Although

the temperature profile from the cut-off run was excessively linear, the shallower

boundary-layer produced by this run resulted in closer overall agreement with the

observed profile.

The
√

(momentum flux) and heat flux profiles are displayed in Figure 4.20. The

trend indicated by these profiles is for longer-tailed runs to produce larger surface

flux values. This is consistent with the results from the spring case study. The

observed surface
√

(momentum flux) value, three hours after initialisation, was
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Figure 4.19: Potential temperature profiles for the SCM stability function sensitivity tests,

four hours after initialisation. Results are plotted from the SCM using cut-off (red), sharp

(magenta), Louis (cyan) and long (blue) lines. The red square markers show the one-

hour averaged observations; circular markers indicate one standard deviation either side

of this mean. The boundary-layer depth (derived using the sodar data) is overplotted with

the grey dashed line; one standard-deviation either side of this mean is indicated by two

dotted grey lines.

0.11 ms−1. Both the cut-off and sharp tail runs predicted a value very close to this.

The cut-off run predicted a surface heat flux value of -1x10−2 K.ms−1. This was

again very close to the observed value. In this case, the sharp run prediction

(-1.375x10−2 K.ms−1) was rather different to the cut-off run value. Both the√
(momentum flux) and heat flux gradients, however, were stronger than the ob-

served profiles suggested. This issue was particularly evident in the
√

(momentum

flux) results.

A time-series of boundary-layer depths from these model runs, mast observations

(4.1), and sodar are plotted in Figure 4.21. The results from the LES control are

also shown. Note that as for the spring case study, the first hour of results have

been omitted to remove the post-initialisation adjustment phase. The sodar obser-
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Figure 4.20: Profiles of (a)
√

(momentum), and (b) heat fluxes from the SCM stability

function runs and observations three hours after initialisation. Cut-off/sharp/Louis/long

tail runs are represented by red/magenta/cyan/blue lines, respectively. The one-hour

averaged, observed mean is plotted using square red markers; circular red markers indicate

one standard deviation either side of this mean. The boundary-layer depth (derived using

the sodar data) is overplotted with the grey dashed line; one standard-deviation either

side of this mean is indicated by two dotted grey lines.
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vations show a notable reduction in the boundary-layer depth after 02 UTC. This

is consistent with the weakening in wind speed that occurred at this time.
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Figure 4.21: Boundary-layer depth time-series from the stability function sensitivity tests.

Boundary-layer depths were diagnosed from the model results by the height at which the√
(momentum flux) dropped to 5% of its surface value, divided by 0.95. Results from

the cut-off (red), sharp(magenta), Louis (cyan) and long (blue) configurations of the

SCM are plotted, along with the LES control results (dark green). Boundary-layer depth

observations from the sodar (grey solid line), and the predictions of Nieuwstadt 1981 (grey

solid line) and Businger and Arya 1975 (grey dashed line) are also plotted for comparison.

The fact that different definitions were necessarily used to establish the boundary-

layer depth in the model and sodar has already been discussed. A side-by-side com-

parison between these two definitions is therefore not possible, and certainly these

time-series must be viewed in the light of the profile results above. However, Figure

4.21 does provide further persuasive evidence that the Louis and long-tailed runs

overpredicted the boundary-layer depth after 03 UTC. All four tails configurations

produced a deeper boundary layer than the LES control run. The boundary-layer

depth was also diagnosed using the mast observations (4.1). When the observed
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wind speed, potential temperature and heat flux profiles are considered, the true

boundary-layer depth probably lay somewhere between the definitions of the sodar

and Nieuwstadt (1981), being of a broadly similar magnitude to that implied by

Businger and Arya (1975). Taken as a whole, the results from this sensitivity test

provide further strong support for the use of cut-off tail functions when modelling

the stable boundary layer.

4.3 Implied stability functions from LES

Beare et al. (2006b) used LES to guide the choice of stability functions for SBL pa-

rameterizations. In the following section, the approach of Beare and his co-workers

was used to analyse the results from the spring and winter case studies in parallel.

As was introduced in Section 2.4.3, weather and climate models commonly employ

eddy-diffusivities for momentum and heat to parameterize turbulence (Equations

2.9 - 2.10). Although LES explicitly resolve the larger turbulent eddies, the LES

data can be used to extract an effective momentum eddy diffusivity (Keff
m ), using

the total momentum flux and mean wind profile. This approach yields the following

expression:

Keff
m =

ρ
(
u′w′2 + v′w′2

) 1
2

(
∂u
∂z

2
+ ∂v

∂z

2
) 1

2

(4.4)

(2.9) can be rearranged, and adapted to the parameters extracted from the LES to

give

fLESm =
Keff
m

λ2
l S

(4.5)

where λl is the mixing length for the LES, defined by

1

λl
=

1

k (z + z0)
+

1

λ0

(4.6)
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λ0 represents the asymptotic mixing length and is a tunable parameter. Beare and

his co-workers investigated the sensitivity of results to the choice of this parameter

and found considerable dependence. 10 m was used in this thesis, whereas Beare

et al. (2006b) used 40 m for their control. The smaller value used here is justified

by the shallower boundary layers considered here (∼60 m, compared to ∼180 m).

The local Obukhov length provides a measure of the stability throughout the depth

of a boundary layer:

Λ =
−τ 3/2

κg

θ
w′θ′

(4.7)

Beare et al. (2006b) argued that their use of 40 m for λ0 was justified since Λ was

of order 30-70 m in the interior of their SBL. By a similar argument, it is argued

that 10 m is an appropriate value for use in this thesis, since Λ was 5-20 m for the

spring case study, and 5-15 m for the winter case.

Figure 4.22 displays the results for fLESm extracted from the LES control run for

both the spring and winter case studies. The data presented here provides further

confirmation of the enhanced performance of the sharper-tailed stability functions.

This conclusion concurs with that of Beare and his co-workers, although they only

tested the sharp and long functions. The greater number of functions tested in this

thesis permits a more robust comparison.

As has been mentioned, data from both the spring and winter case studies points

towards the use of sharper-tailed functions. Figure 4.22 reinforces this conclusion,

although it does not indicate whether the cut-off or sharp functions performed best

overall.
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Figure 4.22: fm extracted from the LES control runs. Data from the spring/winter case

studies are plotted with green/grey square markers. For comparison purposes, the cut-off

(red), sharp (magenta), Louis (green) and long (blue) functions are plotted. The LES

strongly supports the use of sharper-tailed functions.

4.3.1 Comparison of results with GABLS-1

In this section the above results are enquired into further by comparing the Halley

results with those made as part of GABLS-1 (Beare et al., 2006b). These data were

also obtained using the Met Office Large-Eddy Model (2 m resolution), although

their results were from 9 hours after initialisation. The set-up for GABLS-1 was

loosely based on observations of an Arctic stable boundary layer, which was con-

siderably deeper than those investigated in this thesis. The Halley profiles shown

in this section are all from the LES control for the spring case study, four hours

after initialisation. These profiles are, however, also broadly similar to those from

the winter case study.

Figure 4.23 displays the stress profiles from Halley and GABLS-1. Interestingly,

the peak stress for the Halley results was almost an order of magnitude smaller
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than that for GABLS. This may be associated with the much larger value used for

roughness length in this case (0.1 m in GABLS, compared to 1.1×10−4 for Halley).
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Figure 4.23: A comparison of LES-derived stress profiles from (a) Halley and (b) GABLS.

The corresponding wind shear profiles are displayed in Figure 4.24. The near-

surface values of shear are similar in the two cases. Throughout the remainder

of the boundary layer, however, the wind shear is generally slightly larger in the

Halley results. This is explained by the fact that the geostrophic wind was of a

similar magnitude in both cases, but the boundary layer was approximately three

times as deep in GABLS. Thus, the winds had a smaller vertical distance in the
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Halley case over which to approach their geostrophic values.
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Figure 4.24: A comparison of LES-derived shear profiles from (a) Halley and (b) GABLS.

In order to extract the implied stability functions, the LES-derived stress and

shear profiles were combined using (4.4) to acquire an effective momentum eddy-

diffusivity. Although the overall form of these profiles for Halley and GABLS was

similar, the magnitude of Keff
m was over an order of magnitude smaller in the Halley

case (Figure 4.25). Kpeak
m for the GABLS data agrees with that obtained by Shin

and Hong (2011), who reported - under stable conditions - Kpeak
m of 0.5-1.7 m2s−1

for a range of boundary-layer schemes.
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The far smaller values for Km at Halley indicates that the SBL here is markedly

less diffusive, as well as shallower, than the one considered in GABLS-1. When this

value of Keff
m is used in (4.5) it yields a much smaller value for fLESm . This explains

the sharp drop-off of fLESm with Ri in Figure 4.22.

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04
0

20

40

60

80

100

Km [m2
s
−1]

z
[m

]

(a)

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0

50

100

150

200

250

300

350

400

Km [m2
s
−1]

z
[m

]

(b)

Figure 4.25: A comparison of LES-derived Keff
m profiles from (a) Halley and (b) GABLS.
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4.4 A comparison of LES and SCM results

The sensitivity tests conducted in Section 4.2 have provided persuasive evidence

for using cut-off stability functions in the SCM. In the following section, the pre-

dictions of this best-performing configuration of the SCM are compared with those

of the LES control run for both case studies.

4.4.1 Spring case study

In this section, the predictions of the LES control run for the spring case study

(r2050) were compared directly against those of the SCM (operated using cut-off

tails). Both models were initialised and forced in the same fashion, with details of

the SCM set-up being summarised in Table 4.7. Sample values for these results are

quoted for reference in Table 4.8. The profiles for each variable are discussed in

detail below, since overall performance cannot be fully represented by a comparison

at a single height.

Figure 4.26 shows a comparison of the wind profiles from these two models. One

of the most immediately apparent distinctions between the two models is the

difference in the boundary-layer depths. The LES control predicts a boundary-

layer depth of ∼45 m, whereas the SCM produces a deeper boundary-layer depth

(∼55 m). The SCM’s boundary-layer depth is of a similar magnitude to that mea-

sured by the sodar (indicated by the grey lines in Figure 4.26). However, as has

been previously commented the method used by the sodar to determine boundary-

layer depth is not directly comparable to the definitions used for establishing it in

the model results. It can be said, however, that the SCM places the wind speed

maxima for u and v at too great a height, and the wind shear strengths were less

close to the observations than those of the LES control. The better performance

of the LES is unsurprising, however, given that the SCM is parameterizing all the

turbulent motions in the boundary layer.
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Vertical domain [m] 200

Vertical grid length [m] 1

Surface forcing Prescribed surface temperature time-series

θref [K] 255.3

Wind speed initialisation Constant geostrophic wind with height

(zero at the surface)

Geostrophic wind: ug, vg [ms−1] -7.5, -1.5

Stability function choice Cut-off

Roughness length [m] 1.1×10−4

von Karman constant 0.4

Gravitational acceleration [ms−1] 9.81

Coriolis parameter [s−1] -1.408×10−4

Table 4.7: Details of SCM control run for the spring case study.

u32m v32m θ4m u∗, 4m w′θ′4m

[ms−1] [ms−1] [K] [ms−1] [K.ms−1]

LES -7.4 0.2 253.5 0.10 -4.7x10−3

SCM -6.8 1.6 253.3 0.12 -8.2x10−3

Observations -7.74±0.04 -0.01±0.48 252.5±0.2 0.08±0.01 (-7.9±2)x10−3

Table 4.8: Summary of sample results from LES and SCM for the spring case study.
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Figure 4.26: Profiles of horizontal wind speed components from the LES (red lines) and

SCM (blue lines) control runs, four hours after initialisation. The model profiles for u/v

are plotted using solid/dashed lines respectively. The red/blue square markers show the

observed, one-hour averaged, mean wind components, u/v; circular markers indicate one

standard deviation either side of this mean. The boundary-layer depth (derived using the

sodar data) is overplotted with the grey dashed line; one standard-deviation either side of

this mean is indicated by two dotted grey lines.

The potential temperature profiles from this sensitivity test are shown in Figure

4.27. The effects of the deeper boundary-layer generated by the SCM are also

evident in the potential temperature profiles. The discrepancy between the LES

control and the observed temperature profiles was noted in the previous section:

the LES produced a fairly linear lapse-rate, whereas a pronounced curvature was

present in the observations. Interestingly, the SCM potential temperature profile

is also curved, although this curvature occurs in the opposite sense to the observa-

tions (negatively for the SCM, as opposed to positively for the observations). This

feature, along with the deeper boundary-layer depth, resulted in the SCM achiev-

ing less close overall agreement with the observed profile than the LES control.

The
√

(momentum flux) profile results are displayed in Figure 4.28. Two main
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Figure 4.27: Profiles of potential temperature from the LES (red line) and SCM (blue

line) control runs, four hours after initialisation. The one-hour averaged, observed mean

is plotted using square red markers; circular red markers indicate one standard deviation

either side of this mean. The boundary-layer depth (derived using the sodar data) is

overplotted with the grey dashed line; one standard-deviation either side of this mean is

indicated by two dotted grey lines.

differences exist between the LES and SCM results. Firstly, the LES produces

a smaller surface friction velocity than the SCM (0.11 ms−1, as compared to

0.13 ms−1). Both of these values are, however, significantly larger than the observed

value (∼0.08 ms−1). Secondly, the different boundary-layer depths again impacted

upon the vertical profiles. Interestingly, both models have almost identical vertical

gradients in
√

(momentum flux). The observed profiles do not definitively support

either profile as being more correct. Although the LES certainly makes a more

accurate estimate of the surface value of friction velocity, a linear extrapolation of

the observed profile of friction velocity leads to a boundary-layer depth similar in

magnitude to that predicted by the SCM.

Figure 4.29 shows the heat flux profiles for the LES and SCM. Interestingly, for

this variable the SCM more accurately predicts the surface heat flux than the LES.

However, again the deeper boundary-layer depth generated by the SCM means
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Figure 4.28: Profiles of
√

(momentum flux) from the LES (red line) and SCM (blue line)

control runs, four hours after initialisation. The one-hour averaged, observed mean is

plotted using square red markers; circular red markers indicate one standard deviation

either side of this mean. The boundary-layer depth (derived using the sodar data) is

overplotted with the grey solid line; one standard-deviation either side of this mean is

indicated by two dotted grey lines.

that the LES performed better against the observations higher up in the bound-

ary layer. This is demonstrated by comparing the predictions of the two models

at 32 m, alongside the observed mean. This observed value was -2x10−4 K.ms−1,

whilst the SCM value was significantly larger than this (-3x10−3 K.ms−1). The

LES still over-estimated this value, although at -1x10−3 K.ms−1 it was much closer

to that which was observed than the SCM.

Figure 4.30 shows the time-series for boundary-layer depth from both models (based

on the height at which the
√

(momentum flux) profile dropped to 5 % of its sur-

face value, divided by 0.95). Also plotted are observed time-series derived from

the sodar data, and the definitions of Nieuwstadt (1981) and Businger and Arya

(1975). Note that the first hour of results have been omitted to remove the post-

initialisation adjustment and spin-up phases in the SCM and LES. As has been

discussed in Section 4.2.1, the definitions of Nieuwstadt (1981), and Businger and
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Figure 4.29: Profiles of heat flux from the LES (red line) and SCM (blue line) control

runs, four hours after initialisation. The one-hour averaged, observed mean is plotted

using square red markers; circular red markers indicate one standard deviation either

side of this mean. The boundary-layer depth (derived using the sodar data) is overplotted

with the grey dashed line; one standard-deviation either side of this mean is indicated by

two dotted grey lines.

Arya (1975) both appear to under-estimate the depth of the boundary layer for

this case study. The sodar time-series provides a more reasonable estimate of this

parameter when the form of the observed profiles are considered.

Figure 4.30 serves to confirm that the SCM produced a slightly deeper boundary

layer than the LES. This deeper boundary-layer depth has a detrimental impact

upon the predicted wind and potential temperature profiles. The negative curva-

ture in the SCM temperature profiles, which was not present in the LES results,

was also noted. However, since this curvature was in the opposite sense to the

observed profile, it resulted in a less close agreement with the observations. Inter-

pretation of the flux profiles was less clear: although the deeper boundary layer

had some negative effects on the SCM’s flux profiles, the results shown here sug-

gest that the SCM out-performed the LES at predicting the surface heat flux value.

The variability in flux profiles, particularly heat flux profiles, must, however, be
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Figure 4.30: Boundary-layer depth time-series from the stability function sensitivity tests.

Boundary-layer depths were diagnosed from the model results by the height at which the√
(momentum flux) dropped to 5% of its surface value, divided by 0.95. Results from

the cut-off (red), sharp (magenta), Louis (cyan), and long (blue) configurations of the

SCM are plotted, along with the LES control results (dark green). Boundary-layer depth

observations from the sodar (grey solid line), the predictions of Nieuwstadt 1981 (grey

solid line) and Businger and Arya 1975 (grey dashed line) are also plotted for comparison.

remembered. When validating model output against observations, this therefore

means that more weight must be given to conclusions based on comparisons with

observations of mean, rather than turbulent, variables.

4.4.2 Winter case study

In this section, the predictions of the cut-off configuration of the SCM were tested

against those of the LES control run for the winter case study (r2020, Section 4.1.2).

The aim of this experiment was to investigate any differences in the predictions of

these two models.
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Vertical domain [m] 200

Vertical grid length [m] 1

Surface forcing Prescribed surface temperature time-series

θref [K] 249.5

Wind speed initialisation Constant geostrophic wind with height

(zero at the surface)

Geostrophic wind: ug, vg [ms−1] -8.0, 0.5

Stability function choice Cut-off

Roughness length [m] 1.1×10−4

von Karman constant 0.4

Gravitational acceleration [ms−1] 9.81

Coriolis parameter [s−1] -1.408×10−4

Table 4.9: Details of SCM control run for the winter case study.

In Section 4.1.2, the LES was used to establish the initialisation and forcings for

this case study. Although the synoptic situation influenced the geostrophic forc-

ings, close agreement was still achieved with the observed profiles up to 03 UTC.

Beyond this point, reasonable agreement was still possible, although the drifts be-

tween the observed and model forcings exerted an increasingly detrimental impact

upon the model’s performance. These initial profiles and forcings were used in

both the LES and SCM. The SCM was set-up as specified in Table 4.9. Sample

values for these results are quoted for reference in Table 4.10. The profiles for each

variable are discussed in detail below, since overall performance cannot be fully

represented by a comparison at a single height.

Figure 4.31 shows that the SCM predicted a deeper boundary layer than the LES,

with weaker near-surface wind shear. In the v-component of wind speed, the SCM

also simulated a stronger wind jet maximum. All but the last of these features

contributed towards a greater discrepancy with the observations than that of the
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u32m v32m θ4m u∗, 4m w′θ′4m

[ms−1] [ms−1] [K] [ms−1] [K.ms−1]

LES -7.3 1.7 247.1 0.09 -6.2x10−3

SCM -6.7 2.7 246.2 0.11 -9.2x10−3

Observations -7.79±0.22 2.32±0.17 245.5±0.1 0.11±0.02 (-8.1±3.8)x10−3

Table 4.10: Summary of sample results from LES and SCM for the winter case study.

LES control. However, even though the SCM better predicted the peak magnitude

of the v-component of wind speed, the model located this jet at too great a height.
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Figure 4.31: Profiles of horizontal wind speed components from the LES (red lines) and

SCM (blue lines) control runs, three hours after initialisation. The model profiles for u/v

are plotted using solid/dashed lines respectively. The red/blue square markers show the

observed, one-hour averaged, mean wind components, u/v; circular markers indicate one

standard deviation either side of this mean. The boundary-layer depth (derived using the

sodar data) is overplotted with the grey dashed line; one standard-deviation either side of

this mean is indicated by two dotted grey lines.

Potential temperature profiles from the LES and SCM are displayed in Figure 4.32.

The observations indicate that this profile displayed slight positive curvature with
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height. Whilst the LES captured this curvature reasonably well, the SCM pre-

dicted a more linear profile. The deeper boundary-layer depth in the SCM also

resulted in a greater departure between this model’s profile and the observations,

compared to the LES.
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Figure 4.32: Profiles of potential temperature from the LES (red line) and SCM (blue line)

control runs, three hours after initialisation. The one-hour averaged, observed mean is

plotted using square red markers; circular red markers indicate one standard deviation

either side of this mean. The boundary-layer depth (derived using the sodar data) is

overplotted with the grey dashed line; one standard-deviation either side of this mean is

indicated by two dotted grey lines.

The flux profiles from this test are shown in Figure 4.33. In general, the LES

predicted smaller surface flux values than the SCM. The LES predicts a surface√
(momentum flux) value of 0.10 ms−1, compared to a value of 0.12 ms−1 for the

SCM. The observed value is actually very close the the latter. As for surface heat

flux, the SCM predicts a value of -1x10−2 K.ms−1, as opposed to -7.5x10−3 K.ms−1

for the LES. The observed value lies roughly equidistant between these two.

In contrast, however, the above-surface parts of the
√

(momentum flux) and heat

flux profiles were generally less well simulated. The vertical flux-gradients of the
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models were both markedly stronger than the observed profiles indicated. This

might suggest that the boundary-layer depth predicted by the models was too

shallow, or the flux profiles depart from the linear height-dependence of the clas-

sical stable boundary layer. Given the close agreement which was achieved by the

LES with the mean profile observations, this latter explanation is more likely.

Figure 4.34 shows the time-series for boundary-layer depth from both models (based

on the height at which the
√

(momentum flux) profile drops to 5 % of its surface

value, divided by 0.95). Also plotted are observed time-series based on the sodar

data, and the definitions of Nieuwstadt (1981), and Businger and Arya (1975).

Note that, as for the spring case study, the first hour of results have been omitted

to remove the post-initialisation adjustment and spin-up phases in the SCM and

LES. As was discussed in Section 4.2.1, when the observed wind speed and poten-

tial temperature profiles are considered, the true boundary-layer depth probably

lies somewhere between the definitions of the sodar and Nieuwstadt (1981). The

definition of Businger and Arya (1974) lies within this range. Figure 4.34 serves

to confirm that the SCM produces a slightly deeper boundary layer than the LES.

This deeper boundary-layer depth exerts a detrimental impact upon the predicted

wind and potential temperature profiles.
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Figure 4.33: Profiles of (a)
√

(momentum), and (b) heat fluxes from the LES control

run and observations three hours after initialisation. LES/SCM profiles are represented

by red/blue lines, respectively. The one-hour averaged, observed mean is plotted using

square red markers; circular red markers indicate one standard deviation either side of

this mean. The boundary-layer depth (derived using the sodar data) is overplotted with

the grey dashed line; one standard-deviation either side of this mean is indicated by two

dotted grey lines.
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Figure 4.34: Boundary-layer depth time-series from the stability function sensitivity tests.

Boundary-layer depths were diagnosed from the model results by the height at which the√
(momentum flux) dropped to 5% of its surface value, divided by 0.95. Results from

the cut-off (red), sharp(magenta), Louis (cyan) and long (blue) configurations of the

SCM are plotted, along with the LES control results (dark green). Boundary-layer depth

observations from the sodar (grey solid line), the predictions of Nieuwstadt 1981 (grey

solid line) and Businger and Arya 1975 (grey dashed line) are also plotted for comparison.

4.5 Further discussion and conclusions

This chapter has presented modelling results from two case studies based on the

Halley observations. The LES was first used to model each case study. The purpose

of this was to establish the correct initialisation and forcings for each case study,

and to provide a reference for comparison purposes prior to conducting in further

experiments.

For the spring case study, excellent agreement between the LES and observations

was achieved for four hours after initialisation. The prevailing synoptic situation

made the winter case study more challenging, although very close agreement was
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generally found between the observations and LES three hours after initialisation.

This case study highlighted the challenges presented by the uncertainty and vari-

ability in the geostrophic forcing of weather models.

The wind profiles generally agreed very well with the observations for the spring

case study. Any slight differences were likely due to a combination of small errors

in the wind forcings, the possible impact of advective effects and phenomena such

as gravity waves, and limitations of the model. It is difficult to disentangle the

relative impacts of these effects. For the winter case study, and particularly when

the challenges posed by the time-varying wind forcings were considered, the wind

profiles were well simulated too.

Very good agreement was also achieved between the modelled and observed po-

tential temperature profiles for the spring case study. Small differences remained,

however. Of particular note, was that the LES profile was rather too linear. This

did not reflect the positive curvature of the observations. The surface inversion

in the LES was also weaker than was observed. For the winter case study, excel-

lent agreement was achieved against the observations for the potential temperature

profiles. Unlike in the spring case study, the LES was successful in emulating the

positive curvature evident in the observed profile.

Both the observed
√

(momentum) and heat flux profiles were of the classical linear

form for the spring case study. The
√

(momentum flux) was well-simulated by

the LES, although the surface value of the heat flux was under-estimated. The

observed flux profiles deviated further from the classical linear profile for the win-

ter case study. Generally, the predictions of the LES were not a particularly close

match with the observations, although they were of the correct order of magnitude

and the surface flux values were reasonably close to those which were observed.

These LES control runs generally achieved considerable success in their twin aims.



CHAPTER 4. CONTROL SIMULATIONS AND VERTICAL MIXING 146

Firstly, they provided a means of establishing the correct initialisation and forcings

for both case studies, which were fully-justified by the observations. Secondly, they

provided benchmark profile results for comparison purposes.

Using the initialisation and forcings established by the LES control runs, sensitivity

tests were then conducted using the SCM to investigate the impact of stability func-

tion choice. As expected, it was found that longer-tailed schemes (which support

more mixing at higher stabilities) resulted in the formation of deeper boundary

layers. This yielded poorer agreement with the observed profiles for both case

studies. For the spring case study, the sharp and cut-off schemes produced the

best agreement with the observations. The results from the winter case study also

demonstrated the superior performance offered by cut-off tails.

For the spring case study, the potential temperature results presented an inter-

esting dilemma. Whilst longer tails produced positive curvature which mirrored

that of the observed profile, they also resulted in a substantial over-estimate in the

boundary-layer depth. The cut-off and sharp schemes predicted negative curvature

(the opposite of that which was observed) and shallower boundary layers. Overall,

the consequence of this was that the cut-off and sharp schemes produced a closer

match with the observations. However, none of the schemes tested simulated a

strong enough surface inversion. This last issue was also a problem for the winter

case study. It was noted that numerical models generally experience greater dif-

ficulties in simulating the SBL with increasing stratification. Unlike in the spring

case study, however, the LES succeeded in predicting the positive curvature which

was observed.

For both case studies, the use of longer-tailed schemes resulted in the prediction of

larger surface flux values and deeper boundary layers. For the spring case study,

the cut-off tail scheme performed strongest at simulating the flux profiles. This was

true for the winter case study too, although the non-classical form of the observed
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flux profiles degraded the overall agreement.

Stability functions were extracted from LES by Beare et al. (2006b). This ap-

proach was replicated in this chapter for both case studies. These results further

reinforced the use of sharper-tailed stability functions. The results from Halley were

then compared with those obtained by Beare and his colleagues as part of GABLS-

1. These data showed that, in addition to the boundary layer being approximately

three times as deep in GABLS-1, it was also substantially more diffusive than that

considered in the Halley case study.

The stability-function sensitivity tests provided persuasive evidence to support the

use of the cut-off scheme in the SCM. In the final part of this chapter, the results

of the SCM (operated using the cut-off scheme) were tested against the predictions

of the LES control. The aim of this test was to investigate the differences between

the best-performing SCM run (in which all turbulent motions were parameterized)

with those of the significantly more numerically-intensive LES (where the largest

eddies were explicitly resolved).

The wind profiles for both case studies indicated that the SCM predicted a slightly

deeper boundary layer than the LES, even when the cut-off scheme was used. The

LES also predicted stronger near-surface wind shear. Both of these differences

meant that the SCM predictions were further from the observed wind profiles than

the LES.

For the spring case study, the SCM predicted negative curvature of the poten-

tial temperature profile. The LES profile was more linear, whilst the observa-

tions themselves indicated positive curvature. The SCM also predicted a deeper

boundary-layer depth, which resulted in a further drift from the observed profile.

For the winter case study, the predictions of the LES and SCM were both a very

close match to the observations. However, the curvature of the SCM profile was
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slightly too linear.

The LES predicted a smaller
√

(momentum flux) than the SCM for the spring case

study. This resulted in a closer match against the observations. Interestingly, the

SCM outperformed the LES in predicting the heat flux profiles for the spring case

study. However, the time-variability of flux measurements (and heat flux in par-

ticular) must be remembered. This result should not detract from the over-riding

conclusion that the LES out-performed the SCM, even when cut-off tails were used.

The non-classical form of the flux profiles from the winter case study meant that,

although they were of the correct order of magnitude, neither the LES nor SCM

achieved a particularly close match with the observed flux profiles. When the sim-

ple forcings and initialisations, the disturbed synoptic situation, and the lack of

advective forcings in the models are all considered, however, the very reasonable

agreement achieved here is placed in a proper context.

The superior performance of the LES is attributed to the treatment of turbulence

within each of these models. Whereas the LES explicitly resolved the larger ed-

dies, all the turbulent motions were parameterized in the SBL. This chapter has

presented results which have highlighted issues surrounding the performance of

these turbulence parameterizations schemes. In particular, sensitivity to stability

function formulation has been investigated. Further sensitivites also exist to, for

example, the choice of λ0 (Beare et al., 2006b), Prandtl number (see Noh et al.

(2003) for an example of a more robust treatment), and the order of turbulence

closure model used (Mellor and Yamada, 1982). Future research might fruitfully

attempt to quantify these sensitivities.

4.5.1 Results placed in the context of previous work

In this section, this chapter’s results are compared with those reported in previous

studies and set in a wider context. Initially, the LES was used to obtain a control
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run for each case study. The predictions of these control runs were generally close

to the observed profiles, and were successful in establishing the initial conditions

and forcings for each case. Basu et al. (2012) also used LES to study the stable

boundary layer, as part of GABLS-3. In their case, they compared results from

eleven LES against observations from a mid-latitude site. Their models were all

remarkably successful in capturing the dynamical evolution of this boundary layer,

with the diversity in the results from the ensemble being surprisingly low. This

implies that the simulations were not very sensitive to the formulation of the sub-

grid model.

Basu et al. (2012) reported that their LES accurately captured the low-level jet,

and the same could generally be said of the Halley results. Their LES experienced

greater difficulty in simulating the low-level wind shear. Interestingly, however,

this problem was not especially evident in the Halley results.

Basu et al. (2012) also found that a relatively-coarse resolution (6.25 m) was ade-

quate. A smaller grid length was used in both the vertical and horizontal for the

simulations presented in this chapter. The results from comprehensive resolution

sensitivity tests are presented in Chapter 6. The need for the higher resolution for

the Halley case studies can be explained by a combination of the shallower bound-

ary layers and stronger stratifications which develop in this high-latitude location.

Sensitivity to the formulation of stability function was extensively investigated in

this chapter, with implied stability functions being extracted from the LES control

runs. As has already been mentioned, this technique was previously used by Beare

et al. (2006b) for a deeper, Arctic boundary layer. The results in this chapter are

broadly consistent with the conclusions of Beare et al. (2006b), with sharper-tailed

schemes offering improved performance. Beare et al. (2006b) did not test as many

stability function formulations as were considered here. However, the decision to

use a particular stability function operationally would need to be based on more



CHAPTER 4. CONTROL SIMULATIONS AND VERTICAL MIXING 150

case studies, covering a wider range of stabilities, than are presented in this thesis.

Thus, the main conclusion is that these results, and those of Beare et al. (2006b),

show that stability functions which employ enhanced mixing are unable to capture

important aspects of near-surface wind and temperature profiles. The particular

form that these sharper-tailed schemes should take will require further research.

King et al. (2001) also investigated the sensitivity to stability-function choice over

Antarctica. In their case, however, they used a version of the Hadley Centre cli-

mate model, and focused on impacts on seasonal timescales. They found substan-

tial sensitivities to the formulation of these functions, with corresponding impacts

on momentum and heat fluxes, and the near-surface wind field. The latter could

have important implications of coastal sea-ice and deep-water formation processes.

They suggest that the used of sharper-tailed schemes would lead to improved pre-

diction of surface fluxes over the Antarctic continent, although they also highlight

that very few observations are available from this region to allow the development

of appropriate stability functions. The need to increase the vertical resolution of

climate models in order to capture shallow, high-latitude boundary layers is also

identified as a priority.

Notable differences were seen between the models and observed profiles for both

case studies. Although the superior performance of the LES points towards inade-

quacies in the turbulence parameterizations used in the SCM, further convergence

towards the observations might be achieved by including processes not considered

by either model. Increasingly, the importance of radiation and land-surface inter-

actions, alongside turbulent mixing, are being realised (Steeneveld et al., 2006a).

A feel for the impact of such processes can be gained by looking at the results of

previous work in this area.

Garratt and Brost (1981) investigated the impact of radiation on the evolution

of the SBL. They found that the quasi-equilibrium SBL developed a three-layer
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structure. Radiative effects were found to dominate close to the surface, and near

the top of the boundary layer. A key result was that radiative exchanges at the

top of the SBL tended to weaken the inversion here and deepen the SBL by ∼20%.

Steeneveld et al. (2006b) revisited the case used for GABLS-1, this time incorpo-

rating radiation and land-surface schemes in their model. Interestingly, they found

for wind speeds similar to those of the Halley case studies that the effect of radia-

tion was minimal. At lower wind speeds (less than 3 ms−1), however, the impact

of radiation was far more significant.

Several studies have investigated the role of land-surface coupling in the SBL. Pre-

scribing a surface temperature timeseries as the bottom boundary condition has

limitations associated with it, and it does not fully reflect the complexities of the

SBL dynamics (since the surface temperature, and surface energy balance are in-

terdependent). That said, it is still a commonly-used approach and was used in

the GABLS-2 intercomparison (Svensson et al., 2011).

Steeneveld et al. (2006b) trialled two land-surface schemes in their state-of-the-art

SCM. The first solved the heat diffusion equation in the underlying ice. The second

used a bulk conductance layer of stagnant air next to the surface. Both of these

schemes produced shallower boundary layers than the reference case (which had

no land-surface scheme).

Given that the SCM used in this thesis encountered particular difficulties captur-

ing the shallowness of the SBL, the use of a fully-interactive land-surface scheme

might be a fruitful path for future research. Both case studies considered in this

thesis were forced by moderate geostrophic wind speeds. However, the importance

of both land-surface and radiative processes was recently reinforced by Sterk et al.

(2013) for the low-wind speed regime. This implies that these processes should be

borne in mind should future Halley case studies consider such conditions.
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Recently, the importance of SBL dynamics to climate change has been further

highlighted (McNider et al., 2012). McNider and his colleagues considered the re-

sponse of an SBL to increased downwelling longwave radiation (a consequence of

increased concentrations of greenhouse gases in the atmosphere). One of the most

consistent predictions from different climate models is that there is an asymmetry

in the degree of warming across the diurnal cycle. This asymmetry involves Tmin

increasing much more that Tmax (Easterling et al., 1997). McNider and his col-

leagues applied an increased longwave forcing at the top of an SCM. They found

that this led to a reduction in boundary layer stability, increased entrainment of

warmer air from aloft, and a warming of Tmin. Interestingly, further analysis re-

vealed that this increase in Tmin could be largely attributed to the entrainment

of warmer air, rather than the direct effect of the longwave radiation itself. Res-

olution sensitivity tests indicate that very high vertical resolution is required to

capture this behaviour, most likely placing it beyond the reach of current climate

models. It remains, however, a powerful illustration of the far-reaching influences

of the SBL, and the highly-complex interactions which relatively simple turbulent

paramterization schemes are expected to represent.



Chapter 5

Wind turning investigations

5.1 Wind turning in the boundary layer

Some of the effects of the decreasing influence of friction with height on geophysical

boundary layer flows have been known of for over a century (Ekman, 1905). Figure

5.1 illustrates the differing balance of forces within the atmospheric boundary layer

and free atmosphere for the southern hemisphere. The height-dependence of the

friction and Coriolis terms results in the wind profile spiralling with height. This

is most clearly seen in a hodograph, where horizontal wind speed components from

a profile are plotted against one another.

As has already been mentioned, the longest-standing theoretical prediction describ-

ing the turning of a fluid flow within the boundary layer was derived by Ekman

(1905). This well-known solution is dependent on its underpinning assumptions

being satisfied. These are for a steady-state, horizontally-homogeneous, statically-

neutral boundary layer, with height-independent eddy diffusivities and the absence

of subsidence. These assumptions are rarely entirely satisfied in the real atmo-

sphere, although it will provide a useful quantitative reference for the results pre-

sented in this chapter. The solution to this for the southern hemisphere is given

by the following (Khusnutdinova, 2012):

153
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Figure 5.1: Force balance diagrams for the southern hemisphere in the (a) free atmosphere

and (b) atmospheric boundary layer. Note that magnitudes of both the Coriolis and

friction forces in (b) are height-dependent. This leads to the wind vectors spiralling with

height within the boundary layer. In the northern hemisphere, the mirror-images of these

diagrams illustrate the prevailing force-balance.

u = ug(1− e−γz cos(−γz))− vge−γz sin(−γz) (5.1)

v = vg(1− e−γz cos(−γz)) + uge
−γz sin(−γz) (5.2)

where the parameter γ is a form of boundary-layer scale height, defined by

γ =

(
fc

2Km

)0.5

(5.3)

A typical value of Km for the interior of the stable boundary layer (0.005 m2s−1)

was applied in the experiments which follow.
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5.2 Comparison of LES and SCM results

Figure 5.2 shows hodographs of LES, SCM (operated with cut-off tails) and ob-

served results from the spring and winter case studies. The results from the spring

case study are plotted from four hours after initialisation. Results are shown

from the winter case study for three and four hours after initialisation. In both

hodographs, the predictions of the Ekman spiral are also plotted for reference

(Equations (5.1) and (5.2)).

Generally, the predictions of the both models and the Ekman predictions agree

very well with the observations for the spring case study. As has already been seen

in the comparisons with the observed profiles, the LES achieved a slightly closer fit

with the observations than the SCM. The LES spiral is also closer to the Ekman

profile than the SCM managed. Some of the difference between the observations

and the theoretical predictions of Ekman are due to the use of constant eddy dif-

fusivities. It is expected that the use of height-dependent eddy diffusivities would

lead to convergence of the Ekman profile towards the results of the SCM. Applying

this test on the data presented in this chapter remains an area for future research,

although encouraging results have already been found by others using this approach

(Berger and Grisogono, 1998). In addition, and although great care was taken in

prescribing them, inaccuracies in the specification of the geostrophic forcings also

introduce an error to these results.

Agreement beween the LES, SCM and Ekman predictions, and the observed spi-

rals was poorer for the winter case study. Results are shown from 03 UTC (Figure

5.2b) and 04 UTC (Figure 5.2c). The marked deterioration in the closeness of the

fit between the 03 and 04 UTC results is a consequence of the abrupt change in

the wind forcings at this time, which has already been noted.

Interestingly, Figure 5.2 seems to suggest that the SCM more closely matches the
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observations than the LES results do. This apparent discrepancy illustrates one

of the limitations of the hodograph, namely that they give no idea of the depth

over which these wind spirals occur. A more balanced picture is gained when the

predicted boundary-layer depth is also considered. Thus, these hodograph results

should not detract from the overwhelming conclusion of Section 4.4 that the predic-

tions of the LES were generally closer than the SCM to those which were observed.

In general the predictions of the LES matched the observations better, both in

terms of profile structure and boundary-layer depth, than the SCM.

The predictions of the Ekman spiral agreed very well with both the models and ob-

servations for the spring case study. In contrast, a markedly poorer fit was achieved

by the Ekman prediction with the observations for the winter case study. This was

largely attributed to the more time-varying geostrophic forcings which prevailed,

and the fact that the more synoptically-active conditions during this case study

were more likely to invalidate the assumptions used to derive the Ekman spiral.

As has just been mentioned, one of the limitations of hodographs is that they do

not provide a measure of the height over which wind turning occurs. Figure 5.3

displays the difference in wind direction between the near-surface and geostrophic

values for the spring case study for the comparison between LES and SCM results

(the latter using cut-off tails), and using the mast observations.

The results from models were obtained by comparing the wind direction from the

first above-surface level with the geostrophic value. The observed wind turning

was assessed using the lowest observed mast level (1 m) and the geostrophic value.

This methodology makes the results sensitive to the choice of geostrophic forcing,

and is certainly a source for errors. The boundary-layer depth was diagnosed using

(4.1) (with γ = 0.72). In Section 4.2, several measures for boundary-layer depth

were trialled. Although they produced quantitatively different values for h, the

time-series for each generally varied in step with one another. Thus, any correla-
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tion between boundary-layer depth and surface angle should be robust, irrespective

of the choice of definition of boundary-layer depth used.

Figure 5.3 shows that the SCM produced a slightly deeper boundary layer, and a

smaller surface angle, compared to the LES. This agrees with the findings of Svens-

son and Holtslag (2009), who found that surface angle was directly related to the

boundary-layer depth, and that deeper boundary layers resulted in a smaller sur-

face angle. Svensson and Holtslag analysed wind turning using the LES and SCM

results from the GABLS-1 initiative. The ensemble-averaged LES result yielded

a surface angle of 36o, with the results of the operational SCM models (which in-

cluded those using first-order closure) varying between 23 and 36o. The results

shown here for the SCM and LES are both slightly larger than these GABLS-1

values. This might be explained by the shallower boundary layers considered in

this thesis.

The corresponding observations of wind angle against boundary-layer depth are

also shown in Figure 5.3. Van Ulden and Holtslag (1985) analysed tower data from

Cabauw, Holland. They found an average turning angle of about 35o across the

moderately stable boundary layer. The results presented here indicate an average

turning angle of about 10o less than this. This difference may be partly attributed

to the methodology used in this chapter, which was very sensitive to the accurate

prescription of geostrophic wind direction. The influence of other phenomena, such

as gravity wave activity, on these observations is also possible.

Figure 5.4 presents the equivalent results for the winter case study. Data are shown

for the comparison between LES and SCM results (the latter operated using cut-

off tails), and using the mast observations. As with the spring case study results,

Figure 5.4 shows that the SCM produced a slightly deeper boundary layer than the

LES. In this case, however, the surface angles predicted by the LES and SCM were

more similar (other than for the first two hours after initialisation). As with the
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spring case study, the LES and SCM surface angles were both a little larger that

the GABLS-1 results found (36o for the ensemble-averaged LES and 23-36o for the

SCM, Svensson and Holtslag 2009). This may again be explained by the shallower

boundary layer investigated here, compared to GABLS-1.

Figure 5.4 also displays the wind turning results from observations for the winter

case study. The large scatter present in these results is immediately apparent. This

is largely associated with the substantial variability in wind forcing which occured

during this case study (see Section 3.2). The variable conditions make it difficult

to draw robust quantitative conclusions for these results.
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Figure 5.2: Hodographs for the spring and winter case studies. Results are shown from

(a) the spring case study (4 hours after initialisation), (b) the winter case study (3 hours

after initialisation), and (c) the winter case study (4 hours after initialisation). The

following are plotted: the LES control (red solid line); the SCM control (magenta solid

line); Ekman spiral (grey dashed line); one hour observed mean (grey square markers);

and one standard-deviation either side of this (grey circular markers).
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Figure 5.3: Difference between near-surface and geostrophic wind directions plotted

against boundary-layer depth for the duration of the spring case study. Results are shown

from the LES (red squares), SCM (blue squares), and observations (green squares). Re-

sults are shown for the 19-24 UTC period for both models and observations.
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Figure 5.4: Difference between near-surface and geostrophic wind directions plotted

against boundary-layer depth for the duration of the winter case study. Results are shown

from the LES (red squares), SCM (blue squares), and observations (green squares). Re-

sults are shown for the 01-06 UTC period for the LES and SCM, and the 00-04 UTC

period for the observations.
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5.3 Stability function sensitivity tests

Figure 5.5a displays the predictions of the SCM for the spring case study using all

four of the stability functions tested in Section 4.2. This section presented persua-

sive evidence of the superior performance of sharper-tailed stability functions. It

was concluded that the cut-off tails scheme performed most strongly. Interestingly,

however, Figure 5.5a does not initially appear to point towards that conclusion.

Indeed, the profiles of the sharp and Louis schemes seem to match most closely

with the observations.

Figure 5.5b displays the corresponding spirals from the winter case study. Section

4.2 also concluded that sharper-tailed schemes performed better at predicting the

conditions observed during this case study, with the cut-off tails scheme providing

the best overall performance. Unlike in the corresponding spring case study results,

Figure 5.5b indicates this too.

As was noted in Section 5.2, analysis of wind turning results benefits from under-

standing the depth over which wind turning occurs. Figure 5.6 plots the surface

wind angle against the boundary-layer depth, for the spring and winter case studies.

Figure 5.6a shows these results from the stability function sensitivity test for the

spring case study. This plot clearly demonstrates the drift from the LES results

which occurs with the use of longer-tailed stability functions (see, for example,

Figure 4.13). As has already been mentioned, Svensson and Holtslag (2009) found

that deeper boundary layers were associated with smaller surface angles. When the

different schemes are compared in Figure 5.6a, this conclusion seems to be strongly

supported. However, when the data from an individual stability function is consid-

ered, it seems as though the opposite trend is indicated. This explained by the fact

that these data are from only a relatively few hours post-initialisation. In contrast,

Svensson and Holtslag (2009) used data from 8-9 hours after initialisation, when
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Figure 5.5: Hodographs for the spring and winter case studies. Results are shown from

(a) the spring case study (four hours after initialisation), and (b) the winter case study

(three hours after initialisation). The following data are plotted: cut-off tails (red solid

line); sharp tails (magenta solid line); Louis tails (cyan solid line); long tails (blue solid

line); prediction of Ekman spiral (grey dashed line); one hour observed mean (grey square

markers); and one standard-deviation either side of this (grey circular markers).

the models had approached a quasi-steady state. The models in this thesis were

not run for such lengths of time since the principal aim was to validate models
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Figure 5.6: Difference between near-surface and geostrophic wind directions plotted

against boundary-layer depth for the duration of the (a) spring and (b) winter case stud-

ies. The following data are plotted: cut-off tails (red markers); sharp tails (magenta

markers); Louis tails (cyan markers); long tails (blue markers). Results are shown in (a)

for the 19-24 UTC period, and (b) for the 01-06 UTC period.

against mean and turbulent observed profiles, and a validation on such time-scales

was not considered feasible.
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These results also explain the apparent discrepancy between the hodograph results

(Figure 5.5) and the profile comparisons shown in Section 4.2. The boundary-layer

depths of the longer-tailed schemes (Figure 5.6a) were markedly deeper than the

observations indicated (Figure 5.3). Hodographs are unable to provide a measure

of the depth over which the wind turning occured. It is only when Figure 5.4 is

considered, that the apparent close agreement between the sharp- and Louis-tailed

schemes and the observations in Figure 5.5 is seen to be misleading.

Figure 5.6b shows the results from the stability function sensitivity test for the

winter case study. As with the corresponding results from the spring case study,

this plot clearly demonstrates the drift from the LES results which occurs with

the use of longer-tailed stability functions. Again, when different stability function

schemes are compared, these results support the finding of Svensson and Holtslag

(2009) that deeper boundary layers are associated with smaller surface angles.

5.4 Summary

This chapter has investigated boundary-layer wind turning for the spring and winter

case studies, using a combination of LES, SCM and observational results. Gener-

ally, the results of both the LES and SCM agreed very well with the theoretical

predictions of Ekman (1905) for the spring case study. Some of the difference

between the observations and the theoretical predictions of Ekman were due to

the use of constant eddy diffusivities with height. It is expected that the use of

height-dependent eddy diffusivities would lead to convergence of the Ekman profile

towards the results of the SCM. Agreement beween the LES, SCM and Ekman

predictions, and the observed spirals was poorer for the winter case study. This

was largely attributed to the more time-varying geostrophic forcings which pre-

vailed here, and the fact that the more synoptically-active conditions during this

case study were more likely to invalidate the assumptions used to derive the Ek-

man spiral. In addition, and although great care was taken in prescribing them,
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inaccuracies in the specification of the geostrophic forcings also introduced an error

to the LES, SCM and Ekman spiral results.

These results highlighted one of the limitations of hodographs, and the importance

of understanding the depth over which wind turning occurs. A more balanced pic-

ture was gained when the surface wind angle was plotted against boundary-layer

depth for these results. It was noted that the methodology used made the results

sensitive to the choice of geostrophic forcing, and this is certainly a potential source

of errors. The results from both case studies indicated the SCM produced a slightly

deeper boundary layer. In the spring case study, the SCM predicted a smaller sur-

face angle compared to the LES. In the winter case, however, the surface angles

predicted by the LES and SCM were more similar (other than for the first two

hours after initialisation).

Svensson and Holtslag (2009) analysed wind turning in the LES and SCM GABLS-

1 results. The ensemble-averaged LES result had a surface angle of 36o, with the

results of the operational SCM models (which included those using first-order clo-

sure) varying between 23 and 36o. The surface angles from the LES and SCM

in this thesis were both slightly larger, although still comparable, to the results

obtained by Svensson and Holtslag 2009. This might be linked to the shallower

boundary layers considered in this thesis, as Svensson and Holtslag (2009) con-

cluded that surface wind angle and boundary-layer depth were inversely correlated.

The results of wind angle against boundary-layer depth from observations pre-

sented less clear conclusions. Van Ulden and Holtslag (1985) analysed tower data

from Cabauw, Holland, and found an average turning angle of about 35o across the

moderately stable boundary layer. An average turning angle of about 10o less than

this was found for the spring case study. This difference may be partly attributed

to the methodology used in this chapter, which was very sensitive to the accurate

prescription of geostrophic wind direction. Future work on this topic would greatly
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benefit from access to observations of wind strength and direction from above 32 m

(the top level of the instrumented mast). The corresponding results from the win-

ter case study were generally characterised by large scatter in surface wind angle

(-10-60o). This was attributed to the substantial variability in wind forcing which

was present during this case study. These variable conditions made it difficult to

draw robust quantitative conclusions for these results.

Section 4.2 investigated the sensitivity of SCM results to the choice of stability

function. For both case studies, cut-off tails were strongly indicated. Interestingly,

however, the hodographs for the spring case study did not initially appear to point

towards this conclusion. This apparent discrepancy again highlighted a limita-

tion of hodographs. When surface wind angle was plotted against boundary-layer

depth, the conclusion was confirmed that a systematic drift from the LES results

occured with the use of longer-tailed stability functions. For both case studies, the

results from different stability function schemes supported the finding of Svens-

son and Holtslag (2009) that deeper boundary layers are associated with smaller

surface angles. Since surface angle and boundary-layer depth are both important

parameters in determining cross-isobaric flow, these results powerfully illustrate the

sensitivity of mesoscale models to the choice of turbulent parameterization scheme.



Chapter 6

Resolution sensitivity and grid

isotropy

Chapter 4 has established the initialisations and forcings for each case study. These

were used to generate control simulations using the LES and SCM. The impacts of

the formulation of the stability function on the SCM results were also investigated.

The resolution used in weather and climate models also exerts an important influ-

ence on their performance. The following chapter explores a number of aspects of

this issue, using both the LES and SCM.

6.1 LES isotropic resolution sensitivity tests

The horizontal and vertical resolution used in an LES is a very important con-

sideration, since it helps dictate the size of turbulent motions which are explicitly

resolved. Given that motions within the stable boundary layer generally occur

over smaller spatial scales than in the convective counterpart, higher resolution is

required in the former (Beare and Macvean, 2004). In addition, since the sub-

grid model can be a major source of model error, it is important to explore at

what resolution grid-convergence occurs. In this chapter, a qualitative definition

167
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of grid-convergence is generally used. This is defined as the point at which further

increases in resolution cease to produce substantial changes in the modelled profiles.

To investigate this issue, preliminary resolution sensitivity tests were conducted for

the spring and winter case studies. An isotropic grid structure was used in these

experiments, with identical vertical and horizontal grid lengths being employed.

6.1.1 Spring case study

In the following section, the sensitivity of the LES results to resolution was assessed

for the spring case study, using an isotropic grid structure. Four resolutions were

trialled, with Table 6.1 specifying the details of each run. Since the influence of

both horizontal and vertical resolution was being investigated here, identical grid

lengths were used in the horizontal and vertical. Sample values for these results

are quoted for reference in Table 6.2. The profiles for each variable are discussed in

detail below, since overall performance cannot be fully represented by a comparison

at a single height.

The wind profile results from this sensitivity test are shown in Figure 6.1. The

results presented here show that higher resolution leads to the LES predicting

shallower boundary layers. This is in agreement with the findings of previous stud-

ies investigating the sensitivity of LES to resolution (Beare and Macvean, 2004).

Higher resolution also led to closer agreement with the observed profiles. This was

associated with shallower boundary layers being simulated. Only slight differences

were apparent in the wind profiles from the two highest resolution runs. This in-

dicates that these runs were nearly-converged (although this convergence could be

slow given, for example, the logarithmic structure of boundary-layer wind profiles).

Interestingly, however, even the highest resolution run predicted a deeper boundary

layer than the observed profiles suggested, with the corresponding effect on wind

profile structure.
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Run Horizontal Vertical Horizontal Vertical

grid length grid length domain domain

[m] [m] [m x m] [m]

r2058 12.5 12.5 200x200 200

r2057 6.25 6.25 200x200 200

r2059 3.125 3.125 200x200 200

r2070 2.083 2.083 200x200 200

Table 6.1: Summary of model set-up for LES resolution sensitivity tests. These model

runs were used to simulate the spring case study, and utilised an isotropic grid structure.

u32m v32m θ4m u∗, 4m w′θ′4m

[ms−1] [ms−1] [K] [ms−1] [K.ms−1]

r2058 -5.7 1.4 252.7 0.13 -7.6x10−3

r2057 -6.2 1.5 253.3 0.12 -7.1x10−3

r2059 -6.6 1.3 253.8 0.11 -7.0x10−3

r2070 -6.9 1.1 253.7 0.11 -6.6x10−3

Observations -7.74±0.04 -0.01±0.48 252.5±0.2 0.08±0.01 (-7.9±2)x10−3

Table 6.2: Summary of sample results from the LES isotropic resolution tests for the

spring case study.
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Figure 6.1: Wind speed profiles from the LES resolution sensitivity tests for the spring

case study with isotropic grid structure. The results plotted are from four hours after

initialisation. The figure legend and Table 6.1 specify the grid set-up for each model run

plotted here. u-components of wind speed are plotted with solid lines, and v-components

using dashed lines. The one-hour averaged u/v observations are indicated by the red/blue

square markers; circular markers indicate one standard deviation either side of this mean.

The boundary-layer depth (derived using the sodar data) is over-plotted on both figures

with grey dashed lines; one standard-deviation either side of this mean is indicated by

two dotted grey lines.

Figure 6.2 displays the corresponding potential temperature profiles from this ex-

periment. The higher resolution runs again performed better against the obser-

vations, simulating a shallower boundary-layer depth with a stronger surface in-

version. However, not even the highest resolution run succeeded in predicting a

θ profile which was as shallow and stably-stratified as the observations indicate

occurred.

The modelled and observed flux profiles from these sensitivity tests are plotted in

Figure 6.3. Higher vertical resolution had the effect of producing smaller surface

values of
√

(momentum) and heat fluxes, although these differences were only rela-
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Figure 6.2: Potential temperature profile results from the LES resolution sensitivity tests

for the spring case study with isotropic grid structure. The results plotted are from four

hours after initialisation. The figure legend and Table 6.1 specify the grid set-up for each

model run plotted here. Red square markers show the one-hour averaged observations;

circular markers indicate one standard deviation either side of this mean. The boundary-

layer depth (derived using the sodar data) is over-plotted on both figures with grey dashed

lines; one standard-deviation either side of this mean is indicated by two dotted grey lines.

tively small in magnitude. Although the surface heat flux was quite accurately sim-

ulated by all the runs, the surface
√

(momentum flux) was greatly over-estimated

by all of these (0.12 ms−1 for the highest resolution run, compared to an observed

value of ∼0.08 ms−1).

The flux profiles were more sensitive to resolution above the surface. This is con-

sistent with the previously noted tendency for lower resolution to support the

formation of deeper boundary layers. In general, both the mean and flux profile

data point towards the benefits of enhanced resolution. Only small differences

were noted between the 3.125 m and 2.083 m runs, however, pointing towards grid-

convergence having almost been achieved.

Further evidence for this is provided by Figure 6.4, which plots the surface value of
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Figure 6.3: Profiles of (a)
√

(momentum) and (b) heat flux profiles from the LES resolu-

tion sensitivity tests for the spring case study with isotropic grid structure.. The results

plotted are from four hours after initialisation. The figure legend and Table 6.1 specify

the grid set-up for each model run plotted here. Lines and markers are plotted as in

Figure 6.2.

√
(momentum flux) against grid-length. Figure 6.4 indicates that only relatively

small changes are seen in the value of this parameter for the highest two resolution

runs. Broadly similar results were found using this diagnostic for the winter case

study too.



CHAPTER 6. RESOLUTION SENSITIVITY AND GRID ISOTROPY 173

0 2 4 6 8 10 12 14
0.1

0.105

0.11

0.115

0.12

0.125

∆x, ∆y, ∆z [m]

u
∗
[m

/
s
]

Figure 6.4: Surface
√

(momentum flux) from the LES resolution sensitivity tests for

the spring case study, utilising an isotropic grid structure. These results demonstrate

the substantial degree of convergence in results that was achieved with the range of grid-

lengths explored.

6.1.2 Winter case study

In the following section, the sensitivity of the LES results to resolution was assessed

for the winter case study, again using an isotropic grid structure. As with the cor-

responding investigations for the spring case study, four resolutions were trialled.

Table 6.3 specifies the set-up for each run. Since the influence of both horizontal

and vertical resolution was being investigated, identical grid lengths were used in

the horizontal and vertical. Sample values for these results are quoted in Table

6.4. The profiles for each variable are discussed in detail below, since overall per-

formance cannot be fully represented by a comparison at a single height.

Figure 6.5 presents the wind profile results from this sensitivity test. As with

the equivalent results from the spring case study, these profiles demonstrate that

coarser resolution supports the formation of deeper boundary layers. This resulted

in poorer agreement with the observed profiles. As with the spring case study,

only very small differences were noted between the two highest resolution runs.
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Run Horizontal Vertical Horizontal Vertical

grid length grid length domain domain

[m] [m] [m x m] [m]

r2037 12.5 12.5 200x200 200

r2036 6.25 6.25 200x200 200

r2035 3.125 3.125 200x200 200

r2038 2.083 2.083 200x200 200

Table 6.3: Summary of model set-up for LES resolution sensitivity tests. These model

runs were used to simulate the winter case study, and utilised an isotropic grid structure.

u32m v32m θ4m u∗, 4m w′θ′4m

[ms−1] [ms−1] [K] [ms−1] [K.ms−1]

r2037 -5.4 2.5 246.1 0.12 -8.9x10−3

r2036 -5.8 2.7 246.7 0.11 -8.2x10−3

r2035 -6.3 2.5 247.4 0.11 -8.2x10−3

r2038 -6.6 2.5 247.4 0.10 -7.7x10−3

Observations -7.79±0.22 2.32±0.17 245.5±0.1 0.11±0.02 (-8.1±3.8)x10−3

Table 6.4: Summary of sample results from the LES isotropic resolution tests for the

winter case study.
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This was indicative of grid convergence having been qualitatively achieved. Again,

however, even the highest resolution run produced a deeper boundary layer than

indicated by the observations. This exerted a detrimental impact on the wind pro-

file structure.
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Figure 6.5: Wind speed profiles from the LES resolution sensitivity tests for the winter

case study with isotropic grid structure. The results plotted are from three hours after

initialisation. The figure legend and Table 6.3 specify the grid set-up for each model run

plotted here. Lines and markers are plotted as in Figure 6.1.

Figure 6.6 displays the potential temperature profiles from this sensitivity test. As

with the spring case study results, the shallower boundary-layer depths simulated

by the higher resolution runs resulted in the strongest performance against the

observations. However, none of these runs succeeded in capturing a θ profile which

was as strongly stratified as that which was observed.

The modelled and observed flux profiles from these sensitivity tests are plotted in

Figure 6.7. As with the results from the spring case study, higher vertical resolu-

tion had the effect of producing smaller surface values of
√

(momentum) and heat

fluxes, although these differences were only very slight. Both the surface values of√
(momentum) and heat fluxes were very well simulated by all the runs.
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Figure 6.6: Potential temperature profile results from the LES resolution sensitivity tests

for the winter case study with isotropic grid structure. The results plotted are from three

hours after initialisation. The figure legend and Table 6.3 specify the grid set-up for each

model run plotted here. Lines and markers are plotted as in Figure 6.2.

As was noted for the first case study, the fluxes were more sensitive to resolution

above the surface. This is associated with the deeper boundary layers which were

produced by the degraded resolution runs (Figures 6.5 and 6.6). Interestingly, the

predictions of the lowest resolution run were closest to both of the observed flux

profiles.

As with the mean profiles, only slight differences were noted between the flux pro-

files from the two highest-resolution runs. This was indicative of grid-convergence

having been approximately reached. Any remaining differences between the mod-

elled and observed profiles can be attributed to either imperfections in the model

initialisation or forcing, or processes which were not included in the LES.
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Figure 6.7: Profiles of (a)
√

(momentum) and (b) heat flux profiles from the LES reso-

lution sensitivity tests for the winter case study with isotropic grid structure. The results

plotted are from three hours after initialisation. The figure legend and Table 6.3 specify

the grid set-up for each model run plotted here. Lines and markers are plotted as in

Figure 6.2.

6.2 LES vertical resolution sensitivity tests

Following on from the LES resolution sensitivity tests using an isotropic grid struc-

ture, sensitivity to vertical resolution is now assessed. In order to isolate the
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sensitivity to vertical resolution alone, the horizontal grid-lengths were kept fixed.

These sensitivity tests, which used enhanced resolution in the vertical, were in-

spired by the structure of turbulence within the SBL.

Stability is known to influence the shapes of turbulent structures, introducing a

degree of anisotropy. For example, in the convective boundary layers, eddies are

usually much deeper than they are wide (Stull, 1988). In the SBL, stability can

act to make the eddies wider than they are tall (Huang and Bou-Zeid, 2013). This

can result in SBL turbulence exhibiting a pancake-like structure.

To demonstrate this effect, Figure 6.8 shows a profile of the ratio of total verti-

cal to horizontal
√

(momentum fluxes) for run r5059. This run utilised isotropic

grid-structure for the spring case study, with grid lengths of 3.125 m. This ratio of

fluxes remained below 0.5 throughout the entire depth of the boundary layer. This

was indicative of the relative weakness of vertical
√

(momentum fluxes), compared

to those in the horizontal. Although not presented here, similar results were also

found for the mid-winter case study.

To adequately capture turbulent eddies in weather and climate models, the vertical

resolution is typically increased at the expense of the horizontal. In the following

section, the impact of the vertical resolution on LES performance is explored, using

a grid-structure which mirrors the turbulence which is being modelled.
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Figure 6.8: Profile of the ratio of total vertical to horizontal
√

(momentum fluxes) for the

spring case study (run r5059). The results plotted are from four hours after initialisation.

This figure indicates vertical turbulent fluxes were weaker than those in the horizontal.

This inspired the LES vertical resolution sensitivity tests shown in this section.

6.2.1 Spring case study

In the following section, the sensitivity of the LES results to vertical resolution was

assessed for the spring case study. Four vertical resolutions were trialled: Table

6.5 specifies the details of each run. In order to isolate the influence of vertical

resolution on the simulations, the horizontal resolution was held constant.

The wind profile results from this sensitivity test are shown in Figure 6.9. As was

discussed in Section 4.1.1, the LES control run performed very well at predicting

the wind profiles. In this test, two model runs were used with degraded vertical

resolution, and one with enhanced resolution, compared with this control. The

lower vertical resolution runs generally produced both deeper boundary layers, and

smaller wind speed maxima. This combination resulted in a less favourable com-

parison against the observed profiles. The highest resolution model run, r2053,

achieved the closest agreement of all the runs tested with the observations.

As shown by Table 6.5, r2053 had almost double the number of vertical levels within
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Run Horizontal Vertical Vertical Vertical levels

grid length grid length domain within boundary

[m] [m] [m] layer

r2051 3.25 6.25 200 9

r2052 3.25 3.125 200 19

r2050 3.25 1.75 200 34

r2053 3.25 1.00 200 60

Table 6.5: Summary of model set-up for LES vertical resolution sensitivity tests. These

model runs were used to simulate the spring case study.
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Figure 6.9: Wind speed profile results from the LES vertical resolution sensitivity tests

for the spring case study. The results plotted are from four hours after initialisation. The

figure legend and Table 6.5 specify the grid set-up for each model run plotted here. Lines

and markers are plotted as in Figure 6.1.

the boundary layer compared to the control run. This increased vertical resolution

resulted in the formation of a shallower boundary layer and a stronger wind max-

imum than found in r2050. However, the difference between r2050 and r2053 was

minimal, which is indicative of grid convergence having been nearly reached.



CHAPTER 6. RESOLUTION SENSITIVITY AND GRID ISOTROPY 181

Figure 6.10 displays the corresponding potential temperature profiles from this

experiment. The higher resolution runs again performed better against the obser-

vations, with r2053 achieving the closest fit. However, even this resolution was

unable to produce a boundary layer as shallow and stable as that which was ob-

served. Generally, enhanced resolution was associated with a change in potential

temperature curvature, from negative to positive. The lack of smoothness in these

profiles close to the surface is explained by the predominance of smaller eddies in

the surface-layer. This results in the flow here only being marginally resolved.
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Figure 6.10: Potential temperature profile results from the LES vertical resolution sen-

sitivity tests for the spring case study. The results plotted are from four hours after

initialisation. The figure legend and Table 6.5 specify the grid set-up for each model run

plotted here. Lines and markers are plotted as in Figure 6.2.

To summarise, the above results have provided strong evidence of the improved

model performance which the use of enhanced vertical resolution in the LES de-

livers. Indeed they suggest that such resolution enhancements may be at least as

effective as the alternative approach of simultaneously decreasing the grid lengths

in all three dimensions, as was used in the previous section. In addition, the former

strategy is substantially less numerically intensive. The disproportionate sensitivity

of the LES predictions to vertical resolution might be explained by the anisotropy
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of turbulence in the SBL.

The modelled and observed flux profiles are plotted in Figure 6.11. Higher vertical

resolution had the effect of producing smaller surface values of
√

(momentum) and

heat fluxes. The surface
√

(momentum fluxes) were well-simulated by the higher-

resolution runs. The coarser runs produced an over-estimate of this parameter.

In contrast, the predictions of the higher resolution runs (r2050 and r2053) were

furthest from the observed value of surface heat flux.

The higher resolution runs also performed better at matching against the 32 m

observations for both
√

(momentum) and heat flux. For example, the observation

of heat flux at the 32 m level was ∼2.5x10−4 K.ms−1. The prediction of the highest

vertical resolution run (r2053) was very close to this value. In contrast, the low-

est vertical resolution run (r2051) predicted a substantially larger value than this

(∼4x10−3 K.ms−1).
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Figure 6.11: Profiles of (a)
√

(momentum) and (b) heat flux profiles from the LES vertical

resolution sensitivity tests for the spring case study. The results plotted are from four

hours after initialisation. The figure legend and Table 6.5 specify the grid set-up for each

model run plotted here. Lines and markers are plotted as in Figure 6.2.

6.2.2 Winter case study

The sensitivity of the LES results to vertical resolution was next assessed for the

winter case study. The LES was set up in the same way as the control run (r2020,

Section 4.1.2), other than for vertical resolution. The range of vertical resolutions

tested here is outlined in Table 6.6, and was the same as for the equivalent sensitiv-
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Run Horizontal Vertical Vertical Vertical levels

grid length grid length domain within boundary

[m] [m] [m] layer

r2024 3.25 6.25 200 11

r2025 3.25 3.125 200 22

r2020 3.25 1.75 200 40

r2026 3.25 1.00 200 70

Table 6.6: Summary of model set-up for LES vertical resolution sensitivity tests. These

model runs were used to simulate the winter case study.

ity tests for the spring case study (Section 6.2.1). Uniform grid spacing was used

throughout the domain. As with the equivalent sensitivity tests for the spring case

study, the horizontal resolution was fixed in order to isolate the effect of vertical

resolution alone.

As Figure 6.12 illustrates, the control run performed strongly at simulating the

wind profiles for this case study. The main outstanding issues were, firstly, that

it slightly under-estimated the near-surface wind shear, and, secondly, the peak

v-component of wind speed was slightly weaker than the observations suggested.

The reduced-resolution runs (r2024 and r2025) predicted deeper boundary layers

and weaker near-surface wind shears than the control. Both of these changes re-

sulted in poorer agreement with the observed profiles.

The enhanced-resolution run (r2026) produced wind profiles which were very simi-

lar to r2020, indicative of grid-convergence having been qualitatively reached. Run

r2026 predicted a shallower boundary-layer depth, with slightly stronger wind

shear. In addition, the peak v-component of wind speed increased by approxi-

mately 0.2 ms−1. All of these changes acted to reduce the discrepancy between the

modelled profile and the observations, although the observed 32 m u-component of

wind speed was still ∼0.5 ms−1 stronger than the equivalent point on the modelled



CHAPTER 6. RESOLUTION SENSITIVITY AND GRID ISOTROPY 185

−10 −8 −6 −4 −2 0 2 4 6
0

10

20

30

40

50

60

70

80

90

100

u, v [m/s]

H
e
ig
h
t
[m

]

 

 

U: ∆z = 6.25 m
V: ∆z = 6.25 m
U: ∆z = 3.125 m
V: ∆z = 3.125 m
U: ∆z = 1.75 m
V: ∆z = 1.75 m
U: ∆z = 1 m
V: ∆z = 1 m

Figure 6.12: Horizontal wind speed component profiles for the LES vertical resolution

sensitivity tests for the winter case study. The results plotted are from three hours after

initialisation. The figure legend and Table 6.6 specify the grid set-up for each model run

plotted here. Lines and markers are plotted as in Figure 6.1.

profile.

The deeper boundary layer in the reduced-resolution profiles affected the potential

temperature profiles too (Figure 6.13). Interestingly, however, the improvements

evident in the wind profile results of run r2026 were not reflected in the potential

temperature profiles of the same run, with r2020 providing the best simulation for

θ. Firstly, r2026 developed a surface inversion which was markedly stronger than

either r2020, or the observed profile called for. Secondly, r2026’s profile displayed

some variations in curvature with height. Generally, enhanced resolution was asso-

ciated with a change in potential temperature curvature, from negative to positive.

This trend was in agreement with the findings of the spring case study.

Finally, Figure 6.14 shows the
√

(momentum) and heat flux profiles from this sen-

sitivity test. As with the results of the corresponding sensitivity tests from the

spring case study. the general trend was for higher vertical resolution to predict a

smaller surface flux. Interestingly, the reduced-resolution runs (r2024 and r2025)
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Figure 6.13: Potential temperature profiles for the LES vertical resolution sensitivity tests

for the winter case study. The results plotted are from three hours after initialisation.

The figure legend and Table 6.6 specify the grid set-up for each model run plotted here.

Lines and markers are plotted as in Figure 6.2.

simulated values closest to those which were observed. The problem with the LES

overestimating the vertical flux gradient, compared to the observed profiles (Sec-

tion 4.1.2), was evident in these results too. Despite the fact that no clear picture

emerged from these sensitivity tests in terms of the turbulent profiles, however, the

mean profiles certainly strongly pointed towards the benefits of enhanced vertical

resolution.
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Figure 6.14: Profiles of (a)
√

(momentum) and (b) heat flux profiles from the LES vertical

resolution sensitivity tests for the winter case study. The results plotted are from three

hours after initialisation. The figure legend and Table 6.6 specify the grid set-up for each

model run plotted here. Lines and markers are plotted as in Figure 6.2.

6.3 LES resolution aspect-ratio sensitivity tests

The preceding sections have presented results from experiments investigating the

sensitivity of the LES results to resolution. In the first section, an isotropic grid-

structure was used. In the second, sensitivity to vertical resolution was considered
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in isolation. In an LES, however, choices must be made as to how to distribute

model resolution in both the horizontal and vertical. In the following section, the

impact on LES performance of the aspect-ratio of horizontal-to-vertical resolution

is explored.

6.3.1 Spring case study

In this section, the sensitivity of the LES to resolution aspect-ratio was investi-

gated for the spring case study. Table 6.7 outlines the three configurations of the

LES trialled here. Whilst one model run (r2054) utilised an isotropic grid structure,

r2050 and 2055 employed enhanced vertical, and horizontal resolution, respectively.

The mean wind speed profiles from this sensitivity test are presented in Figure

6.15. It can be seen from these that r2050 achieved a markedly closer fit with the

observations than either r2054 or r2055. Instead, the latter two runs predicted an

overly-deep boundary layer, with the wind speed maximum being placed at too

great a height.

The difficulties r2054 and r2055 experienced with the prediction of boundary-layer

depth are also evident in the potential temperature profiles (Figure 6.16). The

Run Horizontal Vertical Vertical Resolution

grid length grid length domain aspect-ratio

[m] [m] [m] (∆x/∆z)

r2054 3.25 3.25 200 1

r2050 3.25 1.75 200 1.86

r2055 1.75 3.25 200 0.54

Table 6.7: Summary of model set-up for LES resolution aspect-ratio sensitivity tests.

These model runs were used to simulate the spring case study.
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Figure 6.15: Horizontal wind speed component profiles for the LES resolution aspect-ratio

sensitivity tests for the spring case study. The results plotted are from four hours after

initialisation. The figure legend and Table 6.7 specify the grid set-up for each model run

plotted here. Lines and markers are plotted as in Figure 6.1.

shallower boundary layer simulated by r2050 (h≈45 m) resulted in a temperature

profile which was much closer to that which was observed. In addition to this,

however, both r2054 and r2055 predicted more strongly curved temperature pro-

files. This curvature was in the opposite sense to that indicated by the observed

profiles (negative, rather than positive). In contrast, r2050 predicted a lapse-rate

which was almost linear between 2 and 40 m.

In this sensitivity test, r2054 and r2055 both used the same vertical resolution.

These runs produced very similar profiles, whilst the run with enhanced vertical

resolution (r2050) achieved the closest agreement with the observed profiles. This

suggests that in the above experiments, vertical resolution was the limiting fac-

tor, providing further persuasive evidence to justify the use of enhanced vertical

resolution, at the expense of the horizontal resolution. Interestingly, however, the

deepest mixing, and poorest fit with the observations was found in r2055. This run

had greater horizontal resolution than the control, r2054. An explanation of this

finding will require further careful, thorough analysis.
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Figure 6.16: Potential temperature profiles for the LES resolution aspect-ratio sensitivity

tests for the spring case study. The results plotted are from four hours after initialisation.

The figure legend and Table 6.7 specify the grid set-up for each model run plotted here.

Lines and markers are plotted as in Figure 6.2.

The flux profiles from this sensitivity test are shown in Figure 6.17. Run r2050 -

which used enhanced vertical resolution - predicted the smallest surface flux val-

ues. The general trend in these results was for the size of the surface flux to be

inversely correlated with the magnitude of ∆x/∆z. No consistent picture emerged

when the model predictions were compared against the observed flux profiles. For

the
√

(momentum flux), r2050 seemed to provide the closest prediction of the sur-

face flux value, with the other runs over-estimating its value. r2050 also made a

reasonable prediction of the flux gradient.

For the heat flux profile, however, the predictions of r2054 and r2055 were both

equally close to the surface value of heat flux. All of the LES model runs ap-

peared to under-estimate the strength of the gradient of heat flux. However, it

must be remembered that observations of turbulent quantities are generally more

time-variable than those of mean profiles (see Table 4.2). The mean wind and

potential temperature profiles clearly and consistently pointed towards the perfor-
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mance benefits offered by the use of enhanced vertical resolution model.
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Figure 6.17: Profiles of (a)
√

(momentum) and (b) heat flux profiles from the LES reso-

lution aspect-ratio sensitivity tests for the spring case study. The results plotted are from

four hours after initialisation. The figure legend and Table 6.7 specify the grid set-up for

each model run plotted here. Lines and markers are plotted as in Figure 6.2.
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Run Horizontal Vertical Vertical Resolution

grid length grid length domain aspect-ratio

[m] [m] [m] (∆x/∆z)

r2031 3.25 3.25 200 1

r2020 3.25 1.75 200 1.86

r2032 1.75 3.25 200 0.54

Table 6.8: Summary of model set-up for LES resolution aspect-ratio sensitivity tests.

These model runs were used to simulate the winter case study.

6.3.2 Winter case study

In this section, the sensitivity of the LES to resolution aspect-ratio was investi-

gated for the winter case study. Three LES runs were trialled: the details of each

of which are specified in Table 6.8. Run r2031 was used as a control, with identical

grid-lengths being used in both the horizontal and vertical. Run r2020 used en-

hanced vertical resolution, with almost double the resolution in the vertical as the

horizontal. The horizontal resolution used was the same as for r2031. For r2032,

the opposite was true: enhanced resolution in the horizontal was used, with the

same vertical resolution as for r2031.

Figure 6.18 shows that the enhanced vertical resolution run (r2020) resulted in wind

profiles much closer to the observations than either r2031 or r2032. The boundary

layer in r2020 was ∼45 m deep, whilst in the latter two runs it was closer to 70 m.

The predicted profile of r2020 was also in much closer agreement with the observed

profiles.

The same was true for the potential temperature profiles (Figure 6.19). As with the

corresponding results from the spring case study, In addition, the surface inversion

was insufficiently strong for r2031 and r2032. This can partly be attributed to the

different vertical resolutions used, since r2020 used the highest vertical resolution
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Figure 6.18: Horizontal wind speed component profiles for the LES resolution aspect-ratio

sensitivity tests for the winter case study. The results plotted are from three hours after

initialisation. The figure legend and Table 6.8 specify the grid set-up for each model run

plotted here. Lines and markers are plotted as in Figure 6.1.

of the three model runs tested. However, r2031 produced slightly less mixing than

r2032. The only difference between these runs was in the horizontal resolution.

In the higher horizontal-resolution run (r2032), less turbulence was being param-

eterized by the subgrid model. The profiles of r2031 compared more favourably

with the observations than r2032, indicating that this had a negative impact. This

result is consistent with the finding from the spring case study, and further work

is required to adequately explain it. The differences between these two runs were

small, however, compared to the sensitivity to vertical resolution.

The flux profiles from this sensitivity test are shown in Figure 6.20. Interestingly,

both r2031 and r2032 predicted larger surface flux values compared to r2020. This

is consistent with the results from the previous section, which identified that the

magnitude of surface
√

(momentum) and heat fluxes were inversely proportional

to vertical resolution. The largest surface
√

(momentum) and heat fluxes were

predicted by r2032, which used enhanced horizontal resolution compared to r2031.

Both r2031 and r2032 were closer to the observed surface value than r2020. Their
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Figure 6.19: Potential temperature profiles for the LES resolution aspect-ratio sensitivity

tests for the winter case study. The results plotted are from three hours after initialisation.

The figure legend and Table 6.8 specify the grid set-up for each model run plotted here.

Lines and markers are plotted as in Figure 6.2.

flux profile gradients were also closer to the observed profiles. However, when con-

sidering this improved performance it should be remembered that the mean profiles

for r2020 were closest to those which were observed.
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Figure 6.20: Profiles of (a)
√

(momentum) and (b) heat flux profiles from the LES reso-

lution aspect-ratio sensitivity tests for the winter case study. The results plotted are from

three hours after initialisation. The figure legend and Table 6.8 specify the grid set-up

for each model run plotted here. Lines and markers are plotted as in Figure 6.2.

6.4 SCM vertical resolution sensitivity tests

So far, this chapter has explored the issue of resolution sensitivity within the LES.

Vertical resolution is also, however, an important consideration in SCM simula-
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tions. The first-order turbulence parameterization schemes described in Section

1.4 and employed in the SCM used in this thesis, partly depend upon the local

wind shear and lapse-rate to predict turbulent fluxes (see Equations 2.6 - 2.8). The

accuracy of each of these are partly controlled by the vertical resolution used in

the model.

As has been discussed, an SCM may be thought of as like a single vertical column

of a weather or climate model. There are concerns as to whether such large-scale

models possess sufficient resolution within the stable boundary layer (Roeckner

et al., 2006), particularly for shallow, high-latitude boundary layers. The aim of

the following section was to explore the sensitivity of the SCM predictions to ver-

tical resolution for the spring and winter case studies.

6.4.1 Spring case study

In this section, the results of investigations into the sensitivity of the SCM to ver-

tical resolution are presented for the spring case study. For these tests, the SCM

model set-up described in Section 4.4.1 was used as a control. This model run

had 200 vertical levels evenly distributed over a vertical domain of 200 m. Three

other vertical resolutions were also trialled. These model set-ups are summarised

in Table 6.9, with cut-off tails being used throughout.

As shown by Figure 6.21, SCM-50, SCM-100 and SCM-200 produced very similar

predictions. In contrast, SCM-20 simulated weaker near-surface wind shear, com-

bined with a deeper boundary-layer. The wind speed maximum in SCM-20 was

also placed at a greater height than in the other runs. The similarity in the pre-

dictions of the three higher-resolution runs is indicative of grid-convergence having

been reached.

Interestingly, however, not even the highest resolution run tested here managed
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Run Vertical Vertical Vertical fm, fh

levels domain grid length choice

[m] [m]

SCM-20 20 200 10 Cut-off

SCM-50 50 200 4 Cut-off

SCM-100 100 200 2 Cut-off

SCM-200 200 200 1 Cut-off

Table 6.9: Summary of model set-up for SCM vertical resolution sensitivity tests. These

model runs were used to simulate the spring case study.

−8 −6 −4 −2 0 2 4
0

10

20

30

40

50

60

70

80

u, v [m/s]

H
e
ig
h
t
[m

]

 

 

U: ∆z = 10 m
V: ∆z = 10 m
U: ∆z = 4 m
V: ∆z = 4 m
U: ∆z = 2 m
V: ∆z = 2 m
U: ∆z = 1 m
V: ∆z = 1 m

Figure 6.21: Wind speed profile results from the SCM vertical resolution sensitivity tests

for the spring case study. The results plotted are from four hours after initialisation. The

figure legend and Table 6.9 specify the grid set-up for each model run plotted here. Lines

and markers are plotted as in Figure 6.1.

to achieve a very favourable match with the observed profiles. The wind speed

maximum in the observations was both greater in magnitude, and occurred at a

shallower height, than was predicted by these model runs.

The potential temperature profiles from this sensitivity test are shown in Figure
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6.22. These are consistent with the results shown in the wind profile plots. SCM-20

simulated both a weaker surface inversion, and a deeper boundary-layer, than the

other three model runs. The similarity in the potential temperature profiles sug-

gests grid-convergence has also been reached in the potential temperature profiles.

The problems the SCM experienced in Section 4.4.1 with capturing the observed

temperature profile curvature, and boundary-layer depth, are both present in all

the model runs tested here. This suggests that the resolution used in these runs

was appropriate, and that the above issues were associated with the turbulence

parameterization scheme.
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Figure 6.22: Potential temperature profile results from the SCM vertical resolution sen-

sitivity tests for the spring case study. The results plotted are from four hours after

initialisation. The figure legend and Table 6.9 specify the grid set-up for each model run

plotted here. Lines and markers are plotted as in Figure 6.2.

The
√

(momentum) and heat flux profiles are not shown here: the profiles of the

four model runs are very similar, so displaying them is not instructive. The surface

flux values for all the runs were almost identical, with the only noticeable difference

being the slight variation in the height at which the profiles reached zero. This dif-

ference is consistent with the previously-noted differences in boundary-layer depth

from the model runs.
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Overall, the agreement with observations did improve, up to a point, with in-

creases in vertical resolution. However, once grid-convergence had qualitatively

been reached, further resolution increases were wasteful. Since significant differ-

ences were still noted between SCM-200 and the observations, it can be concluded

that these discrepancies must be attributed to issues other than resolution. Since

the LES performed markedly better than the SCM with the same initialisation

and forcings, the explanation for the discrepancy between the SCM results and the

observations must lie with the formulation of turbulent parameterizations used.

6.4.2 Winter case study

In this section, the results of investigations into the sensitivity of the SCM to verti-

cal resolution are presented for the winter case study. The SCM was configured as

in the control run (Section 4.4.2), other than for vertical resolution. This param-

eter was varied as detailed in Table 6.10. Cut-off tails were used in the turbulent

parameterization scheme for all runs.

As Figure 6.23 illustrates, the general trend is for reduced vertical resolution to

produce deeper boundary layers, and reduced near-surface wind shear. The peak

wind speeds in the profiles appear relatively insensitive to vertical resolution. All

four model runs mixed deeper than the observed profile. However, the profiles for

the 100 and 200-level runs were very similar. This suggests that grid-convergence

has nearly been reached. Any remaining differences between the modelled and ob-

served profiles were attributable to factors other than vertical resolution.

Enhanced resolution was found to be particularly important near the surface if

realistic wind shear was to be produced. As indicated by Figure 6.24, this was

also true for capturing the surface inversion, with SCM-20 failing to develop a

sufficiently strong surface inversion. This reduced inversion-strength would have
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Run Vertical Vertical Vertical fm, fh

levels domain grid length choice

[m] [m]

SCM-20 20 200 10 Cut-off

SCM-50 50 200 4 Cut-off

SCM-100 100 200 2 Cut-off

SCM-200 200 200 1 Cut-off

Table 6.10: Summary of model set-up for SCM vertical resolution sensitivity tests. These

model runs were used to simulate the winter case study.
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Figure 6.23: Wind speed profile results from the SCM vertical resolution sensitivity tests

for the winter case study. The results plotted are from three hours after initialisation.

The figure legend and Table 6.10 specify the grid set-up for each model run plotted here.

Lines and markers are plotted as in Figure 6.1.

supported the evolution of the deeper boundary layer observed in this case. The

temperature profiles predicted by the other three model runs were almost identical,

indicative of grid-convergence having been almost reached.

Interestingly, the sensitivity of the mean profiles to vertical resolution was not re-
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Figure 6.24: Potential temperature profile results from the SCM vertical resolution sen-

sitivity tests for the winter case study. The results plotted are from three hours after

initialisation. The figure legend and Table 6.10 specify the grid set-up for each model run

plotted here. Lines and markers are plotted as in Figure 6.2.

flected in the corresponding turbulent flux profiles. As with the spring case study

results from this sensitivity test, the
√

(momentum) and heat flux profiles are not

displayed here since they were all so similar. They all predicted surface flux values

which were close to the observed values, although a comparison with the observed

profiles suggests they again over-estimated the flux gradients.

The above results indicate the SCM results are relatively insensitive to vertical

resolution. SCM-200 had an order of magnitude more vertical levels than SCM-

20, with only small changes being delivered in the mean profiles. Improvements

in near-surface wind shear and inversion strength were, however, both associated

with higher vertical resolution. Overall, however, relatively poor agreement was

achieved between even the highest-resolution SCM run, and the observed profiles.

Since grid-convergence had approximately been achieved in these runs, improve-

ments will not be made by further decreases in the grid length.
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6.5 Further discussion and conclusions

This chapter has explored the resolution sensitivity of LES and SCM results for the

Antarctic stable boundary layer. Initially, the sensitivity of the LES predictions to

resolution were investigated using an isotropic grid structure. These preliminary

studies indicated that increased resolution produced significant improvements in

the agreement of the model profiles with observations.

Had higher resolution failed to yield such convergence with the observations, it

could indicate that either the model initialisation or forcings used were inappro-

priate, or other processes not represented in the LES were exerting an important

influence on the boundary layer. Indeed, some previous LES studies were un-

successful in achieving such convergence (Beare et al., 2006b). This convergence

against the observations with enhanced resolution seen in the results in this chapter

was thus a very encouraging result, giving confidence prior to conducting further

sensitivity tests.

For both case studies, little difference was noted between model runs using 3.125 m

and 2 m grid lengths. This was indicative of grid convergence having been qual-

itatively achieved. The results in this section showed that increased resolution

generally led to the formation of a shallower boundary layer. However, even the

highest resolution, converged run produced an overly-deep boundary layer. This

had a detrimental impact on the wind and potential temperature profiles.

In the second section, the impact of vertical resolution on LES results was consid-

ered. These tests were based on the hypothesis that higher resolution in the vertical,

at the expense of the horizontal, might yield simulations as accurate as those using

identical horizontal and vertical resolutions, at much reduced computational ex-

pense. This hypothesis stemmed from our current understanding of the nature of

SBL turbulence. Stable stratification has been shown to support the formation of
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pancake-like turbulence, with eddies being wider than they are deep (Huang and

Bou-Zeid, 2013). The results for both case studies demonstrated that enhanced

vertical resolution delivered tangible benefits, particularly in the mean wind speed

and potential temperature profiles. Grid convergence was nearly achieved for both

case studies with a horizontal grid length of 3.25 m, and a vertical grid length of

1 m. In addition to the LES results converging with resolution, however, they also

generally converged with the observed profiles.

Here we introduce h/∆z (where h is the boundary-layer depth, and ∆z the vertical

grid-length) as a simple measure of how well the boundary layer turbulence was

resolved by the LES. Beare et al. (2006b) considered a boundary layer which was

approximately three times deeper than the Antarctic ones simulated here. At mod-

erate resolution (6.25 m), they had 30 levels within the boundary layer; at higher

resolution (3.125 m), this number increased to 58 levels. In comparison, the LES

controls (1.75 m) for the first and second case studies had 34 and 40 levels within

the boundary layer; for the high resolution runs (1 m) there were 60 and 70 levels.

Although these guiding-ratios should only provide a crude metric for comparison

purposes, they do provide evidence that the resolution has increased appropriately

to compensate for the decrease in the boundary-layer depths in these case studies.

The results shown here indicate that higher vertical resolution resulted in a shal-

lower boundary layer, with a stronger wind speed maximum. Although none of the

runs tested here produced a boundary layer as shallow or stable as was observed, the

highest resolution runs did simulate the wind profiles well. The results presented

here support the view that computational efficiency of LES of the stable boundary

layer can be increased, without a negative impact on the model results, by using an

anisotropic grid structure with enhanced vertical resolution. The strong sensitivity

to vertical resolution identified in these results also highlights the importance of

ensuring LES results are approximately converged prior to using them to guide

turbulence parameterizations.
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In the next section, the effect of the aspect-ratio of the LES grid-structure was

explored. The results from both case studies implied that the best results were

achieved when enhanced vertical resolution was used, even at the expense of the

horizontal resolution. This was particularly true for the wind and potential tem-

perature profiles. The results from runs which used enhanced vertical resolution

displayed a reduced degree of negative curvature. The same effect was observed in

the vertical resolution sensitvity tests, and so this observation was attributed to

changes in vertical grid length. The results from the flux profiles presented a less

clear picture as to the relative impacts of horizontal and vertical resolution. How-

ever, flux profiles generally exhibit more time-variability than their mean counter-

parts, and the mean profiles provided persuasive evidence of the crucial importance

of vertical resolution in LES of the stable boundary layer.

Finally, the sensitivity of the SCM results to vertical resolution was investigated.

The results from both case studies suggested that an order of magnitude increase

in vertical resolution produced only relatively modest improvements in model per-

formance. This contrast with the findings of the LES vertical resolution sensitivity

tests is explained by the different way each model represents turbulence. The LES

explicitly resolves the larger eddies, and parameterizes the remainder with a sub-

grid model. In contrast, the SCM parameterizes all the turbulent motions. For

the range of resolutions the SCM was tested, the model was in a regime in which

other errors dominated any resolution sensitivity. These conclusions are reassuring,

given that global weather and climate models typically operate with 2-3 levels in

high-latitude, stable boundary layers (Lock and Edwards, 2013).

SCM-20 (with a grid-length of 10 m) under-predicted both the wind speed maxi-

mum and the surface inversion strength, and simulated too deep a boundary layer.

The differences between the other three runs were generally very small. The main

area in which the enhanced-resolution runs benefited was close to the surface, where
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they simulated more realistic wind shear and surface inversions. This points to-

wards the benefits of employing a log-linear vertical grid, where resolution increases

with proximity to the surface (Weng and Taylor, 2003).

It is notable, however, that even the highest resolution run was not particu-

larly close to the observed profiles. Certainly, the predictions of the LES control

were markedly better. Given that grid-convergence appeared to have been almost

reached in these results, further resolution increases will not result in improvements.

It is argued that the issue lies with the formulation of the turbulence parameter-

ization scheme, particularly the stability functions. Some part of the discrepancy

between the LES and SCM results is also due to the value chosen for λ0.



Chapter 7

Summary and future research

This thesis has investigated the Antarctic stable boundary layer, using a combina-

tion of modelling techniques which were initialised using, and their output validated

against, observations from Halley Station, Antarctica. The contents of each chap-

ter are summarised in the following sections. The degree to which the thesis aim

and objectives (Figures 1.10 - 1.13) were achieved is also discussed, and potentially

fruitful avenues for future research are identified.

Chapter 1 - Introduction

The novel methodology employed in this thesis was inspired by a review of the lit-

erature in Chapter 1. This highlighted that most research into the stable boundary

layer has tended to take either a purely observational or model-based approach.

It was anticipated that by combining LES, SCM and observatations, the strategy

employed here would both maximise scientific progress, and address the disconnect

identified between overly-idealised modelling experiments and detached observa-

tional studies.

Chapter 2 - Methodology

Chapter 2 described the methodology used in this thesis in further detail (Objective

206
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1). The Halley Station site was introduced, along with the range of observations

which were made there. Important aspects of the two models used in this thesis

were also explained. Of particular note was the formulation of stability functions

used in the SCM. This issue was comprehensively investigated using the Halley

results in Chapter 4.

Chapter 3 - Case study selection and descriptions

The two case studies considered in this thesis are introduced in Chapter 3 (Ob-

jective 1: Milestone 1). The first case study was based on an evening transition

observed at Halley in the spring of 2003. This case appeared promising from

a modelling-viewpoint, given that it was relatively unaffected by synoptic forc-

ing. An evening transition was used for the initial case study for several reasons.

Firstly, the presence of a well-defined surface inversion made for a simpler, and

more robust, initialisation procedure. Secondly, transitional boundary layers are

interesting scientific phenomena in their own right. They feature a range of shears

and stratifications, and thus represent an excellent opportunity to assess the per-

formance of turbulent parameterization schemes.

The second case study came from the winter of 2003, when a diurnal cycle in insola-

tion was entirely absent. The boundary layer at Halley was also more influenced by

synoptic forcing in this case. This made the winds more variable with time. This

last point, combined with the slightly greater stabilities compared to the spring

case study, made this a challenging test for both models.

Chapter 4 - Control simulations and vertical mixing

The first modelling results were presented in Chapter 4. Initially the LES was

used to model the two case studies. The purpose of these simulations was two-fold.

Firstly, they provided a means by which to establish the correct initialisation and
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forcing for each case study (Objective 1: Milestone 2). Secondly, they provided a

control run which could be used for comparison purposes against results from fur-

ther experiments (Objective 2: Milestone 3). For the spring case study, excellent

agreement between the LES and observations was achieved for four hours after ini-

tialisation. As was discussed in Chapter 3, the synoptic situation made the winter

case study more challenging. This meant that the model results were validated

against the observations three hours after initialisation.

These control runs generally achieved very close agreement with the observed wind

profiles. The potential temperature profiles also agreed closely with the observa-

tions for both case studies. The observed potential temperature profiles exhibited

positive curvature for both case studies. Interestingly, the profile for the spring case

study was too linear. For the winter case study, however, the LES was successful in

emulating this curvature. The LES also struggled to simulate a sufficiently-strong

surface inversion for the spring case study. For both case studies, however, the

predicted flux profiles were of the same order of magnitude as those which were

observed. Overall, these LES runs were very successful in both establishing the

correct initialisation and forcings, and providing control runs against which the

results of further experiments could be compared.

In the next section, the initialisation and forcings established by the LES control

runs were used in the SCM to investigate the impact of stability function choice

(Objective 3: Milestone 5). Longer-tailed schemes (which allow enhanced-mixing)

resulted in the formation of deeper boundary layers. This produced poorer agree-

ment with the observed profiles for both case studies. Overall, the results from

both case studies most strongly supported the use of cut-off tails. These results

highlighted the power of the novel three-way comparison used in this thesis, be-

tween LES and SCM model results and observations.

Implied stability functions were extracted from LES by Beare et al. (2006b). This
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novel approach was replicated in this thesis for both case studies. These experi-

ments reinforced the conclusion that shorter-tailed stability functions offered im-

proved performance for the Antarctic stable boundary layer. This result will be

useful in guiding future developments of turbulence parameterization schemes. Fur-

ther sensitivites also exist to, for example, the choice of λ0, Prandtl number, and

order of turbulence closure model used. Future research might fruitfully attempt

to quantify these sensitivities.

In the final section of this chapter, the results of the SCM (operated using the cut-

off scheme) were tested against the predictions of the LES control (Objective 2:

Milestone 3). The aim of this novel test was to investigate the differences between

the best-performing SCM run with those of the significantly more numerically-

intensive LES. These results showed that the LES still out-performed the SCM,

even when cut-off tails were used. The main differences were that the SCM pre-

dicted a slightly deeper boundary layer, weaker near-surface wind shear, and poorer

simulations of potential temperature curvature than the LES. All of these differ-

ences meant that the SCM predictions were further from the observed profiles than

the LES.

Chapter 5 - Wind turning investigations

Chapter 5 investigated the phenomena of boundary-layer wind turning for the

spring and winter case studies (Objective 2: Milestone 4). This was accomplished

by using the LES and SCM model results presented in Chapter 4, alongside obser-

vations, and the theoretical predictions of Ekman (1905). In general, the results of

both the LES and SCM agreed very well with the theoretical predictions of Ekman

for the spring case study. Agreement beween the LES, SCM and Ekman predic-

tions, and the observed spirals was poorer for the winter case study. This was

largely attributed to the more time-varying geostrophic forcings which prevailed

here, and the fact that the more synoptically-active conditions during this case
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study were more likely to invalidate the assumptions used to derive the Ekman

spiral. In addition, and although great care was taken in prescribing them, inac-

curacies in the specification of the geostrophic forcings also introduced an error to

the LES, SCM and Ekman spiral results.

The relationship between boundary-layer depth and the difference between the

near-surface and geostrophic wind directions was also considered. Svensson and

Holtslag (2009) analysed wind turning in the LES and SCM GABLS-1 results.

The surface angles from the LES and SCM in this thesis were both slightly larger,

although still comparable, to the results obtained by Svensson and Holtslag. This

might be linked to the shallower boundary layers considered in this thesis, as Svens-

son and Holtslag concluded that larger surface wind angles were associated with

shallower boundary-layers.

The results of wind angle against boundary-layer depth from observations presented

less clear conclusions. As has already been mentioned, the methodology used here

also makes the results very sensitive to the accurate prescription of geostrophic wind

direction. Future work on this topic would benefit from access to observations of

wind strength and direction from above 32 m (the top level of the instrumented

mast).

Following on from the stability function sensitivity tests in Section 4.2, the sensitiv-

ity of wind turning to this issue was also investigated. When surface wind angle was

plotted against boundary-layer depth, the conclusion of Chapter 4 confirmed that a

systematic drift from the LES results occured with the use of longer-tailed stability

functions. Since surface angle and boundary-layer depth are both important pa-

rameters in determining cross-isobaric flow, these results powerfully illustrate the

sensitivity of mesoscale models to the choice of turbulent parameterization scheme.
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Chapter 6 - Resolution sensitivity tests

Chapter 6 explored the resolution sensitivity of LES and SCM results for the

Antarctic stable boundary layer (Objective 3: Milestones 6, 7). Initially, the sensi-

tivity of the LES predictions to resolution were investigated using an isotropic grid

structure. These preliminary studies indicated that increased resolution produced

significant improvements in the agreement of the model profiles with observations.

Had higher resolution not yielded such convergence it might indicate either the

model initialisation or forcings used were inappropriate, or other processes absent

from the LES were exerting an important influence on the boundary layer. This

convergence against the observations with enhanced resolution, seen in these re-

sults, was thus a very encouraging result and gave confidence prior to conducting

further sensitivity tests. For both case studies, little difference was noted between

model runs using 3.125 m and 2 m grid lengths. This was indicative of grid con-

vergence having been qualitatively achieved.

In the second section, the impact of vertical resolution on LES results was con-

sidered. These tests were based on the hypothesis that higher resolution in the

vertical, at the expense of the horizontal, might yield simulations as accurate as

those using identical horizontal and vertical resolutions, at much reduced compu-

tational expense. The results for both case studies demonstrated that enhanced

vertical resolution delivered tangible benefits, particularly in the mean wind speed

and potential temperature profiles. In addition to the LES results converging with

resolution, however, they also generally converged towards the observed profiles.

The results presented here support the view that computational efficiency of LES

of the stable boundary layer can be increased, without a negative impact on the

model results, by using an anisotropic grid structure with enhanced vertical reso-

lution. The strong sensitivity to vertical resolution identified in these results also

highlights the importance of ensuring LES results are appropriately converged prior

to using them to guide turbulence parameterizations.
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In the next section, the effect of the aspect-ratio of the grid used in the LES was

explored. The results from both case studies implied that the best results were

achieved when enhanced vertical resolution was used, even at the expense of the

horizontal resolution. This was particularly true for the wind and potential tem-

perature profiles.

Finally, the sensitivity of the SCM results to vertical resolution was investigated.

The results from both case studies suggested that, for the range of resolutions

tested, an order of magnitude increase in vertical resolution produced only very

modest improvements in model performance. These conclusions are reassuring,

given that global weather and climate models typically operate with 2-3 levels in

high-latitude, stable boundary layers (Lock and Edwards, 2013). The main area in

which the enhanced-resolution runs benefited was close to the surface, where they

simulated more realistic wind shear and surface inversions. This points towards

the benefits of employing a log-linear vertical grid, in which resolution increases

with proximity to the surface (Weng and Taylor, 2003).

It is notable, however, that even the highest resolution runs were not particularly

close to the observed profiles. Certainly, the predictions of the LES control were

markedly better. Given that grid-convergence appreared to have been reached in

these results, further resolution increases will not result in improvements. It is

therefore argued that the issue lies with the formulation of the turbulence param-

eterization scheme.

7.1 Future research

This thesis has helped in improving our understanding of the Antarctic stable

boundary layer. A robust methodology has been developed to initialise, force, and

validate an LES, and these results were then applied in an SCM. The scientific
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issues of stability function choice, boundary-layer wind turning, and resolution

sensitivity were investigated. Some considerable successes were made, although

great potential remains to expand upon the methods and experiments presented

here. This section will outline a number of potentially-fruitful avenues for future

research in this area.

Modelling progress

The models used in this thesis were generally very successful at simulating the SBL.

However, to understand the complex problem of the stably-stratified boundary

layer considerable simplifications were necessarily made, with various potentially-

important processes being omitted. If this work were to be continued, the relative

influence of some of these could be investigated. Future investigations could in-

quire into the effect of considering radiation in the LES and SCM. In addition,

investigating the role of land-surface coupling at Halley would be of considerable

interest (Steeneveld et al., 2006a).

The sensitivity of the SCM to the formulation of stability function was also consid-

ered, and the results compared against the LES control runs. None of the stability

functions trialled in the SCM were as successful at modelling the SBL as the LES,

although marked improvements were noted with the use of sharper-tailed functions.

The development and testing of new stability-function schemes, or higher-order tur-

bulence closure schemes, might lead to this discrepancy being reduced.

The geostrophic forcings were relatively variable for both case studies, particu-

larly the winter one. Future studies might consider addressing this by prescribing

time-varying forcings. Advective forcings could also be quantified using mesoscale

models and applied in the LES and SCM. Such an approach is being used in the

GABLS-4 initiative (Vihma et al., 2012).
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Observations developments

The Halley dataset provides a very useful means by which to study the dynamics

of a high-latitude SBL. This thesis has, however, identified a number of limitations

which might be addressed by future developments to the instrumentation suite.

Firstly, the feasability of deploying a taller instrumented mast could be considered.

The mast that was used to collect the observations in this study was 32 m tall, with

the boundary-layer depth typically being 2-3 times this. Observations of wind and

temperature structure from greater heights would greatly assist in the verification

of model results, particularly if they reached the height of the low-level jet. In the

two case studies considered in this thesis, the top level of the instrumented mast

was ∼20 m short of this.

Secondly, validation of the flux profiles was complicated by the fact that this data

was only collected at heights of 4 m, 16 m, and 32 m. Given that SBL flux profiles

frequently deviate from the classical linear form, the presence of additional sonic

anemometers throughout the profile, including below 4 m and above 32 m, would

be very advantageous. Additional near-surface flux measurements might also lead

to the definitions for boundary-layer depth of Zilitinkevich (1972) yielding more

reliable estimates.

Thirdly, radiative-flux divergence is known to exert an important influence on the

evolution of stably-stratified boundary layers (Garratt and Brost, 1981). Tower

observations of this parameter would allow future modelling studies to consider

the impact of this forcing.

It should be noted that practical constraints might make the use of a considerably-

taller instrumented mast impossible. One alternative approach would be to de-

velop the use of remote-sensing instruments at Halley. Observations from an un-
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calibrated, monostatic sodar were available to this thesis, although no data was

available below the minimum range-gate (24 m). The use of a calibrated sodar, or

high-resolution lidar would thus be a great step forward. Such instruments were

employed with success as part of CASES-99 (Poulos et al., 2002).

Case study expansion

This thesis considered two case studies from the Halley observations. Of course,

these case studies comprise only a very small part of the total observations available

within this dataset. Future work might wish to expand the number case studies

considered. Both case studies in this thesis had moderately-strong geostrophic

forcings. This was partly since the influence of processes not included in the SCM,

such as radiative forcing, become more important in calm SBLs (Savijarvi, 2009).

Future studies could consider other cases, thereby exploring a greater range of

wind speeds and stratifications. The very stable boundary layer still poses par-

ticularly difficult challenges for boundary-layer parameterization schemes (Mahrt,

1998; Banta et al., 2007). The Halley observations dataset, combined with the

methodology developed in this thesis, present an excellent opportunity to begin to

address these.



Chapter 8

List of abbreviations

Abbreviation Definition

ABL Atmospheric boundary layer

CASES-99 Cooperative Atmosphere-Surface Exchange Study 1999

CBL Convective boundary layer

ECMWF European Centre for Medium-Range Weather Forecasts

GABLS GEWEX Atmospheric Boundary Layer Study

(comprised of four separate initiatives, GABLS1-4)

GCM General circulation model

GEWEX Global Energy and Water Cycle Experiment

IPCC Intergovernmental Panel on Climate Change

LEM Large-eddy model

LES Large-eddy simulation

LLJ Low-level jet

MOLEM Met Office Large-Eddy Model

MSLP Mean sea level pressure

NWP Numerical weather prediction

Ri Richardson number

SBL Stable boundary layer

SCM Single column model

Continued on next page
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Table 8.1 – List of abbreviations

Abbreviation Definition

STABLE STable Antarctic Boundary Layer Experiment

TKE Turbulence kinetic energy

TVD Total variance diminishing

UTC Coordinated Universal Time
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