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French abstract: “Résumé”

De maniere générale, mes activités de recherche portent sur la dynamique des fluides géophysiques
et les fluides stratifiés. Je suis particulierement intéressée par I’étude des phénomenes aux échelles
trop petites pour permettre leur résolution explicite dans les modeles climatiques globaux actuels
(GCMs). Deux exemples importants sur lesquels je travaille sont les ondes internes océaniques, et
la convection nuageuse atmosphérique. Ces phénomenes aux petites échelles doivent étre paramétrés
dans les GCMs, afin d’améliorer les prévisions climatiques.

Le but de mes recherches est d’utiliser des outils théoriques et numériques, aussi
bien les modeles haute résolution en configuration idéalisée que les GCMs globaux,
pour une meilleure compréhension fondamentale de ces phénoménes, en vue d’améliorer
les prévisions climatiques actuelles.

Plus précisément, les questions auxquelles je me suis intéressée ces dernieres années sont :

e Quel est le role de la topographie sous-marine dans la génération d’ondes internes dans

locéan? Quelle est la contribution de ces ondes au mélange océanique, et quel impact sur la
circulation océanique grande échelle?
Les ondes internes sont omniprésentes dans ’océan et participent donc du bilan énergétique
global des océans. Mais leurs échelles sont trop petites pour étre explicitement résolues
dans les GCMs. Leur effet sur les masses d’eau et sur la circulation globale doit donc étre
paramétré. La circulation océanique n’est pas seulement un sujet fascinant, c’est aussi un
ingrédient essentiel de la prévision climatique. Le but de mes recherches est de clarifier les pro-
cessus physiques menant a l'instabilité et au déferlement de ces ondes, ainsi que de quantifier
le mélange induit par ce déferlement.

e Quelle est la réponse du cycle hydrologique (précipitations moyennes et précipitations extrémes)

au changement climatique?

Comprendre la réponse du cycle hydrologique au réchauffement climatique est une question
cruciale, avec d’importants impacts sociétaux. De nombreuses études, utilisant des modeles
régionaux a haute-résolution aussi bien que des modeles globaux a basse résolution, prédisent
une augmentation de l'intensité des précipitations extrémes avec le réchauffement clima-
tique. L’origine physique de cette augmentation est bien comprise, grace a de nombreuses
études théoriques, notamment son lien étroit avec une contrainte thermodynamique (liée a
laugmentation de vapeur d’eau atmosphérique). Mais si cette contribution thermodynamique
est bien comprise, des incertitudes persistent concernant les contributions dynamique (liée aux
vitesses verticales dans les nuages) et microphysique (liée a l'efficacité des pluies). Mes travaux
s’intéressent a quantifier ces différentes contributions, dans des simulations idéalisées, sans et
avec organisation spatiale des nuages.

e Quelle est I'origine physique de 'organisation spatiale des nuages dans les tropiques? L’exemple
le plus spectaculaire d’organisation spatiale de la convection nuageuse est sans nul doute le
cyclone tropical, avec son oeil entouré d’'un mur nuageux abrupt, ou ’on trouve les vents
parmi les plus violents sur notre planete. Il existe d’autres types de convection spatialement
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organisée (convection fait référence aux mouvements de 'air dans lesquels les nuages sont
insérés); en effet la convection organisée est omniprésente dans les tropiques. Mais elle est
encore mal comprise et mal représentée dans les paramétrisations convectives des GCMs,
malgré son fort impact sociétal et climatique. Un des buts de mes recherches est de clarifier
les processus physiques a 'origine de cette organisation spatiale des nuages, et d’étudier leur
réponse au réchauffement climatique.

Ces questions sont aujourd’hui clefs pour mieux comprendre les conséquences du changement
climatique et les événements extrémes, tels que les cyclones tropicaux. Elles sont également tres
importantes pour comprendre le role des phénomenes petites échelles dans la circulation océanique
a grande échelle, et donc I’évolution du climat et des écosystemes. Mon document d’HDR décrit en
détail les résultats scientifiques majeurs de mes recherches sur ces trois questions obtenus depuis
mon arrivée au CNRS en 2012.
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Chapter 1

Introduction: general overview,
context, and goal of my research
activities

“If we knew what it was we were doing, it would not be called research, would it?”
Albert Einstein
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My research interests lie in the fields of geophysical fluid dynamics and climate science. 1T am
particularly interested in the study of processes which are too small in space and time to be ex-
plicitly resolved in coarse-resolution Global Climate Models (GCMs) used for climate prediction.
Important examples that I work on are internal wave breaking in the ocean and cloud processes in
the atmosphere. These small-scale, subgrid processes need to be parametrized in GCMs in order
to improve current model projections of climate change.

The overall goal of my research activities is to use theoretical and numerical models,
from idealized high-resolution simulations to global GCMs in realistic configuration,
in order to improve our fundamental understanding of these small-scale processes. My
ultimate goal is to help guide and improve GCM parameterizations, for better climate
projections.

CONTEXT Numeri )
umerical grid of a global
Geophysical fluid dynamics, climate climate model
ocean, atmosphere

Small scale processes

= need theoretical understanding
and numerical parameterizations

Clouds

w Temperature

O(5km)| m

0(100km)
Internal ocean waves

Atmospheric convection

GOAL

Theory & high-resolution models = improved climate predictions

Figure I.1: The overall goal of my research activities is to improve our fundamental understanding
of climate processes with scales smaller than a typical GCM resolution (tens to hundreds of kilome-
ters). Important examples of such subgrid-scale processes that I work on are internal waves in the
ocean, and convective clouds in the atmosphere.

More specifically, my research activities focus on three main topics:

e What role does the small-scale seafloor topography play in the generation of internal waves
in the abyssal ocean? What is the contribution of those internal waves to ocean mixing, and
what impact on the ocean large-scale circulation?

Internal waves are ubiquitous in the ocean, and contribute significantly to the ocean global
energetics. But their scales are too small, both in space and time, to be explicitly resolved
in GCMs. Thus their effect on water masses and on the large-scale ocean circulation must
be parameterized. The goal of my research is to clarify the physical mechanisms leading to
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the instability, overturning and breaking of those waves, as well as to quantify the mixing
induced by wave breaking events.

e What is the response of the hydrological cycle (both mean precipitation and extreme precip-
itation) to global warming?
Understanding the response of precipitation extremes to climate change is a crucial question,
with important societal impacts. Numerous studies, using both regional high-resolution mod-
els and global coarse-resolution models, predict an increase of the intensity of precipitation
extremes with warming. The physical origin of this increase is well understood, thanks to nu-
merous theoretical studies, notably its link with a strong thermodynamic constraint (related
to water vapor). But if the thermodynamic contribution to precipitation extremes is well un-
derstood, a large uncertainty remains regarding the dynamic contribution linked to vertical
velocities in updrafts, and the microphysics contribution related to precipitation efficiency.
My work aims at quantifying these contributions, in idealized simulations without and with
convective organization.

e What are the physical processes responsible for the organization of tropical clouds?
Arguably, the most spectacular example of organized convection is the tropical cyclone, with
its eye devoid of deep convection, surrounded by a cloudy eyewall where extreme winds are
found. There are other types of organized convection, (convection refers to the overturning
of air within which clouds are embedded). In fact, organized convection is ubiquitous in the
tropics. But it is still poorly understood and typically not accounted for in global climate
models, despite strong societal and climatic impacts. One of the goals of my research is to
clarify the physical processes responsible for organizing convection, and to investigate their
response to climate change.

These questions have important societal impacts. They are key to improving our understanding
of the consequences of climate change, notably on extreme events such as tropical cyclones. Clar-
ifying the role of small-scale processes on the large-scale ocean circulation is also crucial to help
determine the evolution of ecosystems in our warming climate.

In the following three chapters (II, IIT and IV), I describe in detail the major scientific outcomes
of my research activities in those three topics. Each of these three chapters starts with a summary
of the main scientific results and main collaborations/supervisions of students/postdocs relevant
to each topic. This summary is followed by an introduction describing the scientific context and
state-of-the-art, and then by my scientific contributions to the field. Unless otherwise noted, in
this report I will focus on results that were obtained since I joined the CNRS in 2012.

This manuscript ends with a chapter (V) on my perspectives and future research directions, as
well as outstanding open questions.
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Chapter 11

Dissipation of internal tides in the
abyssal ocean: linear and nonlinear
processes

“How inappropriate to call this planet Earth when it is quite clearly Ocean.”
Arthur C. Clarke
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II.1 Summary of key results, main collaborations and relevant
supervisions

o Key results: linear study

Internal tides are internal waves generated by the interaction of the barotropic tide with the
seafloor topography. The breaking of those waves, and the concomitant dissipation of their
energy, is believed to provide a large part of the power needed to mix the abyssal ocean and
sustain the meridional overturning circulation. State-of-the-art topographic products barely
resolve scales smaller than ~ 10 km in the deep ocean. On these small scales, abyssal hills
dominate ocean floor roughness.

In [Melet et al., 2013b], we use linear wave theory to evaluate the impact of abyssal hill
roughness on internal-tide generation. We find that globally, internal tide generation by
abyssal hills integrates to &~ 10% of the energy flux due to larger topographic scales resolved
in standard topographic products. Locally, the abyssal hill contribution to the internal tide
energy flux can exceed 100%, notably above the Mid-Atlantic ridge. Therefore, abyssal hills,
unresolved in state-of-the-art topographic products, can have a strong impact on internal tide
generation, especially over mid-ocean ridges.

This analysis of internal tides generation at small-scale topography, is extended further in
[Lefauve et al., 2015], where we use an ad-hoc parameterization of wave breaking devel-
oped during my PhD [Muller and Biihler, 2009] to quantify the mixing induced by breaking
internal tides. We show that a large fraction of abyssal-hill generated internal tide energy is
locally dissipated over mid-ocean ridges in the southern hemisphere. Significant dissipation
occurs above ridge crests, and, upon rescaling by the local stratification, follows a monotonic
exponential decay with height off the bottom, with a nonuniform decay scale.

Overall, these results from linear theory imply stronger internal-tide induced mixing than
previously estimated from larger-scale bathymetry. This additional tidal mixing has been
implemented in a GCM parametrization of ocean mixing [De Lavergne et al., 2016].

o Key results: nonlinear study

Beyond linear predictions, internal tides (and internal waves in general) are known to be sub-
ject to nonlinear processes, which can lead to wave instability and overturning, and thus to
the mixing ultimately relevant to the large-scale ocean circulation. Notably, previous numeri-
cal studies of the dissipation of internal tides in idealized settings, highlight the importance of
nonlinear transfer of energy to small-scale secondary waves via the parametric subharmonic
instability, or PSI. This triadic instability is favored at a specific resonant latitude, known
in the literature as the critical latitude. Consistently, these numerical studies exhibit a large
enhancement of internal tide dissipation at the critical latitude.

In [Richet et al., 2018], we clarify the physical processes at the origin of this strong
latitudinal dependence of tidal energy dissipation. We find that different mechanisms are
involved equatorward and poleward of the critical latitude. Triadic resonant instabilities
are responsible for the dissipation of internal tides equatorward of the critical latitude. In
particular, a dominant triad involving the primary internal tide and near-inertial waves is
key. At the critical latitude, the peak of energy dissipation is explained by both increased
instability growth rates, and smaller scales of secondary waves thus more prone to break
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and dissipate their energy. Surprisingly, poleward of the critical latitude, the generation of
evanescent waves appears to be crucial. Triadic instabilities have been widely studied, but the
transfer of energy to evanescent waves has received comparatively little attention. Our work
suggests that the nonlinear transfer of energy from the internal tide to evanescent waves,
corresponding to the 2f-pump mechanism described by [Young et al., 2008] is an efficient
mechanism to dissipate internal tide energy near and poleward of the critical latitude.

Observations instead indicate a more modest enhancement at the critical latitude. We address
this issue in [Richet et al., 2017] by investigating the impact of a weak background mean
current in numerical simulations. The dissipation and its variation with latitude without the
mean current are consistent with earlier studies. But adding a weak mean current has a major
impact on the latitudinal distribution of dissipation. This behavior can be attributed to the
Doppler shift of the internal tides frequency, which hinders the energy transfer to secondary
waves of the unstable triads. Thus, although nonlinear transfers of energy between waves are
efficient at dissipating internal tides, the exact location of the dissipation is sensitive to large-
scale oceanic conditions, including the presence of large-scale currents or mesoscale eddies,
which can impact the propagation and dissipation of internal tides.

o Main collaborations and relevant supervisions

The linear study was performed by Adrien Lefauve during his Masters internship under my
supervision at LadHyX. Adrien is now doing a PhD at the University of Cambridge UK with
Paul Linden. This work was also done in collaboration with Angélique Melet, postdoctoral
researcher at LEGOS Toulouse at the time, now researcher at MERCATOR.

The nonlinear study was performed by Océane Richet during her PhD at LadHyX. This
PhD was co-supervised by myself and my collaborator Jean-Marc Chomaz, senior re-
searcher at LadHyX. Océane is now doing a three-year postdoc at the University of Tasmania
with Bernadette Sloyan and Maxim Nikurashin.

In this chapter, we summarize the key results obtained in these studies, with a particular focus on
the nonlinear process study [Richet et al., 2018].

II.2 Introduction to internal tides induced mixing: what we know,
what we dont know

I1.2.a What are internal tides?

The presence of celestial bodies (in particular the moon and the sun) induces a barotropic current
in the ocean, known as the barotropic tide. Without topography, this flow represents the usual
solution to the tidal equation. In the presence of topography, this barotropic tide interacts with the
seafloor resulting in the radiation of internal waves, known as the internal tides (see e.g. [Garrett
and Kunze, 2007] for a review).

Internal waves are waves within stably-stratified fluids. In the case of a rotating stratified fluid
with Brunt-Véiséla frequency N (> 0 for stable stratification) and Coriolis parameter f assumed
constant, those waves of the form o e?®*=%%) gatisfy the well-known dispersion relation (obtained
from the linearized equations under the Boussinesq approximation, see e.g., [Staquet and Sommeria,
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Figure I1.1: Illustration of internal waves in the high-resolution model used in the nonlinear study
(811.4), namely the MITgcm [Marshall et al., 1997]. The waves are generated as an imposed
barotropic current U(t) = (Upsinwyt, 0) interacts with the bottom rough bathymetry (adapted from
[Richet et al., 2017]). We investigate the generation of internal tides at the seafloor, and thus
neglect the effect of waves reflecting at the ocean surface and radiating back down towards the
topography. Thus a sponge layer is imposed in upper levels in order to absorb upward propagating
waves (following [Nikurashin and Legg, 2011]).

2002, Biihler and Muller, 2007]):
w? = N%cos? 0y, + f2sin’ by, (I1.1)

where 6), denotes the angle between the wave vector k = (kz, ky, k) and the horizontal. This
dispersion relation yields several interesting properties to internal waves.

First the group velocity and phase velocity have opposite vertical components. In other words,
for internal waves, if the phase goes down, the energy goes up, and vice-versa. Second, the frequency
of internal waves has magnitude between f and N. In typical oceanic conditions, |f| < N, so that
|f| < |w| < N. Third, the angle of propagation of the wave depends solely on their frequency - the
higher the frequency, the steeper (more vertical) the slope of the group velocity rays.

Figure II.1 illustrates the generation of internal tides in high-resolution simulations, when an
imposed barotropic tide U(t) = (Upsinwyt,0) interacts with the seafloor topography. In this
simulation, U(t) is the semi-diurnal lunar tide, so that wg is the semi-diurnal tidal frequency
(approximately twice a day). As predicted by linear theory [Bell, 1975], this interaction generates
waves at this fundamental tidal frequency, as well as harmonics at higher frequency (2w, 3wy...),
seen by some steeper rays corresponding to waves with higher frequencies on figure I1.1.

II.2.b Why do we care?

The dissipation of internal tides through wave breaking and concomitant three-dimensional turbu-
lence contributes to vertical mixing in the deep ocean, and hence plays a role in the large-scale
ocean circulation. Indeed, the turbulent mixing associated with breaking waves makes a significant
contribution to the diffusion of fluid particles across density surfaces [Staquet and Sommeria, 2002],
which is important for the maintenance of the stratification in the deep ocean (e.g., [Wunsch and
Ferrari, 2004]).
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Figure I1.2: Depth-longitude section of diapycnal diffusivity in the Brazil Basin from [Polzin et al.,
1997]. There is a clear signal of enhanced vertical mizing over rough topography.

Consistently, greatly elevated values of diapycnal diffusivities are found over the rough bathymetry
of the Mid-Atlantic ridge, where bottom values can reach several orders of magnitude higher than
the pelagic value 0.1 cm? s~! (figure I1.2). These observed enhanced mixing rates were attributed to
the dissipation of the internal tides, although other mechanisms could also contribute to high bot-
tom diffusivities, such as lee waves generated by mesoscale eddies interacting with the bathymetry
[Nikurashin et al., 2013, Sommeria et al., 2016], or the hydraulic flow of dense bottom waters
through constrictive passages at the seafloor [Legg, 2014].

In recent years, the emerging consensus is that this tidally-induced mixing is important for the
dynamics of the large-scale ocean circulation in the deep abyssal ocean, below 1500 m depth or so
(e.g., [Munk and Wunsch, 1998], [Wunsch, 2000], and the reviews in [Wunsch and Ferrari, 2004]
and [Thorpe, 2005]). As schematically depicted in figure I1.3, the dense Antarctic bottom water,
or AABW, sinks at high latitudes in the southern Ocean. Mixing processes, to which internal
tides contribute significantly, lift up deep waters to mid-depths, likely to 1000 - 2000 m above
the seafloor (the red line indicates maximum height of topographic features below which mixing is
strong). These deep waters return to the surface at these depths via the southern Ocean [Ferrari,
2014, Waterhouse et al., 2014].

Numerical models have been shown to be sensitive to diffusivity values, from simple ideal-
ized models [Nikurashin and Vallis, 2012] to state-of-the-art GCMs [Melet et al., 2013a]. But as
mentioned in the introduction, these internal wave processes are far too small in spatial and/or
temporal scale to be resolved in climate models. Thus theory, high-resolution modeling and ob-
servations must be used to parametrize their effects in such models. One of our goals is to get a
better understanding of the role of internal tides dissipation in ocean mixing, and how it relates to
the bathymetry. Of particular interest is the degree of spatial inhomogeneity of the mixing induced
by breaking internal tides. This spatial variability in the mixing, both horizontally and vertically,
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Figure 11.3: Emerging model of the deep-ocean circulation from models and observations. The red
line represents the height of the tallest topographic features below which mixing is strong (adapted
from [Ferrari, 2014]).

could imply a radically different interior circulation in models than that obtained with uniform
mixing schemes.

I1.2.c Ocean mixing: questions addressed

Quantitatively, very large uncertainties remain, notably on the amount of local (near the genera-
tion site at the seafloor) versus remote dissipation of internal tides. Observations indicate that the
local dissipation of internal tides near their generation site could be up to 70 - 100 % in regions
with small-scale rough topography, but is believed to be smaller without small-scale topographic
roughness [Waterhouse et al., 2014]. Large uncertainties also remain regarding the remotely dis-
sipating internal tides, which could contribute to Antarctic bottom water consumption between
1 and 28 Sv depending on the amount and vertical structure of the corresponding wave-induced
mixing [De Lavergne et al., 2016].
In this work, we address the following questions:

e What is the fraction of wave energy dissipated locally near the generation site?
e How is this dissipation distributed spatially?

e What mechanisms lead to internal tides instability, breaking and dissipation (convective in-
stability? nonlinear effects?...)?

Our focus is thus on the local dissipation of internal tides near their generation site. The
ultimate fate of the remaining fraction of wave energy which propagates away is an important
question, but is beyond the scope of this work.

I1.3 My research: local dissipation of internal tides via convective
instability, results from linear theory

I1.3.a Wave energy carried by internal tides

This section is based on the paper
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A. Melet, M. Nikurashin, C. Muller, S. Falahat, J. Nycander, P. Timko, B. Arbic, J. Goff
Internal tide generation by abyssal hills using analytical theory
J. Geophys. Res. - Oceans, 118 (2013).

We first quantify the amount of energy carried by the internal tides upon generation at small-
scale topography. Omne of the main results of my Ph.D. thesis is that the wave breaking and
concomitant mixing are extremely sensitive to small topographic scales, smaller that 10 km or so
[Muller and Biihler, 2009]. These scales are smaller than the current resolution of global bathymetry
from satellites [Smith and Sandwell, 1997]. We thus need to take a statistical approach to investigate
the contribution from small topographic scales to the generation of internal tides.

Taking this statistical approach to represent the small-scale seafloor (mainly abyssal hills at
those scales), we quantify the energy carried by the internal tides generated at small-scale topog-
raphy, using the linear wave theory. Internal tide generation by abyssal hills integrates to 0.1 TW
globally, or 0.03 TW when the energy flux is empirically corrected for supercritical slope (i.e., 10
% of the energy flux due to larger topographic scales resolved in standard topographic products in
both cases). The abyssal hill driven energy flux is dominated by mid-ocean ridges, where abyssal
hill roughness is large. Focusing on two regions located over the Mid-Atlantic ridge and the East
Pacific rise, it is shown that regionally linear theory predicts an increase of the energy flux due to
abyssal hills of up to 100 % or 60 % when an empirical correction for supercritical slopes is at-
tempted. Therefore, abyssal hills, unresolved in state-of-the-art topographic products, can have a
strong impact on internal tide generation, especially over mid-ocean ridges. These results have been
implemented in an ocean mixing parametrization [De Lavergne et al., 2016], and the variability of
the mixing that it entails affects the large-scale ocean circulation.

I1.3.b Local dissipation of internal tides via convective instability

This section is based on the paper
A. Lefauve, C. Muller, A. Melet
A three-dimensional map of tidal dissipation over abyssal hills
J. Geophys. Res. - Oceans, 120 (2015).

Here we investigate the fraction of the internal tide energy which gets dissipated near their
generation site at the seafloor by convective instability. Both the fraction of internal tide energy
that is dissipated locally and the resulting vertical mixing distribution are crucial for the ocean
state, but remain poorly quantified. Current parameterizations in GCMs typically assume that a
constant fraction of the energy carried by the internal tides is dissipated through wave breaking
(for instance 50 % in the parameterization mentioned above [De Lavergne et al., 2016]), and that
the induced mixing decays exponentially from topography where the waves are generated.

In order to more precisely quantify the fraction of tidal energy dissipated through wave breaking,
as well as its vertical distribution over topography, we use a heuristic model for wave breaking
developed during my Ph.D. thesis [Muller and Biihler, 2009]. This model uses the wave amplitude
(also known as wave steepness in the literature e.g. [Staquet and Sommeria, 2002]) estimated from
linear theory, to predict regions of convective instability and wave breaking. Combined with a
nonlinear parameterization for wave breaking, it also yields an estimate of the amount of wave
energy dissipated by the wave breaking events. This heuristic model can be applied to various
topographies, idealized [Biihler and Muller, 2007] or realistic [Muller and Biihler, 2009], to obtain
an estimate of the tidal dissipation.
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We extend this model to account for stratification variations within the WentzelKramersBril-
louin, or WKB, approximation, and derive the first global map of mixing due to internal tides
generated at small-scale abyssal hills (figure I11.4). Our estimate is based on quasi-global small-
scale abyssal hill bathymetry, stratification, and tidal data. We show that a large fraction of
abyssal-hill generated internal tide energy is locally dissipated over mid-ocean ridges in the south-
ern hemisphere. Significant dissipation occurs above ridge crests, and, upon rescaling by the local
stratification, follows a monotonic exponential decay with height off the bottom, with a nonuni-
form decay scale. We however show that a substantial part of the dissipation occurs over the
smoother flanks of mid-ocean ridges, and exhibits a middepth maximum due to the interplay of
wave amplitude with stratification.

We link the three-dimensional map of dissipation to abyssal hills characteristics, ocean stratifica-
tion, and tidal forcing, and discuss its potential implementation in time-evolving parameterizations
for GCMs. Although linear theory, on which our heuristic model is based, may overestimate the
occurrence of convective instability, we believe that qualitatively the non-homogeneous spatial dis-
tribution of wave energy dissipation that it predicts is robust. Our results suggest that the presence
of small-scale, mostly unresolved abyssal hills could significantly enhance the spatial inhomogeneity
of tidal mixing, particularly above mid-ocean ridges in the southern hemisphere.

G0N

30N

308 4

180W / 0 120E 180E

Figure I1.4: Fraction (in %) of energy carried by the internal tides generated at small-scale seafloor
topography, which is dissipated by wave breaking (from [Lefauve et al., 2015]).

I1.4 My research: local dissipation of internal tides via nonlinear

effects, catastrophic dissipation via Parametric Subharmonic
Instability (PSI)?

II.4.a Dissipation by nonlinear wave-wave interactions

This section is based on the paper
O. Richet, J.-M. Chomaz, C. Muller
Internal tide dissipation at topography: triadic resonant instability equatorward and

evanescent waves poleward of the critical latitude
J. Geophys. Res. - Oceans, 123 (2018).
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Beyond the linear evolution of the internal tides investigated in the previous section, vigorous
nonlinear interactions can transfer energy from the internal tides into secondary waves. In this
section, we investigate these energy transfers in detail. In the case of internal tides, this transfer
depends on latitude in a non trivial way, with a critical latitude where dissipation is maximum (=
30° latitude, see figure I1.5). This critical latitude corresponds to the latitude where the Coriolis
frequency f matches half the semi-diurnal tidal frequency wg/2 (without loss of generality, we set
the tidal frequency wg > 0 and we place ourselves in the northern hemisphere so that f > 0; the
same applies in the southern hemisphere with |f| = wp/2). It has thus been suggested that triadic
resonant instabilities are responsible for the transfer of energy from the primary internal tide into
smaller-scale secondary waves. More precisely, the parametric subharmonic instability is believed
to play a key role.

A triadic resonant instability is an instability leading to energy transfer from a primary wave
(frequency wp, wavenumber vector ko) to secondary waves (with frequencies wi, wy and wavenumber
vectors ki, ko) satisfying the resonance condition:

wo = w1 + w2 (I1.2)
ko = k1 + ka. (I1.3)

When both secondary waves have their frequencies equal to wg/2, we call this specific triadic res-
onant instability, the Parametric Subharmonic Instability ([Staquet and Sommeria, 2002, Bourget
et al., 2013, Maurer et al., 2016]). At the critical latitude, where wy/2 = f, the secondary waves
are near-inertial waves with same frequency w; = wo = wp/2 = f. In this study, we investigate in
detail the physical process behind this enhanced mixing at the critical latitude, and its link with
the generation of secondary waves.

Methodology

To that end, we use linear stability analysis and two-dimensional direct numerical simulations with
the model MITgcm, as illustrated in figure II.1. The use of high resolution (dz = 30 m, dz = 10
m) allows to resolve waves and overturning, and part of the inertial range. The resolution is not
sufficient though to reach dissipative scales, and following [Nikurashin and Legg, 2011] we use
slightly enhanced viscosity and diffusivity values (v = v, =2 x 102 ms™! and k = 107% m s7!
respectively). Results are found to be insensitive to reasonable changes of those values (as long as
part of the inertial range is resolved).

Internal tides are generated by a barotropic flow (at the semi-diurnal frequency wy) interacting
with an idealized sinusoidal topography. The choice of a simple idealized sinusoidal topography
is motivated by the fact that the dissipation profiles and magnitudes are found to be similar to
those obtained with a realistic topography spectrum, as long as the vertical and horizontal Froude
numbers are the same [Richet et al., 2017]. We therefore use realistic horizontal and vertical Froude
numbers representative of small-scale seafloor bathymetry of the Brazil basin. With this choice,
the sensitivity of dissipation to latitude and the physical processes involved in our simulations are
relevant, at least qualitatively, to more realistic conditions representative of the deep ocean in the
region of the Brazil basin. The simulations are repeated at different latitudes, i.e. at different
values of the Coriolis frequency f.

Results equatorward of the critical latitude
We start by analyzing the wave energy frequency distribution as a function of latitude (figure
I1.6). Equatorward of the critical latitude, we find that dominant frequencies in the domain are wy,
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Figure 11.5: (a) Numerical simulation of a low vertical mode (i.e. 1/k, comparable to the ocean
depth) internal tide at frequency wy propagating from low latitudes (blue arrow). Colors show the
wave enerqgy dissipation rate at a function of water depth. Enhanced dissipation is seen to occur
at a critical latitude of about 30° latitude (adapted from [MacKinnon and Winters, 2005]). (b)
This enhanced dissipation is confirmed in another set of simulations using the MITqgcm for small
scale internal tides (i.e. 1/k, small compared to the ocean depth, simulations similar to the one
shown figure II.1). Shown in black is the wave energy dissipation integrated from 50 m to 2 km
above the seafloor. Simulations at different Coriolis frequency f, and thus at different latitudes,
are performed. Once again enhanced dissipation at the critical latitude is found (adapted from
[Nikurashin and Legg, 2011]).

the primary internal tide, but also waves at frequency close to f, i.e., near-inertial waves, and at
frequencies close to (wg — f). These results suggest that the physical mechanism responsible for the
energy transfer from internal tides to smaller-scale secondary waves is the formation of resonant
triads between the primary internal tide, near-inertial waves and waves at frequencies (wg — f).

The growth rate of resonant triadic instabilities as a function of the frequency of secondary
waves wj is shown figure I1.7. We find that for all f, the growth rate is strictly positive, thus
the dissipation of energy of the primary tidal wave at wqg is indeed the result of triadic resonant
instabilities. But it does not help explain the leading triad (wo, f,wo — f), as the magnitude of the
growth rate is not very different (between 1 and 1.5 s71) for all secondary wave frequencies between
f and wg — f, and does not have a maximum at f or wyg — f. We interpret the accumulation of wave
energy at f and wy— f as being the consequence of the small vertical group velocity of near-inertial
waves. Further analysis of the wave energy spectrum ([Richet et al., 2018]) shows that the leading
order triad involves downward propagating near-inertial waves and upward propagating waves at
frequency wg — f, consistent with the accumulation of near-inertial wave energy in the domain near
the topography.

The enhanced dissipation at the critical latitude can be attributed to changing properties of the
secondary waves as f increases towards wy/2 (figure I1.7). The vertical wavenumber of secondary
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Figure 11.6: Latitudinal evolution of the kinetic energy density for the leading frequencies in the
domain, including the primary internal tide wo (gray dashed), inertial waves f (black plain) and
waves at frequencies (wo — f) (gray point-dashed) and wy/2 (black dashed). The vertical purple line
materializes the critical latitude (adapted from [Richet et al., 2018]).

waves increases, yielding smaller and smaller scales more prone to wave breaking and dissipation.
The growth rate of the corresponding resonant triad also increases as f approaches the critical
latitude. Both effects lead to enhanced dissipation, consistent with the latitudinal profiles of figure
11.5.

Results poleward of the critical latitude

Poleward of the critical latitude, on the other hand, the dominant frequencies in the kinetic energy
spectrum (figure I1.6) are the primary internal tide at wy and evanescent waves at wp/2 (these are
evanescent since wo/2 < f). This result suggests the transfer of energy to smaller-scale evanescent
near-inertial waves as the dominant physical process leading to the dissipation of the primary
internal tide poleward of the critical latitude.

Recently, [Young et al., 2008] extended the parametric subharmonic instability poleward of the
critical latitude. In their theory, the dissipation of a primary wave at frequency wy = 2f + € is
investigated for small positive and negative €. Briefly, the Boussinesq equations are linearized about
a “pump wave” whose frequency is close to twice the inertial frequency. A multiple-timescales ap-
proach yields an amplitude equation describing how this pump wave energizes a vertical continuum
of near-inertial oscillations. Qualitatively, in our simulations, the generation of secondary waves
at wp/2 beyond the critical latitude is consistent with their theoretical expectation. Furthermore,
quantitatively, they predict a cut-off latitude beyond which the mechanism halts, corresponding
with our parameter values to f ~ 0.8, matching the extent of enhanced dissipation (figure I1.5b)
and wp/2 secondary waves (figure I1.6).

Discussion

Thus, triadic resonant instabilities are found to be a powerful mechanism to extract tidal energy.
The increase of energy dissipation from the equator toward the critical latitude is due to increased
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Figure I1.7: (a) Theoretical estimate of the growth rate of resonant triadic instabilities as a function
of the frequency of secondary waves. The computation is performed at different latitudes (i.e.
at different values of the Coriolis frequency f). (b) Evolution of the vertical wavenumber of the
secondary wave (normalized by that of the primary wave) as f approaches the critical latitude,
for the secondary waves at frequency f, wo — f, wo/2, and frequency of the mazimum growth rate
(shown with crosses in panel a). (c) Same as panel b but showing the evolution of the growth rate
of the corresponding triadic resonant instability (adapted from [Richet et al., 2018]).

instability growth rates, as well as to the smaller and smaller vertical scales of the secondary waves
(figure I1.7), hence more likely to break and dissipate their energy. Poleward of the critical latitude,
the “2f-pump” mechanism described in [Young et al., 2008] seems to be the leading-order mechanism
by which internal tides lose energy. In this case, the internal tide transfers energy nonlinearly to
evanescent waves at frequencies wp/2, which dissipate internal tide energy as efficiently as the
parametric subharmonic instability equatorward of the critical latitude. In fact, the 2f-pump is
an extension of the parametric subharmonic instability poleward of the critical latitude when we
consider near-inertial waves f + €/2 for small values of € of both signs. The dissipation poleward
of the critical latitude has implications for the possible consumption of Antarctic bottom water.
These results suggest that evanescent waves could play a leading-order role in the dissipation of
tidal energy in the deep ocean poleward of the critical latitude, and could contribute significantly
to the diapycnal mixing relevant to the large-scale ocean circulation and to water masses.
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IT.4.b Robustness to a mean current

This section is based on the paper
O. Richet, C. Muller, J.-M. Chomaz
Impact of a mean current on the internal tide energy dissipation at the critical
latitude
J. Phys. Oceanog., 47 (2017).

This work investigates the impact of a background mean current on the aforementioned en-
hanced dissipation at the critical latitude. Indeed the latter is not clearly confirmed in observations
[MacKinnon et al., 2013], which only seem to indicate a modest enhancement at this latitude.
For low modes (large-scale waves), the enhanced dissipation found in numerical simulations (figure
I1.5a) seems to be sensitive to resolution and diffusion, thus potentially explaining this discrepancy
with observations. But for the higher modes (smaller scales) discussed in the previous section, the
enhanced dissipation (figure I1.5b) does not appear to be sensitive to changes in the diffusion or
resolution [Nikurashin and Legg, 2011]. Here we investigate whether the presence of a mean current
could reduce the enhanced dissipation at the critical latitude. Indeed, the ocean is not a quiescent
medium; the presence of large-scale currents or mesoscale eddies can impact the propagation and
dissipation of internal tides.

We use high-resolution simulations (figure I1.8) similar to the ones used in the previous section,
with an additional mean background current alUy, where 0 < o < 1 and Uy is the amplitude of the
tidal forcing (figure I1.1). The current is only applied above topography, to minimize its impact
on the generation of the internal tides at the topography, and instead focus on its impact on the
propagation of those waves.
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Figure 11.8: Snapshot from a nonlinear high-resolution MITgcm simulation without a mean current

(shown is the anomalous horizontal velocity in m s~'). The yellow lines show wave characteristics
computed from linear wave theory (adapted from [Richet et al., 2017]).

Adding a weak mean current has a major impact on the latitudinal distribution of dissipation.
The peak at the critical latitude disappears, and the dissipation is closer to a constant. This disap-
pearance results from the Doppler shift of the internal tides frequency (figure I1.9), which hinders
the nonlinear transfer of energy to small-scale secondary waves via the parametric subharmonic
instability. The two new weak peaks correspond to the Doppler-shifted critical latitudes of the
left- and right-propagating waves. The results are confirmed in simulations with simple sinusoidal
topography h o sin(kiz), keeping the Froude numbers consistent with realistic deep ocean values.
This simple monochromatic topography makes clear the disappearance of the enhanced dissipation
at the critical latitude wp/2, and the appearance of two weaker peaks of dissipation at the Doppler-
shifted critical frequencies (wo &= Upk;)/2 (figure 11.10). Thus, although nonlinear transfers via the
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Figure 11.9: Same as figure I1.8 but with a mean current imposed above topography. The change of

slope of the characteristic lines (yellow lines) helps visualize the Doppler effect on the propagation
of the waves (adapted from [Richet et al., 2017]).

parametric subharmonic instability are efficient at dissipating internal tides, the exact location of
the dissipation is sensitive to large-scale oceanic conditions.
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Figure I1.10: Wave energy dissipation in simulations without mean current (blue) and with mean
current (red) for internal tides generated at sinusoidal topography h o sin(kix). Without mean
current, the dissipation integrated from 50 m to 2 km above the seafloor shows a maximum at the
critical latitude wo/2 consistent with earlier studies (e.g. figure I1.5b). With a mean current, the
dissipation mazxima are weaker and moved to Doppler-shifted latitudes of (wo &+ Uokt)/2 (adapted
from [Richet et al., 2017]).

This suggests that under realistic conditions, where waves are unlikely to propagate through
a quiescent ocean, the local dissipation of the internal tide is not a strong function of latitude.
The reduced dissipation near the critical latitude implies that more wave energy than previously
thought may propagate away from topography and hence may be available to dissipate in remote
locations. This has implications for the transformation of deep water masses and the abyssal
circulation. Recent estimates of internal waves impact on the overturning circulation point out the
large uncertainty associated with remote dissipation of tides, which do not dissipate locally near
their generation site. As mentioned in the introduction, depending on where this dissipation and
the concomitant mixing occur, in particular its vertical structure, such mixing could drive 1 to 28
Sv of Antarctic bottom water upwelling [De Lavergne et al., 2016]. More work is desirable to help
better constrain estimates of remote internal tide energy propagation and dissipation.



Chapter 111

Precipitation extremes and their
response to warming

“There was an ocean above us, held in by a thin sac that might rupture and let down a flood at any
second.”
Stephen King

19
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III.1 Summary of key results, main collaborations and relevant
supervisions

o Key results: theoretical scaling

In recent decades, there have been important fundamental advances in our understanding
of the response of precipitation extremes to warming. GCMs disagree on the amplitude of
the response of precipitation extremes, especially in the tropics where they largely rely on
convective parameterizations to represent deep cloud dynamics and deep convection [Kharin
et al., 2007]. Thus, progress on this question must also rely on observations, theory, and high-
resolution numerical simulations which resolve deep convection, instead of parameterizing it.

In [Muller and Takayabu, 2019], a review article invited by the World Climate Research
Program, or WCRP, on weather and climate extremes, we review recent advances in our
understanding of the response of precipitation extremes to warming from theory and from
idealized cloud-resolving simulations. Notably, a theoretical scaling for precipitation extremes
has been proposed in the past decades, and refined including during my postdoctoral work,
allowing to address separately the contributions from the thermodynamics, the dynamics and
the microphysics. In this review, we discuss the theoretical constraints, as well as remaining
uncertainties, associated with each of these three contributions to precipitation extremes. No-
tably, to leading order, precipitation extremes seem to follow the thermodynamic theoretical
expectation, i.e. the scaling given by the Clausius-Clapeyron equation. But considerable un-
certainty remains regarding the response of the dynamics and of the microphysics to warming.

In [Drobinski et al., 2016a], we use this scaling to analyze the sensitivity of precipitation
extremes to temperature using observations and regional modeling in the south of France.
The relationship between precipitation extremes and temperature in our current climate has
been widely investigated in observations. But difficulties arise when this relationship is ex-
trapolated to the relationship between precipitation extremes and temperature changes due
to global warming. Indeed, the response of precipitation extremes to temperature changes
due to climate natural variability is not necessarily the same as the response due to climate
change. In this study, we highlight the importance of strong seasonal effects in the south
of France, where strong so-called “Cevenole” events in the fall dominate the precipitation
extremes - temperature curve at warm temperatures in our current climate.

In [Drobinski et al., 2016b], this study is extended to the whole Mediterranean region. We
find that the relationship found in the south of France is robust throughout the Mediterranean
basin, exhibiting a hook shape with negative slope at high temperatures and a slope following
Clausius-Clapeyron scaling at low temperatures. In future climate scenario simulations, the
temperature at which the slope breaks, shifts to higher temperatures by a value which is on
average the mean regional temperature change due to global warming.

o Key results: impact of organized convection

Convective organization can strongly impact the distribution of precipitation, and a large
fraction of precipitation extremes occurs in organized convection.

In [Muller, 2013], we investigate the response of tropical precipitation extremes to a sea-
surface temperature increase in a cloud-resolving model with organized convection. Back-
ground vertical shear is used to organize the convection into squall lines. The shear is main-
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tained throughout the simulations, which are run to radiative-convective equilibrium. We
find that, despite very different precipitation values with different degrees of convective or-
ganizations, the response to warming is similar for a given shear. The highest percentiles of
precipitation extremes increase at a fractional rate similar to that of surface water vapor.

Convective organization can also arise in the absence of vertical shear, solely due to internal
feedbacks. One such mode of convective organization is convective self-aggregation, which will
be the topic of next chapter (IV). In [Da Silva et al., 2019] (also an article invited by the
World Climate Research Program on weather and climate extremes) we investigate the impact
of convective self-aggregation on precipitation extremes. Precipitation extremes are very
sensitive to the degree of convective aggregation, with stronger extremes in the more organized
climate. When convection is organized, the precipitation is also more localized, leading to
more rainfall accumulation in addition to larger instantaneous rainfall rates. Extreme rainfall
intensity, frequency and duration (e.g. instantaneous, hourly or daily extreme rainfall rates)
are all important for floods and risks.

e Main collaborations and relevant supervisions

The observational study of the theoretical scaling in the south of France [Drobinski et al.,
2016a] and in the Mediterranean region [Drobinski et al., 2016b] was part of a collaboration
with Philippe Drobinski, senior researcher at LMD, and Nicolas Da Silva and Bastien
Alonzo, who were at the time Masters students under the main supervision Philippe Drobin-
ski, project on which I collaborated. Both Nicolas and Bastien then pursued a PhD at LMD
with Philippe Drobinski.

The latest work [Da Silva et al., 2019] was performed as part of a short postdoctoral project
(ongoing) by Nicolas Da Silva at the end of his PhD under my supervision, also in collabo-
ration with Sara Shamekh, currently doing her PhD at LMD supervised by myself and my
collaborators Fabio D’Andrea and Jean-Philippe Duvel, senior scientists at LMD.

The review on the theoretical scaling [Muller and Takayabu, 2019] is a collaboration with
Yakari Takayabu senior scientist at the university of Tokyo.

In this chapter, we summarize the key results obtained in these studies, with a particular focus on
the theoretical scaling [Muller and Takayabu, 2019].

We note also that for some aspects of the context and state-of-the-art, we will rely on the chapter
on clouds [Muller, 2019] from the book of lecture notes of the graduate school, “Les Houches 2017
Summer School: Fundamental Aspects of Turbulent Flows in Climate” - Editors: F. Bouchet, C.
Salomon, T. Schneider, A. Venaille.

I1I.2 Introduction: response of the hydrological cycle to global
warming

In this section, we address the important question of the response of precipitation extremes to
global warming. We focus on tropical convection, as tropical precipitation extremes are particularly
challenging for climate models. The “pop-corn” small-scale nature of convection there (compared
the mid-latitudes where clouds and convection are embedded in large-scale low and high pressure
frontal systems) implies that coarse-resolution GCMs have to rely on convective parameterizations
to represent convective processes in the tropics.
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Figure II1.1:  Mean precipitation climatology (left) and change in mean precipitation with global
warming (right), illustrating the “rich-get-richer” pattern. High-precipitation regions (tropics and
extratropics) have enhanced precipitation, and low-precipitation regions (subtropics) have decreased
precipitation (after [Muller and O’Gorman, 2011]).

Despite uncertainties in those parameterizations, GCMs robustly predict a pattern of mean
precipitation changes with warming now known as the “rich-get-richet” pattern. Rainy regions
(tropics and extratropics figure II1.1) become rainier, and regions with little precipitation (sub-
tropics figure IIL.1) receive even less rain. This can be understood via simple thermodynamics
[Held and Soden, 2006, Muller and O’Gorman, 2011]. If changes in relative humidity are small,
as is the case in climate models, we expect atmospheric water vapor to increase with warming
following the Clausius-Clapeyron equation. Furthermore, if the atmospheric circulation does not
change significantly, to leading order we expect regions with moisture convergence (and thus pre-
cipitation) to have increased moisture convergence due to the increased moisture. Similarly, regions
with moisture divergence are expected to have stronger moisture divergence, and hence decreased
precipitation. (Actually moisture divergence and convergence are linked to precipitation minus
evaporation; but the changes in precipitation have considerably more structure than the changes
in evaporation, so that the above results on patterns of precipitation changes hold. Note also that
the large-scale tropical circulation does change, it weakens slightly, see [Held and Soden, 2006] for
more details.)

The global mean precipitation does not follow the Clausius-Clapeyron increase though, as it
is constrained by global energetics. Atmospheric energy balance implies that the global mean
precipitation must balance the global mean radiative cooling (neglecting changes in the Bowen
ratio), which increases at a slower rate of about 2% K~! [Held and Soden, 2006].

These results for mean precipitation are extremely robust between climate models, and well
understood. But large-scale constraints have little direct relevance to precipitation extremes in
tropical storms, and there is a large uncertainty of precipitation extremes in climate models (figure
II1.2, [Kharin et al., 2007]). This uncertainty is largest in the tropics due to uncertainties in
convective parameterizations. Since simulations of tropical precipitation extremes with current
GCMs are unreliable, progress on the problem of changing tropical precipitation extremes must
rely on either theory, observations, or simulations that resolve the convective-scale processes. Here
we will use theory and cloud-resolving simulations to address this question, in disorganized “pop-
corn” convection at first, and then assessing the impact of convective organization on the results.

What can we expect for the amplification of precipitation extremes with warming from phys-
ical considerations? If the dynamics do not change with warming, precipitation extremes can be
expected to scale with the moisture convergence into deep convective updrafts, which would then
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Precip extremes (95! percentile) in climate models and reanalysis
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Figure II1.2:  Precipitation extremes (95th percentile) in the different IPCC' climate models (after
[Kharin et al., 2007]). There is a large uncertainty in tropical precipitation extremes, due to
uncertainties in convective parameterizations.

scale with water vapor following the Clausius-Clapeyron equation [Trenberth, 1999]. In the trop-
ics, this equation predicts an increase of water vapor larger than 8% K~! [0’Gorman and Muller,
2010]. We will assess the accuracy of this thermodynamic expectation for precipitation extremes in
cloud-resolving simulations. The next section §II1.3 describes the idealized settings of the numer-
ical simulations. Then §III.4 introduces a theoretical scaling for the amplification of precipitation
extremes with warming, which is then applied to idealized simulations and to observations in the
Mediterranean region. Finally the impact of organized convection is investigated in §III.5.

III.3 Some notes on the methodology: idealized cloud-resolving
simulations in radiative-convective equilibrium

This section is based on the book chapter
C. Muller
Clouds in current and in a warming climate
Chapter contribution to the book of lecture notes from
Les Houches 2017 Summer School: Fundamental Aspects of Turbulent Flows in Climate,
Oxford University Press (2019).

Most of my work described in this chapter and the next, relies on theory and on idealized,
high-resolution cloud-resolving simulations of the tropical atmosphere, run in radiative-convective
equilibrium, or RCE. In this section, we discuss briefly the setting and properties of this radiative-
convective equilibrium, and the cloud-resolving simulations; readers familiar with it can skip this
discussion and go directly to the results sections.

II1.3.a Radiative-convective equilibrium

Non-rotating (Coriolis parameter f = 0) radiative-convective equilibrium is an idealization of the
tropical atmosphere, in which the rotation of the earth is neglected (a reasonable approximation
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in the tropics where the Coriolis parameter f is small), and in which the large-scale motion (larger
than the domain) is neglected. Thus there is no import or export of moist-static energy into or out
of the domain, and the net atmospheric radiative cooling (top of atmosphere minus surface) must
balance the input of energy into the atmosphere at the surface, namely latent and sensible heat
fluxes.

Over oceans, surface fluxes are largely dominated by the latent heat flux, so that in radiative-
convective equilibrium over oceans, the net atmospheric radiative cooling is approximately equal to
surface evaporation. From water conservation, the latter is equal to precipitation. In other words in
radiative-convective equilibrium, the net atmospheric radiative cooling is in balance with the latent
heating associated with the condensation of water vapor into precipitation by convection. It is
this equilibrium between radiative cooling and convective heating which is referred to as radiative-
convective equilibrium. The rest of this section is devoted to describing the fundamental properties
of the radiative-convective equilibrium in more detail.

Radiative-convective equilibrium is most easily understood by first looking at radiative equilib-
rium. Radiative equilibrium is the equilibrium state of the atmosphere and surface in the absence
of non-radiative fluxes. In that case, radiative cooling and heating drive the atmosphere towards
a state of radiative equilibrium. At radiative equilibrium, the incoming shortwave solar heating
7R2Sy(1 — a), where R denotes the Earth radius, Sy incoming solar flux, and a albedo, exactly
balances the outgoing longwave radiation 47 R20T where o is the Stefan-Boltzman constant and
T. the emission temperature (temperature with which a planet needs to emit in order to achieve
energy balance), yielding:

1—a
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Figure I11.3:  Radiative equilibrium without, with one or with two atmospheric levels (three left pan-
els). The last panel shows the full calculation of radiative equilibrium (after [Manabe and Strickler,

1964)).

In the absence of atmosphere (left panel figure II1.3), the surface energy balance implies

1—a

oTd =oT! = S, =T,=T. =255 K =—18° C,

which is much colder that the observed mean surface temperature ~ 288 K = 15° C. This warmer
surface temperature is due to the presence of the atmosphere, and can be understood by adding a
level to our simple conceptual model figure II1.3. We assume that the atmosphere is transparent to
solar radiation, opaque to infrared radiation, and we assume black-body emission from the surface
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and each level (though the computation can easily be extended to account for emissivities smaller
than 1). Energy balance at the surface and level 1 imply

Level 1: 20T} = 0T (I11.2)
SFC: 6T} = 0T} 4 0T}, (I11.3)

yielding T, = 24T, = 303 K, warmer than before.
If we add an additional atmospheric level (figure II1.3),

Level 2: 20Ty = oT} (I11.4)
Level 1: 20T} = 0T 4 0Ty (IT1.5)
SFC: 0Tt = 0T} 4 0T}, (I11.6)

yielding T, = 34T, even warmer.

The full calculation of radiative equilibrium was done by [Manabe and Strickler, 1964] and yields
the temperature profile shown on the right panel of figure I11.3. Compared with observations, this
profile is too hot near the surface, too cold near the tropopause, yielding a lapse rate of temperature
which is too large in the troposphere (but the stratosphere temperature is close to the observed).
In other words, the radiative equilibrium profile is unstable to moist convection.

The observed temperature profile in the troposphere is closer to a radiative-convective equilib-
rium profile. Physically, what happens is that radiation destabilizes the atmosphere by cooling the
interior of the troposphere, thus making the lapse rate steeper. But the radiation time scale ~ tens
of days is much slower than the convective adjustment time scale &~ minutes for dry and hours for
moist convection. Thus in the competition between radiation and convection, convection “wins”,
and the observed state is much closer to convective neutrality than to radiative equilibrium. In
other words, the vertical temperature profile is close to neutral to dry convection below the lifted
condensation level (i.e. on a dry adiabat: # = constant), and close to neutral to moist convection
above (i.e. on a moist adiabat: 6. = constant). Here § =T (p/po)R/Cp denotes potential temper-
ature, variable conserved in dry adiabatic motion, and 6. = 6 exp (L,q/(c,T")) denotes equivalent
potential temperature, variable (approximately) conserved in moist adiabatic motion (py denotes
a constant reference pressure, R the gas constant, ¢, isobaric heat capacity, L, latent heat of va-
porization, and ¢ specific humidity of water vapor; see [Emanuel, 1994, Muller, 2019] for more
details).

I11.3.b Cloud-resolving simulations

Cloud-resolving models, or CRMs, are models with fine, kilometer-scale resolution, i.e. simulations
with sufficiently high spatial resolution to explicitly resolve the deep convection and deep clouds,
instead of parameterizing them. The cloud-resolving model used in most of my work is the System
for Atmospheric Modeling, or SAM, see [Khairoutdinov and Randall, 2003] for more details. Briefly,
this model solves the anelastic momentum, continuity and scalar conservation equations.

In my work, it is typically run with fixed sea-surface temperature (close to current tropical
values, 300 K), on a square domain with doubly periodic geometry. The horizontal resolution is
on the order of one or a few kilometers, in order to resolve deep cloud processes. The domain
size varies from tens to a few hundreds of kilometers, with larger domains aimed at allowing the
mesoscale organization of convection (notably in chapter IV). The vertical resolution is finer, tens
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of meters in the low troposphere increasing to 500 m in the mid-troposphere. A sponge layer is
added in the upper third of the domain (18 km to 27 km altitude) in order to absorb gravity waves
which would otherwise unrealistically fill the domain (see e.g. [Muller and Bony, 2015] for more
details).

In simulations of radiative-convective equilibrium, illustrated in figure I11.4, convection is some-
what randomly distributed in space, resembling “pop-corn” convection. Such simulations are oc-
casionally referred to as disorganized radiative-convective equilibrium, in contrast with simulations
where the convection becomes spatially organized (which will be discussed e.g. in §II1.5 and chapter
V).

0 minutes

Figure I11.4:  [llustration of the cloud-resolving simulations used in chapters III and IV. Shown
in gray are isosurfaces of condensates indicating clouds, and colors show near-surface tempera-
ture (first atmospheric level temperature). The cloud-resolving model used is SAM [Khairoutdinov
and Randall, 2003], typically run here in homogeneous, unforced conditions. Such models reach
radiative-convective equilibrium in a few tens of days. In this equilibrium, radiative cooling is in
balance with convective heating, and convection is somewhat randomly distributed, resembling “pop-
corn” convection, also referred to as disorganized convection (animation available on my website

http://www.lmd.ens.fr/muller/).

III.4 My research: theoretical scaling for the amplification of pre-
cipitation extremes with warming

This section is based on the paper
C. Muller, Y. Takayabu
Response of precipitation extremes to warming: what have we learned from theory
and idealized cloud-resolving simulations?
Environ. Res. Lett., to be submitted (2019).

II1.4.a Theoretical scaling

Theory and high-resolution simulations have helped clarify the physics relevant to the change of
precipitation extremes with warming temperatures. Notably, a theoretical scaling for precipitation
extremes has been introduced [Betts and Harshvardhan, 1987, O’Gorman and Schneider, 2009] and
refined to account for microphysics [Muller et al., 2011]. It relates the changes of precipitation
extremes to three contributions: a thermodynamic contribution related to water vapor, a dynamic



HDR Caroline Muller, Sept. 2019 27

contribution related to vertical mass flux in extreme updrafts, and a microphysic contribution
related to precipitation efficiency. The latter is defined as the fraction of the condensation in
a convective updraft which eventually reaches the surface as precipitation. It is typically less
than one as some of the condensates are either advected away as clouds, or evaporate as they
precipitate through unsaturated air below the cloud before reaching the surface. Each of these
three contributions is subject to different theoretical constraints, and may respond differently to
warming.

In this section, we provide a brief overview of the origin of this theoretical scaling. It can be
derived from energetics, or from the water budget. We will review the former approach, and its
link to the water budget. We focus on tropical precipitation extremes, where the disagreement
between GCMs is largest (figure II1.2), due to the small-scale nature of tropical convection. The
focus on tropical precipitation extremes is also motivated by the fact that it allows comparison with
cloud-resolving simulations in non-rotating radiative-convective equilibrium. As we will see, such
idealized simulations have proven extremely useful in improving our understanding of the physical
processes at stake.

Derivation of the scaling

A scaling for precipitation extremes can be derived from energetics, using the vertically-integrated
dry static energy budget [Muller et al., 2011]. An energy rather than a water budget is used because
an energy budget allows to more easily define a thermodynamic component (no dependence on
relative humidity), and because the weak horizontal temperature gradients in the tropics allow to
eliminate the horizontal advection terms. Following [Muller et al., 2011], we use the thermodynamic
formulation consistent with the cloud-resolving model SAM (see [Khairoutdinov and Randall, 2003]
for a detailed description), and using standard notations this budget becomes:

Ds D(qr + D(gs+q,+ ¢
= dz:Lv/(quth)deLs/ (4s Dig 9% s 4 L, P (I1L.7)

where s = ¢,T + gz denotes dry static energy, p(z) the mean density profile, P surface precipitation
(only involving the liquid phase at typical tropical temperatures) and g, qc, ¢s, ¢g, ¢; denote the
mixing ratios of respectively liquid rain, liquid cloud condensates, snow, graupel and cloud ice (the
five species are all the water condensates in SAM). The Lagrangian derivative is given by

D 0 0

5= 5 g (IIL.8)

with u; resolved wind speed along the z; direction, 1 < i < 3 (note that the total vertical flux
of condensates includes both the resolved vertical velocity, included in the D/Dt term, and the
terminal fall speed of hydrometeors, included in the precipitation term, see [Khairoutdinov and
Randall, 2003] for details). The mass weighted integral [(...)pdz is taken from the surface to the
tropopause.

Note that this is a pointwise energy budget, i.e. at small, convective scales. So the terms are
meant to be evaluated at locations and times of extreme rainfall. The subgrid-scale fluxes and
radiative cooling contributions have been neglected in this dry static energy budget, anticipating
that those terms are negligible compared to the latent heat terms at times and locations of extreme
rainfall.

Also, at times of extremes, the time rate of change of dry static energy is largely dominated by
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the vertical advection (due to both strong updrafts and weak horizontal temperature gradients):

Ds 0s

— N w—.

Dt 0z
If we further neglect the difference between L, and Lg for the purpose of deriving a simple ap-
proximate expression, and if we assume that the tropical atmosphere is close to a moist adiabat

ds = —Lydqsqt Where gsq; denotes saturation mixing ratio, then

85 aQSCLt
— ~ —L, )
0z 0z
and (I11.7) becomes
O0Gsat D(Qr +qc+4qs+qq9+ Qi)
P, ~ - dz — dz, 11
o (=552 ) iz [ D : (IIL.9)

where the subscript e stands for extremes.
This yields the following scaling for precipitation extremes

8QSat
P = . , 111
e/pw( o )dz ( 0)

where € denotes a precipitation efficiency. Although this scaling has been derived from energetics, it
resembles a water budget and can be interpreted as such. The first integral on the right hand side of
(II1.9) represents the total net condensation (and deposition) in the updraft (assumed saturated),
including condensation from upward motion as well as evaporation of condensates maintaining a
moist adiabat in downdrafts. A fraction e of this net condensation reaches the surface as precip-
itation, thus we refer to e as precipitation efficiency. In the limit ¢ = 1, all the net condensates
precipitate out; in the limit € = 0, all condensates are advected from or accumulate in the column
over the time scaling in question (second term on the right hand side of (II1.9)).

As mentioned earlier, this is a pointwise scaling, i.e. meant to be evaluated at times and
locations of precipitation extremes. One worry then is the potential sensitivity to spatial and
temporal averaging. [Muller et al., 2011] investigate hourly versus daily precipitation extremes
(their figure 4, see also figure II1.6 below), as well as coarse grained results (from 2km to 24 km
horizontal extent, their figure 6). The results are extremely robust and the scaling shows excellent
agreement with precipitation extremes amplification with warming in all cases. Therefore, although
the value of precipitation extremes is sensitive to spatial/temporal averaging, its amplification with
warming seems to be robust and to be well captured by this scaling, at least in idealized radiative-
convective equilibrium simulations, as will be discussed in more detail in the next section.

As it involves net condensation (condensation minus evaporation), e differs slightly from the
conventional precipitation efficiency defined as the fraction of total condensation reaching the sur-
face as precipitation. Alternatively, if the integration in (II1.10) is limited to heights where w > 0
as is sometimes the case in the literature, then e represents the conventional precipitation efficiency.

We note that similar scalings were derived prior to [Muller et al., 2011] for precipitation ex-
tremes [Betts and Harshvardhan, 1987, Iribarne and Godson, 1981, O’Gorman and Schneider,
2009, Sugiyama et al., 2010], except that in (IT1.10) w is now at the convective scale, and there is
the additional factor involving precipitation efficiency. We also note that in pressure coordinates,
the scaling becomes

aQSat dp
w 4

P =_
e o g

(I11.11)
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where w denotes pressure vertical velocity (in hPa s~!). In the extratropics, where the atmosphere
is not necessarily on a moist adiabat, the scaling can still be extended, replacing the vertical
derivative by a derivative along a moist adiabat, i.e. with con