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Abstract

Correct representation of physical processes, the parametrizations, and their

interaction with the resolved circulation is crucial for the performance of nu-

merical models. Here, focus is put on understanding model biases and devel-

oping tools to alleviate existing biases. Atmospheric blocking can divert the

typical atmospheric flow for several days up to weeks and thereby impacts the

mean climate of the region experiencing blocking. Models typically underesti-

mate the frequency of atmospheric blocking. Based on results from the global

climate model EC-Earth, it is found that the atmospheric model resolution is

not strongly influencing the representation of atmospheric blocking once the

grid reaches about 80 km grid length in the horizontal. Updating several phys-

ical parametrizations, and thereby the model version, is the largest contributor

to advancements in simulating atmospheric blocking. The importance of the

topography for the large-scale atmospheric flow is further investigated with

the reanalysis ERA-Interim by applying a simplified theoretical analysis. It is

found that the idealized topographic forcing theory can explain some part of

the observed large-scale properties of the flow, though the method does mainly

produce relative results. The explained part of the large-scale structure is in-

creased during periods of northwesterly flow and when the flow impinges the

mountain ridge almost orthogonally.

Small-scale processes acting in air masses transported from midlatitudes to

the Arctic are also discussed. Numerical models often struggle with represent-

ing the stable conditions in the Arctic and tend to underestimate the downward

longwave impact during cloudy conditions. A comparison of single-column

models (SCMs) indicates that most models can capture the bimodal longwave

distribution which develops from alternating cloudy and clear-sky conditions.

SCMs are often used for model development as they allow to decouple the

parametrized physical processes from the large-scale environment and enable

many parameter sensitivity tests. A new tool is presented which can be used for

the development of physical parametrizations in marine and polar conditions.

It combines one-dimensional models of the atmosphere and ocean, includ-

ing sea-ice, into a coupled atmosphere-ocean SCM (AOSCM). The presented

setup constitutes an advantage compared to SCMs of one component because

the coupling is directly modelled and the interaction between the respective

boundary layers does not dependent on prescribed boundary conditions.





Sammanfattning

Kvalitén på numeriska modeller bygger på korrekta beskrivningar av fysi-

kaliska processer, parameteriseringar, och deras interaktion med den upplösta

delen av modellen. Tyngdpunkten i denna avhandling är att förstå systematiska

avvikelser i modeller samt att utveckla metoder som kan hjälpa till att mins-

ka dessa. Den atmosfäriska cirkulationen kan under flera dagar upp till veckor

blockeras att ett högtryck och kan genom detta påverka klimatet i den regio-

nen där blockeringen uppstår. Modeller underskattar vanligtvis hur ofta sådana

blockeringar uppstår. Simuleringar med den globala modellen EC-Earth tyder

på att representationen av blockeringar inte påverkas av ökad upplösning, så-

länge den horisontella modellupplösningen överstiger ca 80 km. Det största

bidraget till förbättringen av representationen av blockeringar kommer genom

att ändra flera av modellens parameteriseringar dvs en uppdaterad version av

modellen. Topografins betydelse för den storskaliga cirkulationen i atmosfä-

ren analyseras också med hjälp av ERA-Interim reanalys genom en förenklad

teoretisk modell. Den förenklade modellen kan delvis förklara topografins på-

verkan på cirkulationen även om den använda metoden bara visar relativa

resultat. Andelen som den teoretiska modellen förklara ökar vid de fall där

cirkulationen ger nordvästlig strömning samt när när det träffar topografin or-

togonalt.

Småskaliga processer i luftmassor som transporteras från mellanbredd-

grader till arktiska områden avhandlas också. Numeriska modeller har ofta

svårt att representera stabila atmosfärsskiktningar i Arktis och tenderar att un-

derskatta den nedåtgående långvågiga strålningen vid molniga förhållanden.

En jämförelse mellan endimensionella modeller (SCM) tyder på att de fles-

ta modeller kan simulera den bimodala fördelningen av långvågig strålning

vid ytan som uppstår på grund av alternerande molniga och molnfria perio-

der. SCM används ofta för modellutveckling eftersom de möjliggör frikoppling

mellan de parameteriserade småskaliga processerna och den storskaliga cirku-

lationen och underlättar därför känslighetsanalys av många olika parametrar.

En ny metod presenteras som kan användas för utveckling av parameterise-

ringar i marina och polära förhållanden. Metoden kopplar samman endimen-

sionella modeller av atmosfären och havet, som även inkluderar havsis, till en

kopplad atmosfär-hav SCM (AOSCM). Fördelen med denna kopplade modell

är att interaktionen mellan hav och atmosfär är direkt, vilket betyder att utbytet



mellan de båda gränsskikten inte beroende av föreskrivna gränsvillkor.
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1. Introduction

We all live surrounded by an atmosphere which is part of the coupled system

including ocean, land and cryosphere. Increasing our understanding of the

coupled system is not just beneficial from a philosophical standpoint but also

allows to produce skillfull day-to-day weather predictions and decadal to cen-

tennial climate projections. Although the theoretical basis of most properties

of the system is well understood, their numerical implementation has been and

is associated with challenges. To the most part these issues can be traced back

to the fact that the coupled system is spanning several orders of magnitude,

both spatially and temporally, and that computational power is limited. Thus,

in order for models to be feasible in simulating the weather or the climate

they can not resolve all scales of the coupled system. Instead, equations are

discretised and computations performed on a finite grid. Processes which are

smaller and act on shorter timescales than this grid need to be parametrized.

Thus, their impact on the resolved scales is determined based on the resolved

state of the system. In current atmospheric climate models, this is the case

for clouds, turbulence, convection, radiation, orographic and non-orographic

drag. In addition, the lower boundary conditions need to be smoothed to the

grid scale, e.g. the sea-surface temperature and the topographic elevation. De-

velopment of computational power implies that the practise of separation of

scales in weather and climate models needs to be continued in the foreseeable

future. However, information is lost when discretising the coupled system and

interactions between scales are not a-priori clear, which in combination leads

to model biases. In consequence, a large body of literature is dedicated to

finding, understanding and resolving biases which occur due to limitations in

model resolution. Only in this way can credibility of models be increased, a

necessary foundation for trustworthy climate projections.

In this thesis several biases arising due to the discretisation of the atmo-

spheric state as well as interactions between resolved and unresolved processes

in models have been studied. Of the four papers included in this thesis the first

two focus on properties of the large-scale circulation, whereas the latter two

view the problem from the smaller scales and even exclude explicit description

of the larger scales. Paper I investigates how biases of atmospheric blocking

over Europe can be alleviated by increased atmospheric resolution, advance-
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ments in physical parametrizations and by resolving interactions between the

atmosphere and the ocean. Although the largest relative improvement is due to

updates of the physical parametrizations, horizontal resolution matters at the

coarser end of the analysed grids. This study points to the importance of to-

pography, for example via the link of model resolution, and its correct model

representation for successful modelling of atmospheric blocking, which is in

line with other studies (e.g. Berckmans et al., 2013; Davini et al., 2017; Jung

et al., 2012).

Motivated by this work, Paper II focuses on diagnosing the impact of to-

pography on the atmospheric flow based on idealized theory (Holton, 2004)

in a comprehensive atmospheric dataset. As further phenomena besides atmo-

spheric blocking, like storm tracks (Brayshaw et al., 2009; Pithan et al., 2016),

are linked to misrepresentation of topography, it is desirable to easily detect if

resolved and unresolved scales of a mountain ridge are correctly implemented.

Indeed, some signal of idealized topographic forcing can be found in trajecto-

ries, though evidently other processes influence the evolution of the modelled

state as well.

In Paper III, the focus is shifted to the smaller scales and their importance

during the transport of air from the midlatitudes to the Arctic. Specifically,

Paper III investigates how one-dimensional versions of state-of-the-art models

perform in modelling Arctic mixed-phase clouds and finds overall good per-

formance. These clouds typically form when warm and moist air is advected

into the Arctic and their lifetime is closely linked to the energy budget at the

surface (Pithan et al., 2014; Tjernström et al., 2015).

As Papers I-III highlight the importance of developing the description of

unresolved processes in models, Paper IV presents a coupled atmosphere-

ocean single-column model (AOSCM). In extension to existing SCMs, which

are beneficial for model development because they allow a separation of scales,

the new AOSCM allows to investigate physical processes and their interactions

at the atmosphere-ocean or atmosphere-sea-ice-ocean interface.

From a European perspective Papers I-II are also spatially linked: the

Rocky Mountains force stationary Rossby waves (Paper II), which enhance

the likelihood of atmospheric blocking over Europe (Paper I). In turn, atmo-

spheric blocking has been shown to be linked to enhanced probability of air

masses entering the Arctic (Woods et al., 2013, Paper III).
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2. The large-scale atmospheric

circulation in midlatitudes

In the following some properties of the large-scale atmospheric circulation

during winter are presented. Focus is put on the Northern Hemisphere and

specifically North America, the Atlantic and Europe.

2.1 Rossby waves and topographic forcing

Starting from the largest scales, the first notable characteristic of the atmo-

sphere is a meandering pattern of surfaces of constant temperature, humidity,

geopotential height and associated variables. These were first described in the

late 1930s by Rossby (1939) and are called Rossby waves. Characteristics of

these waves can be explained by considering variations of the rotation of a

fluid in terms of absolute vorticity, composed of relative vorticity ζ = ∂v
∂x − ∂u

∂y
and planetary vorticity f . For a homogeneous, barotropic and incompressible

fluid a variable called potential vorticity can be defined as the ratio of rotation

of the fluid to its depth H = h−hT :

PV =
(ζ + f )

H
. (2.1)

In the most simple case the lower boundary is set as hT = 0 and the height

of the free surface h is equal to the layer thickness H. PV is conserved for

adiabatic and frictionless flow, thus DPV
Dt = 0. The conservation equation can

be linearised (perturbations are marked by a prime) around a zonal mean flow

u to give:

(
∂
∂ t

+u
∂
∂x

)
∇2

hψ ′+β
∂ψ ′

∂x
= 0, (2.2)

where ψ is the streamfunction of the flow and related to the horizontal wind

components u = −∂ψ/∂y, v = ∂ψ/∂x and the vorticity ζ = ∇2
hψ . The pa-

rameter β captures the meridional derivative of the latitude dependent Coriolis

parameter f . Solving Equation (2.2) by assuming a streamfunction of wave

form ψ ′ = Aexp[(i(kxx −ωt)] with the zonal wavenumber kx and the wave

frequency ω = kxcx, where cx is the phase velocity, one finds:
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cx = u− β
k2

x
, (2.3)

which defines pure Rossby waves. Rossby waves exist due to the restoring

force imposed by the rotating fluid (β �= 0) and they become stationary for

wavenumbers kx =
√

β
u . Waves with smaller (larger) wavenumber travel west-

ward (eastward).

In the previous example it was assumed that the atmosphere is of constant

depth and considered in the absence of surface topography. Assuming that a

topography with elevation hT is much smaller than the depth of the atmosphere

(hT �H) and h0 the mean depth of the flow, then Equation (2.2) can be written

as:

∂
∂ t

(
∇2

hψ ′ − f0

h0
(h−h0)

′
)
+u

∂
∂x

∇2
hψ ′+β

∂ψ ′

∂x
=−u

f0

h0

∂hT

∂x
. (2.4)

This approach was first taken by Charney and Eliassen (1949) and the notation

here is as in Held (1983). The problem can further be simplified by consid-

ering stationary conditions. The term on the right hand-side of Equation (2.4)

describes the topographic forcing term, assuming a latitudinally broad ridge so

that the flow is proceeding over the obstacle. The forcing is directly dependent

on the zonal gradient of the topographic elevation and the zonal-mean zonal

flow of the atmosphere interacting with the topography, usually assumed to be

between 1000 hPa and 850 hPa (Valdes and Hoskins, 1991). The impact of the

lower boundary condition on the atmospheric flow is considered downstream

and locally in Papers I and II, respectively.

Another way to formulate the impact of topographic forcing is by focusing

on the so-called stretching or divergence term −Dh(ζ + f ), which contains the

horizontal divergence Dh = ∂u
∂x +

∂v
∂y , as a forcing to the barotropic vorticity

equation:

D
Dt

(ζ + f )≈−Dh(ζ + f ). (2.5)

In the classical view (Holton, 2004), a parcel is approaching a mountain ridge

in a zonal mean flow of vanishing relative vorticity. It is convenient to in-

vestigate this interaction first in a shallow water model, similar to Equation

2.4. Figure 2.1 shows an example from the shallow water model by Hogan

(2018) which is run to steady state over a mountain ridge (dashed line in up-

per panel). The mountain ridge changes the depth of the flow (full line upper

panel). Following a trajectory (track of an air parcel) , the air is compressed

upslope and stretched downslope of the ridge, which is equivalent to horizontal

16



divergence and convergence, respectively. Horizontally, this translates as an-

ticyclonic motion upslope and cyclonic motion downslope (Figure 2.1 lower

panel, latitudinal position). As pressure forces communicate the impact of the

mountain upstream, an additional weak stretching is present upstream of the

ridge, which is associated with a slight cyclonic tendency (Holton, 1993).

z
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y
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e
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n

Figure 2.1: Simplified topographic response - The figure shows a mountain

ridge hT (dashed, top), the depth of the vertical column H (full, top) and the

horizontal response (bottom, dashed line shows initial latitude) due to flow com-

pression and stretching. Results are from a shallow water model run to steady

state.

Inspired by the classical approach of describing the impact of lower bound-

ary conditions on the atmospheric flow, Paper II seeks to detect a signal of

the divergence term over the North American Cordillera. Complementary to

earlier studies, which investigate the impact of topography on the flow by no-

mountain sensitivity experiments which in turn distort the mean flow (Saulière

et al., 2012; White et al., 2017), the method in Paper II does not influence at-

mospheric circulation. The basis for the analysis of Paper II is the reanalysis

ERA-Interim (see Section 4.2) which combines a model and observations to

obtain an estimate of the true atmosphere. A surface forcing is described by

topographic elevation, the gradient of the topography or a combination thereof.

Although no 1:1 relationship between the divergence term and the surface forc-

ing can be detected, a summary of about 500 wintertime trajectories indicates

a robust relationship. The strength of the signal is dependent on the structure

of the atmospheric flow and especially on the way in which the atmosphere is

impinging on the mountain ridge. It is enhanced when the mean flow is more

orthogonal to the mountain ridge and a minimum wind speed is required for

the signal to emerge. The variability of results can thus partly be traced back to

upstream conditioning of the flow (Saulière et al., 2012; Valdes and Hoskins,

1991).
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2.2 Atmospheric blocking

Properties of the atmosphere and its circulations can be analysed in several

frameworks. Besides applying potential vorticity (see Equation (2.1)), which is

conserved for frictionless and adiabatic motion, geopotential height fields can

be used. Both approaches have been taken to identify and detect atmospheric

blocking (Pelly and Hoskins, 2003; Tibaldi and Molteni, 1990). As the name

suggest, atmospheric blocking halts the climatological flow in mid-latitudes

(Rex, 1950). This is due to a persistent and quasi-stationary anomaly of the

mean flow. The anomaly in form of a blocking anticyclone can for example

be detected by a reversal of the geopotential height gradient in the meridional

cross section relative to its mean distribution (Tibaldi and Molteni, 1990). The

signature of an atmospheric blocking event is a positive anomaly at its centre

and negative anomalies around, associated with deflected cyclones. To ensure

that only large-scale blocking events are analysed and to avoid identification

of transient features, detection is usually extended by regime thresholds like

minimum spatial and temporal extent (Barriopedro et al., 2006; Davini et al.,

2012). Barnes et al. (2012) compare the geopotential height reversal index and

two other indices based on detecting a meridional wind reversal or a reversal

of isentropes on a constant PV surface, with similar regime methodology (e.g.

duration and extent thresholds) and find similar results. Still, blocking studies

are often not comparable because they apply different regime methodologies

and can furthermore be one- or two-dimensional (Pelly and Hoskins, 2003;

Scherrer et al., 2005; Tibaldi and Molteni, 1990; Vial and Osborn, 2012)

Due to the stationarity and long duration of atmospheric blocking, typi-

cally a few days up to a few weeks (e.g. Barriopedro et al., 2006), it has the

potential to alter the local climatological conditions during its lifetime (e.g.

Sillmann and Croci-Maspoli, 2009; Trigo et al., 2004; Vial and Osborn, 2012).

The following analysis is an extension of results presented in Paper I and based

on data from ERA-Interim during winter and spring (Section 4.2). Associated

with the circulation anomaly of a blocking anticyclone a positive near-surface

temperature anomaly can be found in Northern Europe and over eastern Green-

land. A negative anomaly is also present over central and southern Europe but

only during winter. During spring the temperature impact of blocking changes

from cooling, as characteristic for winter, to a warming later in the season, as

summer blocking events usually coincide with positive temperature impacts

(Masato et al., 2013; Matsueda, 2011). Due to the deflection of cyclones

by blocking anticyclones, precipitation is reduced under the blocking anticy-

clone (British Isles and North-western Europe) and enhanced around, notably

at the south-eastern coast of Greenland and over southern Europe. Geopoten-

tial height, temperature and precipitation signatures exhibit a larger amplitude

18



during winter than during spring.

Figure 2.2: Blocking and non-blocking temperature distributions - Two di-

mensional probability density function of surface temperature [K], averaged over

the area 10-30◦E and 45-55◦N , and day of season for ERA-Interim for winter (a)

and spring (b). Bold lines represent the mean over blocked days and dashed lines

over all non-blocked events; in both cases isolines at 0.0005 and 0.001. Extended

analysis of data in Paper I.

The seasonality of blocking impact can be understood by considering the

two-dimensional probability density function (pdf) of the signature field (av-

eraged over continental Europe) dependent on day of season. Note that over

continental Europe the blocking signature in temperature is negative during

the winter. Figure 2.2 shows this pdf averaged over all blocked (bold) and

non-blocked (dashed) days at the example of the daily-mean surface tempera-

ture. During winter (Figure 2.2a) the temperature is centred around the same

value for all non-blocked days and both states separate well. As spring (Fig-

ure 2.2b) is a transition season, temperature gradients and thus also differences

between different flow regimes are smaller. Reduced gradients and changes in

impact result in an overall weaker temperature impact during spring months.

The occurrence of atmospheric blocking is often underestimated in GCMs.

Previous studies have identified increased atmospheric (Anstey et al., 2013;

Berckmans et al., 2013; Jung et al., 2012; Schiemann et al., 2017) and oceanic

(O’Reilly et al., 2015; Scaife et al., 2011) model resolution, coupling to the

stratosphere (Davini et al., 2014) and advancements in physical parametriza-

tion (Berner et al., 2012) as the most successful paths to improving atmo-

spheric blocking. Scaife et al. (2010) link blocking biases with biases in the

mean state of the geopotential and show that correcting the mean state im-

proves blocking frequencies. Paper I confirms the importance of both advance-

ments in atmospheric horizontal resolution and physical parametrizations for

improving atmospheric winter blocking in the GCM EC-Earth. However, we
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find that the signal of resolution is limited to the lowest atmospheric resolu-

tions and by itself not statistically significant. Improvements in describing

unresolved processes are overall more important and can be statistically sig-

nificant. The nature of these processes is discussed in Chapter 4. Best results

are obtained with medium high resolution simulations with updated physical

parametrization schemes. Despite blocking frequency biases and some biases

in the mean state of geopotential height in the EC-Earth simulations, the block-

ing signature in terms of geopotential height is overall well captured. This de-

coupling of performance of blocking frequency and blocking impact is in line

with e.g. Davini and D’Andrea (2016).

Paper I also highlights that atmospheric blocking exhibits a large internal

variability which complicates the analysis. To be able to obtain statistically

significant results regarding the parameter sensitivity of atmospheric blocking,

long simulations need to be analysed and rigorous statistical testing applied.

In addition, the statistical analysis is complicated by improved performance

of models and weaker biases, as the EC-Earth v3 results presented in Paper

I show. Large internal variability has also been noted by e.g. Barnes et al.

(2014); Gollan et al. (2015). The variability is, besides differences in block-

ing indices and regime methodologies, at least partially responsible for lack-

ing agreement regarding trends of atmospheric blocking in climate projections

(Barnes et al., 2014; Masato et al., 2014).
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3. Physical parametrizations at

polar latitudes

3.1 The Arctic coupled system

The following description of of the Arctic is focusing on the Arctic Ocean.

This area is characterised by a sea-ice covered ocean, low atmospheric tem-

peratures and absolute humidity content. Properties are modulated to a larger

degree by seasonal than diurnal variability and are furthermore influenced by

advection of midlatitudinal air (Morrison et al., 2011; Pithan et al., 2014). In

addition, the system exhibits large spatial variability and only a few spatially

limited observations are available (Döscher et al., 2014). Currently, the Arctic

sea-ice is receding (Stroeve et al., 2012) and the Arctic lower troposphere is

warming stronger than the vertical mean and stronger than the global average

(Pithan and Mauritsen, 2014; Serreze and Barry, 2011).

During polar night, no solar radiation is reaching the surface and sea-ice

cover is at its maximum. The Arctic near-surface temperature is often warmer

than the surface of the sea-ice and the Arctic boundary layer is stably stratified

in the absence of clouds (Morrison et al., 2011; Tjernström and Graversen,

2009). The polar day encompasses the melt season which is characterised by

reduced sea-ice content and surface albedo (Döscher et al., 2014). The latter

is due to melt ponds and an increased fraction of open ocean. Even though the

albedo is reduced, much of the solar radiation is still reflected and not available

for the surface energy budget. When the sea-ice is melting the near-surface

temperature is locked at the melting point of ice at around 0◦C. Cloud cover is

increased during the summer half year and in the presence of clouds elevated

inversions occur above a typically near-neutral boundary layer (Brooks et al.,

2017; Tjernström and Graversen, 2009).

The Arctic surface energy budget is strongly modulated by the occurrence

and frequency of two distinct states: an optically clear-sky, stably stratified

state which potentially includes ice clouds and an opaque state in which mixed-

phase or liquid clouds reemit thermal radiation back to the surface and in-

crease the surface energy budget (Persson et al., 2002). Mixed-phase clouds

occur frequently in the Arctic. These clouds are governed by complex cloud

microphysics as liquid and solid cloud particles exist at the same time (Mor-
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rison et al., 2011). In the presence of weak large-scale forcing the growth of

ice particle is favoured at the expense of supercooled liquid so that the cloud

glaciates to an ice cloud (Wegener-Bergeron-Findeisen process). Temporally

stable mixed-phase clouds are maintained through complex interactions of

cloud microphysics, radiation and the synoptic scale circulation.

3.2 Modelling the Arctic atmosphere

Numerical models are developed to achieve a correct representation of the

global circulation, often with particular emphasis on populated areas at mid-

latitudes. Arctic conditions are in many aspect more extreme than those at

lower latitudes and models therefore tend to struggle in the Arctic environ-

ment (Bourassa et al., 2013; Morrison et al., 2011; Vihma et al., 2014).

Surface conditions are highly inhomogeneous. Ridging and rafting in-

crease the surface roughness length of the sea-ice and surface variability from

a momentum perspective. Melting/freezing sea-ice and snow influence the sur-

face albedo, and together with the total thickness of sea-ice and snow acting as

an insulating layer, they influence the surface thermodynamics. In recent years

progress in modelling this variability has been made by dividing each model

surface gridbox into sub-columns, allowing for the presence of several sea-ice

thickness categories. One example is the sea-ice model LIM3 (Rousset et al.,

2015) which is included in the AOSCM presented in Paper IV. The presence

of sea-ice of different thickness enables a response to atmospheric and oceanic

forcing at different time scales (Massonnet et al., 2011).

Mixed-phase clouds are challenging to represent because their lifetime de-

pends on the interaction of complex non-resolved dynamics. Simpler models

with only one prognostic variable for cloud and ice content, which is parti-

tioned as a function of temperature, struggle to capture these complex dynam-

ics (Engström et al., 2014; Pithan et al., 2014). However, since these clouds

modulate the energy received by the surface, correct representation is essen-

tial (Sotiropoulou et al., 2018; Tjernström et al., 2015). Arctic mixed-phase

clouds are typically associated with advection from lower latitudes. These

atmospheric pathways are often connected to stationary anticyclones (Section

2.2, Paper I) which steer warm and moist air northward on their upstream flank

(Liu and Barnes, 2015; Woods et al., 2013). The warm air is radiatively cooled

as it enters into the Arctic over the colder sea ice surface. During this process

clouds form, which transform from liquid, to mixed-phase and finally to ice

clouds. Paper III presents an idealized Lagrangian setup to study the transfor-

mation from warm and moist midlatitude air to cold and dry Arctic air during

polar night. Figure 3.1 presents this evolution in a Lagrangian framework com-
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paring results from the AOSCM (Paper IV) and an uncoupled atmosphere-only

SCM simulation (Chapter 4, Paper IV). One major difference between the two

setups is that the sea-ice in the atmosphere-only simulation is not covered by

snow, whereas the coupled SCM includes a 0.1 m water-equivalent snow layer.

As long as liquid is present in the cloud (day 2), radiative cooling is enhanced

at the cloud top so that a mixed layer is maintained in the cloud and can po-

tentially reach the surface. Once the cloud has precipitated all liquid (day 4),

a radiatively clear ice cloud remains and the cooling continues at the surface

(Pithan et al., 2014). From the comparison of the profiles, it is clear that the

missing snow layer does not impact the development of the cloudy and radia-

tively clear-sky states (dashed line). However, without the snow the surface is

continuously warmed from the ocean and the atmosphere does not develop a

surface based inversion during the clear-sky state (day 4, full line).
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Figure 3.1: Air-mass transformation - Comparison over the first few days of an

idealized air-mass transformation (as in Paper III) in an uncoupled atmospheric

SCM (dashed lines) and a coupled AOSCM (full lines). Black lines represent the

vertical temperature and red (blue) lines indicate the cloud’s liquid water content

(ice water content). Ice and water content are normalized with the maximum

observed in the first four days (ql,max = 2 ·10−1 g kg−1, qi,max = 2 ·10−2 g kg−1)

and the maximum is reached at the vertical grey line. It should be noted that

the structure of cloud content and temperature profile shows an imprint of the

vertical grid used in the model. In the current setup 60 levels were used for the

whole column which corresponds to thirteen layers in the selected layer shown.

These results are in line with those presented in Paper III. Models which al-

low for both ice and liquid to be present at lower temperatures can capture both

the cloudy and clear-sky states. The stability of the atmosphere is another fea-
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ture which needs to be captured. Even though most models taking part in the

intercomparison study of Paper III capture the evolution of the cloud, some do

not produce a stable stratification during the optically clear-sky phase. Reasons

for this are for example high emissivity ice clouds, causing enhanced down-

ward energy transport, or missing snow on top of the sea-ice, which causes

excessive upward heat flux.
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4. Models of the atmosphere and

the coupled system

4.1 Numerical models

All weather and climate models are based on the fundamental laws of nature,

namely the conservation of energy, mass and momentum. To be able to de-

scribe these well understood relations in a numerical model they need to be

discretized, which means they need to be written in a finite form. The two

main approaches of horizontal discretisation apply either a gridded geograph-

ical coordinate system or transform the fields into spectral space and describe

them by a limited number of wave functions on the sphere (spherical harmon-

ics, Williamson, 2007). Vertical grids for hydrostatic models are often based

on pressure levels, or related fields like sigma or eta coordinates (σ = p
ps

and

η = p
ps

pre f (zs)
pre f (0)

, respectively, with ps the surface pressure, pre f a reference pres-

sure and zs the height of the surface), whereas grids based on height levels are

more suitable for non-hydrostatic models. The part of the model describing

the resolved part of the flow and the underlying grid is often referred to as the

dynamical core.

Discretizing the equations leaves some processes undescribed, which need

to be related to mean resolved variables; they need to be parameterized. At typ-

ical climate model resolution these are processes related to radiation, turbulent

mixing, interaction with the surface, convection and clouds (see Figure 4.1).

Parametrizations and their parameters can be derived theoretically or inferred

from measurements. Often some of the parameters are not fully determined

and need to be estimated. These parameter choices lead to differences between

models and also introduce the necessity of model tuning (Section 4.3). In the

development of parametrizations it is usually assumed that the processes can

be captured statistically within the column (ECMWF, 2013b). If this is not the

case, for example when the horizontal grid length is close to the scale of the

physical process, then some of the assumptions of parametrizations are invalid

and problems can occur. This spatial range close to the scale of a physical

parametrizations is called the grey zone (Tomassini et al., 2106; Vosper et al.,

2016).
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Global numerical models can be divided by their main application and con-

sidered time scales. NWP models focus on daily to seasonal prediction. Tem-

poral scales are longer in the ocean than in the atmosphere and therefore NWP

models usually include just an atmospheric model. However, Jung et al. (2016)

promote coupled NWP systems in the Arctic and Smith et al. (2018) present

improvements during the first few days in global coupled NWP model. NWP

models need to capture individual weather phenomena and extreme events with

high spatial and temporal accuracy and are therefore often run near the maxi-

mum resolution which is computationally feasible (Williamson, 2007). To im-

prove forecasting performance, information from observations is crucial and

is incorporated into the initial conditions via data assimilation (see Section

4.2 for a brief description of data assimilation). NWP modelling thus solves

an initial value problem, in contrast to the boundary value problem faced in

climate modelling. GCMs are applied on timescales of decades to centuries,

some even stretching millenia. To be able to simulate the statistics of weather

phenomena and extreme events over these time scales, they need to conserve

energy, momentum and mass (Williamson, 2007). GCMs often include both

an atmospheric and an ocean model for describing the physical evolution of

the coupled system (Paper I). GCMs are less dependent on the initial atmo-

spheric state but variations in initial conditions can be used to produce model

ensembles as the main memory of the system is contained in the ocean (e.g. in

CMIP, Eyring et al., 2016).

4.1.1 IFS

As the IFS is used in all papers of this thesis, its structure will be presented

here as a representative of atmospheric models. The IFS and OpenIFS can be

understood synonymous since the main difference is that the latter does not

include data assimilation. At the ECMWF, the IFS is used for weather and

seasonal prediction but as part of EC-Earth (Paper I) it is also applied in the

climate community. The reanalysis ERA-Interim is produced based on IFS,

see Section 4.2. A brief overview of IFS is given here and more information

can be found at ECMWF (2013a) for different versions.

The IFS uses a semi-implicit, two-time level semi-Lagrangian advection

scheme to solve the hydrostatic primitive equations in grid-point space hori-

zontally on a reduced Gaussian grid and vertically on η levels. The resolved

model also includes tendencies from the adiabatic source terms which act on

the prognostic variables horizontal wind, temperature, specific humidity, cloud

fraction, water contents for cloud liquid, cloud ice, rain, and snow. Physi-

cal parametrizations (Figure 4.1) are applied columnwise and in turn produce

tendencies of the prognostic variables. After the above calculations are exe-
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cuted in grid-point space the fields are transferred to spectral space (spectral

transform). Finally, semi-implicit corrections required for gravity wave related

fields, horizontal derivatives and horizontal diffusion are calculated in spectral

space. At the end of each time step the fields are reverted back to the grid

point space and the resolved advection and unresolved physical processes are

calculated again.

Figure 4.1: Physical parametrizations in IFS - Overview of physical parame-

terizations included in IFS. Source: ECMWF (2013b)

Figure 4.1 summarizes all processes with physical parametrizations ap-

plied in IFS cycle 40r1. They are related to the impact of radiation, turbulent

diffusion, convection, clouds, non-orographic drag and interactions with the

surface, both through turbulence and orographic drag. Physical parametriza-

tions are mostly calculated sequentially. Their order is motivated by enhanced

numerical stability when slow processes are calculated first and fast ones last.

This is a common approach in time-split schemes which are applied when

physical processes act on time-scales shorter than the time step (Beljaars et al.,

2004; Williamson, 2007), though usually results are expected to differ little

with short time steps compared to other methods. However, Paper III points

towards sensitivities of model results in the Arctic based on the order in which

parametrizations are calculated, related to interactions of radiation and cloud

microphysics and macrophysics in one of the models.

Paper I investigates the impact of updates in physical parametrizations on

the statistics of atmospheric blocking. Changes in physical parametrizations

are due to an update of the underlying IFS code, from cycle 31r1 to 36r1. Jung
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et al. (2010) pose a similar question and discusses impacts of changes up to

cycle 33r1. They conclude that the largest impact in improvements of Euro-

Atlantic blocking frequency can be traced back to changes in the convection

scheme and increased turbulent surface drag while vertical diffusion and radia-

tion play a small role. In later updates, changes are made to the physics of snow

(cycle35r1 and cycle35r2), the non-orographic gravity wave drag scheme (cy-

cle35r3) and short-wave interaction with clouds is corrected (cycle36r1). The

turbulent orographic form drag is one of four parametrizations which describe

the impact of unresolved orography on the mean flow and it represents pressure

forces induced on scales of less than 5 km. On scales between 5 km and the

grid length the subgrid orography is parameterized by the gravity wave drag

and low-level blocking schemes. The importance of the sub-grid orography

for the atmospheric circulation is in line with Sandu et al. (2016) and Pithan

et al. (2016). Convection describes the impact of unresolved deep, shallow and

mid-level buoyant exchange.

Paper III and IV focus on boundary layer processes and the interaction with

the surface. In Paper III, the presence of clouds is based on the representation

of the coupling between cloud microphysical processes and radiation. The tur-

bulence scheme describes the vertical exchange of heat, momentum and mass

by sub-grid eddies. At the surface a similar exchange is performed with the

ocean, sea-ice or land. Cloud properties are modelled by the five prognostic

parameters cloud liquid and ice content as well as rain, snow and cloud cover

in a single-moment scheme. Parametrizations describe sources and sinks of

cloud properties and precipitation. The underlying theory for calculation of

radiative heating rates for shortwave and longwave radiation is well known but

calculations are computationally expensive. For this reason, calls to the radia-

tion scheme are typically done on a coarser temporal and spatial grid (Beljaars

et al., 2004). Updates of the shortwave radiation are done every time step based

on the zenith angle to capture the diurnal cycle correctly.

4.1.2 Single-column models

Global models aggregate information from the resolved and unresolved scales

and describe their interaction. As simplified GCMs often neglect physical

parametrizations, for example when modelling a dry atmosphere (Held and

Suarez, 1994), the reverse can be done by only modelling the small-scale pro-

cesses. This is the approach used in SCMs which are considering just one

vertical column (e.g. Betts and Miller, 1986). SCMs may include all physical

parametrizations of an NWP or GCM host model but they do not resolve the

large-scale circulation. The impact of the large-scale circulation and the neigh-

bouring columns can instead be included as a forcing and thus a decoupling
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between scales is achieved (Randall and Cripe, 1999). Applying horizontal

and vertical advection closely follows the description of the resolved dynam-

ics of a global model. The model can also be forced by geostrophic winds and

relaxation; two approaches which mimic the large-scale circulation in a non-

native way. Often a combination of the forcing mechanisms is most desirable.

In addition to the actual content of the forcing, its temporal frequency can in-

fluence the model evolution and higher frequencies allow the best performance

(Paper IV). A single-column can be used in an Eulerian or Lagrangian frame-

work, as in Paper IV and III, respectively. In Lagrangian settings individual air

parcels are followed and their properties updated due to local processes (e.g.

Bretherton et al., 1999). Forcing is applied to the column in a reduced way. By

focusing on analysing air parcels at specific points, the Eulerian approach is

used and properties of air parcels will be influenced by local processes and ad-

vection (e.g. Bosveld et al., 2014; Cuxart et al., 2006; Svensson et al., 2011).

Similarly to global models, SCMs exist for the different components of the

coupled system.

Figure 4.2: Schematic of the AOSCM based on EC-Earth - Atmosphere,

sea-ice and ocean columns as represented in the AOSCM (Paper IV). Variables

coloured red indicate coupling fields, where in case of no sea-ice the central box

is removed and coupling occurs as indicated by the dashed line.

The atmosphere is in direct contact with other components of the coupled

29



system and the interaction with ocean, sea-ice and land needs to be prescribed

or modelled. Prescribing the interactions at the interfaces of the physical cou-

pled system can lead to problems when the boundary conditions do not agree

with the modelled state (Basu et al., 2008). Modelling the full coupled system

is beneficial but adds challenges by itself as models then need to be developed

in a coordinated effort. Coupled SCMs have previously been developed in a

few isolated instances (Clayson and Chen, 2002; Goyette and Perroud, 2012;

West et al., 2016). The AOSCM (Paper IV) is an example of an idealized

framework taking into account the coupling of sub-systems (Figure 4.2) and in

setup similar to the GCM EC-Earth. The atmospheric components OpenIFS

is coupled via the OASIS coupler1 to the ocean model NEMO2 including the

sea-ice model LIM3. The model couples energy, mass and momentum and

fields are typically exchanged asynchronously every time step, as is done in

EC-Earth. The atmosphere passes surface stresses τ , solar and non-solar radi-

ation and precipitation minus evaporation to the ocean and receives SST from

the ocean model. In the presence of sea-ice the atmosphere also sends the

temperature sensitivity of the non-solar fluxes dQnsdT . The sea-ice model

sends sea-ice concentration, thickness, temperature and albedo to both the at-

mosphere and ocean model. The atmosphere also receives the depth of an

overlying snow layer and the ocean the rate of state of the sea-ice thickness

St . Applying the AOSCM together with its host model EC-Earth allows to first

develop parametrizations in an environment with reduced feedbacks and then

test them in the full model.

4.2 Reference methods

Observations, large-eddy simulation or process-resolving model results and re-

analyses are used in this thesis as references to evaluate model performance.

Model intercomparisons can also be used to evaluate the performance of indi-

vidual models and to highlight how deficiencies originate from differences in

the models. Paper III presents an example of such an approach by comparing

several SCMs.

Ideally, models are assessed based on observations, which capture the true

coupled system most closely. These observations can be in-situ, e.g. by Synop

stations, atmospheric soundings or ocean buoys, or remotely, e.g. by radar,

lidar or satellite measurements. However, observations are often spatially and

temporally limited, and associated with uncertainties and representativity is-

1https://portal.enes.org/oasis
2https://www.nemo-ocean.eu/
3http://www.elic.ucl.ac.be/repomodx/lim/

30



sues. In this thesis observations from ocean buoys PAPA in the north-east

Pacific (Freeland, 2007) and PIRATA in the tropical Atlantic (Bourlès et al.,

2008) as well as ship-based measurements during a cruise of the Swedish ice-

breaker Oden in 2014 in the Arctic ocean (Tjernström et al., 2015) have been

used to evaluate the AOSCM in Paper IV.

In case of sparse data coverage or to deal with non-existence of obser-

vations, process-resolving simulations can be used as a surrogate for obser-

vations. In response to increased resolution it is assumed that more or most

processes are resolved within the model. Large-eddy simulations (LES) re-

solve larger components of turbulence but describe eddies which are dissipat-

ing (transferring energy by friction) turbulent energy by sub-grid parametriza-

tions. The MIMICA LES (Savre et al., 2014) is used as a reference in Paper

IV, in a setup described in Sotiropoulou et al. (2018).

Finally, reanalyses provide a bridge between observations and models. By

using observations to inform a first-guess state produced by a forecast model,

the advantages of observations can be utilized while the model ensures spatial

completeness and consistency among the data (Dee et al., 2014). In addition,

information of variables which are not observed and thus less restricted by

the assimilation can be obtained from the modelled state, e.g. radiation fields,

cloud properties and precipitation. Observations with a physical counterpart

in the model can be assimilated and a likely atmospheric state determined de-

pending on the errors of observed and modelled variables. Reanalyses are

typically produced using one fixed forecasting system to further ensure con-

sistency and to finally obtain a comprehensive description of the coupled sys-

tem. The reananlysis mostly applied in this thesis is ERA-Interim (Dee et al.,

2011, Papers I, II and IV), which is based on the ECMWF’s IFS atmosphere

model in a version from 2006 (cycle 31r2), including a land surface and ocean

state scheme. A four-dimensional variational assimilation includes informa-

tion from observations depending on their spatial and temporal distance to

the model grid. Paper I also considers the reanalyses JRA-55 and ERA-20C.

ERA-20C is noteworthy because it only assimilates surface pressure and ma-

rine winds (Poli et al., 2013). Oceanic counterparts are also developed, like

the ECMWF’s ORAS reanalysis (Balmaseda et al., 2013) utilized in Paper IV.

4.3 Model challenges

Numerical models of the atmosphere face several challenges. Three important

examples are: (i) the uncertainty of data used for initialisation and forcing

models, (ii) the uncertainty of physical parametrizations and their parameters

and (iii) numerical uncertainty when translating the discretized equations to

a computer model. As these problems are mainly inherent to the physical
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system, methods are developed to quantify their impact rather than reduce it.

SCMs, and especially the AOSCM, present tools in which all three issues can

be investigated in more detail and in a short time frame.

The first two points are directly related to observations of the true atmo-

sphere. It is difficult to observe the whole atmosphere simultaneously and even

though the number of observations is steadily increasing observations can be

associated with representability issues and errors. A common approach to deal

with problem (i) is to run an ensemble, either based on one or on several in-

dependent models. The former approach is applied in Paper I with a coupled

model ensemble of EC-Earth. Ensemble comparisons can be used alongside

statistical assessment to understand the internal variability of weather and cli-

mate processes. In Paper III results from several independent SCM are used

to draw conclusions about air mass transformations and their representation in

models. A special case of data uncertainty was found for the (AO)SCM in Pa-

per IV. Even though consistent and complete model data are used to force the

model, a sensitivity to the initialization time was found. This might be related

to limitations of the SCM but likely also points to the inherent variability of

the flow.

Parameters in parametrization schemes are preferably based on observa-

tions. Even if this is the case, conclusions from different observations com-

piled from different schemes might not be consistent, problem (ii). It is thus

common practise to adjust some parameters in sensitivity test to achieve the

best global representation of the coupled system with minimum drift and con-

servation of energy. Some strategies of this so-called tuning are presented in

Mauritsen et al. (2012) and Hourdin et al. (2017).

The third uncertainty arises due to the way in which models are formulated

numerically. Results are potentially not bit-for-bit reproducible when different

compilers or machines are used. Differences can occur when the numerical

representation of a model is optimized on a computer. Special care needs to

be taken when comparing historical and climate change simulations calculated

on different machines and in general it is desirable for model results to be

reproducible. One example for how to approach this problem is given for

example by Baker et al. (2015), who present a testing scheme which should

ascertain that results among different machines can be compared.
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5. Outlook

Summarising the results from the papers in this thesis, it can be concluded that

more questions were posed than answered. A selection of these questions is

presented here.

One desirable extension to the study of Paper II is to make the diagnostic

tool applicable based on Eulerian analysis. This would imply that the analysis

can be more easily performed for several models. However, this requires that

the method is extended to ascertain that only air parcels which are actually

interacting with the topography are considered for the analysis. Trajectory

points belonging to stationary sections of the flow will otherwise reduce the

signal. This problem can potentially be avoided by setting a threshold for the

maximum residence time of the atmospheric flow over the mountain ridge. In

the Eulerian framework the wind speed can be considered as an approximation.

If an extended tool is available it would be interesting to investigate if the

topographic forcing diagnostic is sensitive to e.g. the horizontal resolution or

the parametrized processes of a model. In addition, results from Paper I could

be examined for a link between the ability of models to simulate atmospheric

blocking and the diagnosed topographic forcing.

The study presented in Paper III is limited by lacking an observational ref-

erence. Observations can provide estimates of typical liquid water content,

turbulent fluxes at the surface and time-scales of the transition. Such obser-

vations might become available from the YOPP1 (ongoing as part of the PPP)

or MOSAiC2 (scheduled for 2019/2020) campaigns by aircraft which follow

warm and moist intrusions. Besides the properties of the cloud, the large-scale

vertical velocity is uncertain and difficult to determine. The mixed-phase cloud

is expected to develop differently in the presence of subsidence. As touched

upon in Section 3.2 the AOSCM (Paper IV) presents a tool to study air mass

transformations in a framework in which surface conditions do not need to be

prescribed.

Some additional components with which to extend the AOSCM are pre-

sented in Paper IV. Apart from technical updates, the AOSCM can be used

to investigate coupling methodologies at the ocean-atmosphere interface. Al-

1http://www.polarprediction.net/
2http://www.mosaicobservatory.org/.
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though currently not feasible in global simulations, incremental coupling be-

tween the sub-components could increase vertical consistency. The uncertainty

in simulations can be tested by initialising the simulations a few forcing time

steps later or earlier and by changing the forcing frequency. An automatized

ensemble could catch internal variability in a simpler way. Initial conditions

and forcing ensemble could be set up by taking forcing from neighbouring at-

mospheric columns. At least over the open ocean it is reasonable to assume

that large-scale conditions are homogeneous so that the overall evolution of

the AOSCM simulations is expected to be similar.
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